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Abstract The removal of cadmium from aqueous solution

was carried out by electrocoagulation using magnesium as

anode and stainless steel as cathode. Various operating

parameters on the removal efficiency of cadmium were

investigated, such as initial cadmium ion concentration,

initial pH, current density and temperature. The optimum

removal efficiency of 98.6% was achieved at a current den-

sity of 0.2 A dm-2 at a pH of 7.0. The experimental data

were tested against different adsorption isotherm models for

describing the electrocoagulation process. The adsorption of

cadmium preferably fitting the Langmuir adsorption iso-

therm suggests monolayer coverage of adsorbed molecules.

First and second-order rate equations were applied to study

adsorption kinetics. The adsorption process follows second

order kinetics model with good correlation. Temperature

studies showed that adsorption was endothermic and spon-

taneous in nature.

Keywords Electrocoagulation � Cadmium removal �
Adsorption � Kinetics and isotherms

1 Introduction

It is generally known that heavy metals present in surface

waters are awfully dangerous to environmental and human

health because they are not biodegradable and must be

removed to prevent their accumulation. Cadmium is one of

the most toxic non-essential heavy metals present in the

environment, even at low concentrations. Elevated level of

cadmium ions arise from a variety of sources such as

wastewater from metal plating industries, nickel–cadmium

batteries, phosphate fertilizer, mining, pigments, stabiliz-

ers, alloys, petroleum refining, welding and pulp industries

[1–3]. Cadmium poisoning includes kidney damage [4],

lung insufficiency, cancer; it changes the constitution of

bone, liver and blood [5]. Cadmium accumulated in the rice

crops, it developed Itai-Itai disease and renal abnormalities

including proteinuria and glucosuria. Cadmium containing

compounds are known as carcinogens [6, 7]. The drinking

water guideline value recommended by World Health

Organization (WHO) is 0.005 mg L-1 [8].

Conventional methods for removing cadmium from water

include ion exchange, reverse osmosis, co-precipitation, coag-

ulation, complexation, solvent extraction, electrochemical

treatment and adsorption [9–25]. Physical methods like ion

exchange, reverse osmosis and electrodialysis have proven to

be either too expensive or inefficient to remove cadmium 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 neutralization of the

effluent [26]. The cadmium removal from water by adsorption

using different materials has also been explored. The major

disadvantages of this studied adsorbent are low efficiency and

high cost. Recent research has demonstrated that electroco-

agulation offers an attractive alternative to above-mentioned

traditional methods for treating water [27]. In this process

anodic dissolution of metal electrode takes place with the

evolution of hydrogen gas at the cathode [28]. Electrochem-

ically generated metallic ions from the anode can undergo

hydrolysis to produce a series of activated intermediates that

are able to destabilize the finely dispersed particles present in
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the water to be treated. The destabilized particles then

aggregate to form flocks as outlined below,

(i) When magnesium and stainless steel is used as the anode

and cathode respectively, the reactions are as follows:

At the cathode: 2H2Oþ 2e� ! H2 gð Þ þ 2OH� ð1Þ

At the anode: Mg! Mg2þ þ 2e� ð2Þ

In the solution: Mg2þ aqð Þ þ 2H2O

! Mg OHð Þ2þ 2Hþ aqð Þ ð3Þ

(ii) When aluminium and stainless steel is used as the

anode and cathode respectively, the reactions are as

follows:

At the cathode: 2H2Oþ 2e� ! H2 gð Þ þ 2OH� ð4Þ

At the anode: Al! Al3þ þ 3e� ð5Þ

In the solution: Al3þ aqð Þ þ 3H2O! Al OHð Þ3þ3Hþ aqð Þ
ð6Þ

The advantages of electrocoagulation include high

particulate removal efficiency, a compact treatment facility,

relatively low cost, and the possibility of complete

automation. This method is characterized by reduced sludge

production, a minimum requirement of chemicals and ease of

operation [25, 29, 30]. Apart from the above, 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-1) present in the treated

water due to cathodic dissolution. This will create health

problems like cancer. In the case of magnesium electrodes,

there is no such disadvantage like aluminum electrodes.

Because the USEPA guidelines suggest maximum guidelines

value of magnesium in water is 30 mg L-1.

This article presents the results of the laboratory scale studies

on the removal of cadmium using magnesium and stainless

steel as anode and cathode respectively by electrocoagulation

process. To optimize the maximum removal efficiency of

cadmium, different parameters like effect of initial concentra-

tion, effect of temperature, pH and effect of current density

were studied. In doing so, the equilibrium adsorption behavior

is analyzed by fitting models of Langmuir, Freundlich and D-R.

Adsorption kinetics of electrocoagulants is analyzed using first

and second order kinetic models. Activation energy is evaluated

to study the nature of adsorption.

2 Materials and methods

2.1 Experimental apparatus and procedures

Figure 1 shows the electrolytic cell consisted of a 1.0-L

Plexiglas vessel that was fitted with a polycarbonate cell

cover with slots to introduce the anode, cathode, pH sensor,

a thermometer and electrolytes. Magnesium sheet (Alfa

Aesar) of surface area (0.02 m2) acted as the anode. The

cathodes were stainless steel (commercial grade) sheets of

the same size as the anode is placed at an interelectrode

distance of 0.005 m. 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 (DC) was supplied from a rectifier (10 A,

0–25 V; Aplab model).

Cadmium nitrate Cd(NO3)2�4H2O (Analar Reagent) was

dissolved in distilled water for the required concentration. In

all the experiments 20 mg L-1 of cadmium was used. The

solution of 0.90 L was used for each experiment as the

electrolyte. The pH of the electrolyte was adjusted, if

required, with 1 mol L-1 HCl or NaOH solutions before

adsorption experiments. To examine the effect of co-existing

ions, for the removal of cadmium, Analar Grade sodium salts

of carbonate, phosphate, silicate and arsenate were added to

the electrolyte for required concentrations.

2.2 Analytical methods

The concentration of cadmium was determined using

UV–visible Spectrophotometer with cadmium kits

(MERCK, Pharo 300, Germany). The SEM and EDAX of

cadmium adsorbed magnesium hydroxide coagulant were

analyzed with a Scanning Electron Microscope (SEM)

made by Hitachi (model s-3000h). The Fourier transform

infrared spectrum of magnesium hydroxide was obtained

Fig. 1 Laboratory scale cell assembly: 1 water feed tank, 2 pump,

3 magnetic stirrer, 4 cell, 5 thermostatic water, 6 stainless steel

cathode, 7 pH sensor and thermometer, 8 DC source, 9 magnesium

anode, 10 inlet of thermostatic water, 11 outlet of thermostatic water,

12 electrolyte containing cadmium
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using Nexus 670 FTIR spectrometer made by Thermo

Electron Corporation, USA. The XRD for magnesium

hydroxide coagulant was analyzed by X-ray diffractometer

made by JEOL X-ray diffractometer (Type—JEOL, Japan).

3 Results and discussion

3.1 Effect of current density

It has been established that the current density is an

important operating factor influencing the performance of

electrochemical process which determines the coagulant

dosage. The coagulant or amount of adsorbent [Mg(OH)2]

was determined from the Faraday law,

Ec ¼ ItM=ZF ð7Þ

where I is current in (A), t is the time (s), M is the

molecular weight, Z is the number of electron involved,

and F is the faraday constant (96485.3 C mol-1). To

examine the effects of current density, a series of experi-

ments were carried out using 20 mg L-1 cadmium-con-

taining electrolyte, at pH 7.0, with the current density

being varied from 0.1 to 0.5 A dm-2. The removal effi-

ciencies of cadmium are 97.2, 98.6, 98.8, 99.1 and 99.36%

for current densities of 0.1, 0.2, 0.3, 0.4 and 0.5 A dm-2

respectively. From results, it is found that, beyond the

current density of 0.2 A dm-2 the removal efficiencies

remain almost constant for higher current densities. Hence,

further experiments were carried out at a current density of

0.2 A dm-2. At a high current density, the extent of anodic

dissolution of magnesium increases, resulting in a greater

amount of precipitate and removal of cadmium, which

indicates that the adsorption depends up on the availability

of binding sites for cadmium.

3.2 Effect of pH

The pH of the aqueous solution is an important variable,

which can affect the extent of adsorption because it influ-

ences the metal speciation in aqueous solution as well as

the surface properties of the adsorbent. To explain this

effect, a series of experiments were carried out using

20 mg L-1 cadmium containing solutions, with an initial

pH varying in the range 4 to 9. The removal efficiency of

cadmium was increased with increasing the pH up to 7.

When the pH is above 7, removal efficiency should be

slightly decreased. It is found that the maximum removal

efficiency for the removal of cadmium is 98.6% at pH 7

and the minimum efficiency is 86.2% at pH 4.

The decrease of removal efficiency at more acidic and

alkaline pH was observed by many investigators and was

attributed to an amphoteric behavior of Al(OH)3 which

leads to soluble Al3? cations (at acidic pH) and to mono-

meric anions Al(OH)4- (at alkaline pH). It is well known

that these soluble species are not useful for water treat-

ment. When the initial pH was kept in neutral, all the

aluminum produced at the anode formed polymeric species

(Al13O4(OH)24
7?) and precipitated Al(OH)3 leading to

more removal efficiency. In the present study, the elec-

trolyte pH was maintained in neutral, so the formation of

Mg(OH)2 is more predominant (like aluminium), leading to

greater removal efficiency.

3.3 Effect of initial cadmium concentration

To study the effect of initial concentration, experiments

were conducted at varying initial concentrations from 10 to

50 mg L-1. The results are illustrated in Fig. 2. From the

results it can be seen that the adsorption of cadmium is

increased with an increase in cadmium concentration and

remains constant after equilibrium time. The equilibrium

time was 45 min for all of the concentrations studied

(10–50 mg L-1). The amount of cadmium adsorbed (qe)

increased from 9.83 to 44.26 mg g-1 as the concentration

was increased from 10 to 50 mg L-1. The figure also

shows that the adsorption is the rapid in the initial stages

and gradually decreases with progress of adsorption this is

because of the great number of sites available for the

sorption operation and adsorption equilibrium were then

gradually achieved. The plots are single, smooth and con-

tinuous curves leading to saturation, suggesting the possi-

ble monolayer coverage to cadmium on the surface of the

adsorbent [31, 32].
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Fig. 2 Effect of agitation time and amount of a cadmium adsorbed:

a at a current density of 0.2 A dm-2, b pH of 7.0 and c temperature of

303 K
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3.4 Effect of coexisting anions

3.4.1 Carbonate

Effect of carbonate on cadmium removal was evaluated by

increasing the carbonate concentration from 0 to 250 mg L-1

in the electrolyte. The removal efficiencies are 98.6,

98.2, 58.2, 40.6, 18, and 11% for the carbonate ion concen-

tration of 0, 2, 5, 65, 150 and 250 mg L-1 respectively. From

the results it is found that the removal efficiency of the

cadmium is not affected by the presence of carbonate below

2 mg L-1. Significant reduction in removal efficiency was

observed above 5 mg L-1 of carbonate concentration is due

to the passivation of anode resulting, the hindering of the

dissolution process of anode.

3.4.2 Phosphate

The concentration of phosphate ion was increased from 0

to 50 mg L-1, the contaminant range of phosphate in the

ground water. The removal efficiency for cadmium was

98.6, 98.5, 55, 41.7 and 38% for 0, 2, 5, 25 and 50 mg L-1

of phosphate ion respectively. There is no change in

removal efficiency of cadmium below 2 mg L-1 of phos-

phate in the water. At higher concentrations (at and above

5 mg L-1) of phosphate, the removal efficiency decreases

drastically. This is due to the preferential adsorption of

phosphate over cadmium as the concentration of phosphate

increase.

3.4.3 Arsenic

From the results it is found that the efficiency decreased

from 98.6 to 35% by increasing the concentration of

arsenate from 0 to 5 mg L-1. This is due to the preferential

adsorption of arsenic over cadmium as the concentration of

arsenate increases. So, when arsenic ions are present in the

water to be treated arsenic ions compete greatly with

cadmium ions for the binding sites.

3.4.4 Silicate

From the results it is found that no significant change in

cadmium removal was observed, when the silicate con-

centration was increased from 0 to 2 mg L-1. The

respective efficiencies for 0, 2, 5, 10 and 15 mg L-1 of

silicate are 98.6, 84.8, 77, 63 and 49%. The removal of

cadmium decreased with increasing silicate concentration

from 0 to 15 mg L-1. In addition to preferential adsorp-

tion, silicate can interact with magnesium hydroxide to

form soluble and highly dispersed colloids that are not

removed by normal filtration.

3.5 Adsorption kinetics

The adsorption of cadmium is analyzed using Lagergren

rate equation. The first order Lagergren model is [33, 34].

dq=dt ¼ k1 qe � qtð Þ ð8Þ

where, qt is the amount of cadmium adsorbed on the adsor-

bent at time t (min) and k1 (min-1) is the rate constant of first

order adsorption. The integrated form of the above equation

with the boundary conditions t = 0 to [0 (q = 0 to [0)

is rearranged to obtain the following time dependence

function,

log qe � qtð Þ ¼ log qeð Þ � k1t=2:303 ð9Þ

where qe is the amount of cadmium adsorbed at equilib-

rium. The qe and rate constant (k1) were calculated from

the slope of the plots of log(qe - qt) versus time (t) (figure

not shown). It was found that the calculated qe value do not

agrees with the experimental qe values.

The second order kinetic model is expressed as [35]

dq=dt ¼ k2 qe � qtð Þ2 ð10Þ

where k2 is the rate constant of second order adsorption.

The integrated form of Eq. 10 with the boundary condition

t = 0 to [0 (q = 0 to [0) is

1= qe � qtð Þ ¼ 1=qe þ k2t ð11Þ

Equation 11 can be rearranged and linearized as,

t=qt ¼ 1=k2q2
e þ t=qe ð12Þ

The plot t/qt versus time (t) (Fig. 3) shows the straight

line. The second order kinetic values of qe and k2 were

calculated from the slope and intercept of the plots t/qt vs. t.
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Table 1 depict the computed results obtained from first and

second order kinetic model. The calculated qe values agree

well with the experimental qe values for second order

kinetics model better than for first order kinetics model.

These results indicate that the adsorption system belongs to

the second order kinetic model.

3.6 Adsorption isotherm

The adsorption capacity of the adsorbent has been tested

using Freundlich, Langmuir and Dubinin–Radushkevich

isotherms. These models have been widely used to describe

the behavior of adsorbent-adsorbate couples. To deter-

mine the isotherms, the initial pH was kept at 7 and the

concentration of cadmium used was in the range of

10–50 mg L-1.

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 [36]

qe ¼ KCn ð13Þ

Equation 13 can be linearized in logarithmic form and

the Freundlich constants can be determined as follows [37]

log qe ¼ log kf þ nlog Ce ð14Þ

where, kf is the Freundlich constant related to adsorption

capacity, n is the energy or intensity of adsorption, Ce is

the equilibrium concentration of cadmium. To determine

the isotherms, the cadmium concentration used was

10–50 mg L-1 and at an initial pH 7. The Freundlich con-

stants kf and n values are 1.1147 (mg g-1) and 1.0550

(L mg-1) respectively. It has been reported that values of n

lying between 0 and 1 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.

3.6.2 Langmuir isotherm

The linearized form of Langmuir adsorption isotherm

model is [38]

Ce=qe ¼ 1=qobþ Ce=qo ð15Þ

where Ce is the concentration of the cadmium solution

(mg L-1) at equilibrium, qo is the adsorption capacity

(Langmuir constant) and b is the energy of adsorption.

Figure 4 shows the Langmuir plot with experimental data.

Langmuir plot is a better fit with the experimental data

compare to Freundlich plots. The value of the adsorption

capacity qo as found to be 427.350 mg g-1 which is higher

than that of other adsorbents studied. The essential

characteristics of the Langmuir isotherm can be expressed

as the dimensionless constant RL [39]

RL ¼ 1= 1þ bCoð Þ ð16Þ

where RL is the equilibrium constant it indicates the type of

adsorption, Co is the initial cadmium concentration and b is

the Langmuir constant. It is well known that the RL values

indicate the type of isotherm: irreversible (RL = 0),

Table 1 Comparison between the experimental and calculated qe values for different initial cadmium concentrations in first and second order

adsorption kinetic at temperature 305 K and pH 7

Concentration

(mg L-1)

qe (exp) First order adsorption Second order adsorption

qe (Cal) K1 9 104

(min mg-1)

R2 qe (Cal) K2 9 104

(min mg-1)

R2

10 9.83 45.89 -0.0028 0.0768 7.559 2.492 0.9926

20 18.89 45.24 -0.0077 0.4568 18.101 5.284 0.9978

30 27.36 45.28 -0.0079 0.5032 28.485 7.498 0.9997

40 37.22 45.16 -0.0179 0.7863 36.957 3.774 0.9997

50 44.26 45.08 -0.0280 0.8332 45.082 2.232 0.9992

0.02 0.04 0.06 0.08 0.10

0.02

0.04

0.06

0.08

0.10

1/
q

e (
g

 m
g

-1
)

1/C
e
  (L mg-1)

Fig. 4 Langmuir plot for adsorption of cadmium: a at pH of 7.0,

b current density of 0.2 A dm-2 and c temperature of 303 K
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favorable (0 \ RL \ 1), linear (RL = 1) or unfavorable

(RL [ 1). In present study, the RL values were found to be

between 0 and 1 for all the concentration of cadmium

studied (10–50 mg L-1). The results are presented in

Table 2.

3.6.3 Dubinin–Radushkevich (D–R) 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 given by

qe ¼ qs exp �Be2
� �

ð17Þ

where e is Polanyi potential, equal to RT ln(1 ? 1/Ce), B is

related to the free energy of sorption and qs is the Dubinin–

Radushkevich (D–R) isotherm constant [40]. The

linearized form is

ln qe ¼ ln qs � 2B RT ln 1þ 1=Ce½ � ð18Þ

The isotherm constants of qs and B are obtained from the

intercept and slope of the plot of ln qe vs. e2 [41]. The

constant B gives the mean free energy of adsorption per

molecule of the adsorbate when it is transferred from

the solid from infinity in the solution and the relation is

given as

E ¼ 1=
p

2B½ � ð19Þ

The magnitude of E is useful for estimating the type of

adsorption process. It was found to be 0.2056 kJ mol-1,

which is too much smaller then the energy range of

adsorption reaction, 8–16 kJ mol-1 [42]. So the type of

adsorption of cadmium on magnesium was defined as

chemical adsorption.

The correlation coefficient values of different isotherm

models are listed in Table 2. The Langmuir isotherm model

has a higher regression coefficient (R2 = 0.999) when com-

pared to the other models. The value of RL for the Langmuir

isotherm was calculated from 0 to 1, indicating the favorable

adsorption of cadmium.

3.7 Effect of temperature

The amount of cadmium adsorbed on the adsorbent

increases by increasing the temperature indicating the pro-

cess to be endothermic. The diffusion coefficient (D) for

intraparticle transport of cadmium species into the adsorbent

particles has been calculated at different temperature by

t1=2 ¼ 0:03� r2
o=D ð20Þ

where t1/2 is the time of half adsorption (s), ro is the radius

of the adsorbent particle (cm), D is the diffusion co-effi-

cient in cm2 s-1. For all chemisorption system the diffu-

sivity co-efficient should be 10-5–10-13 cm2 s-1 [43]. In

the present work, D is found to be in the range of

10-9 cm2 s-1. The pore diffusion coefficient (D) values for

various temperatures and different initial concentrations of

cadmium are presented in Table 3.

To find out the energy of activation for adsorption of

cadmium, the second order rate constant is expressed in

Arrhenius form [44].

ln k2 ¼ ln ko � E=RT ð21Þ

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 J mol-1 K-1) and T is the temperature in K. Figure 5

shows that the rate constants vary with temperature according

to Eq. 21. The activation energy (3.4443 kJ mol-1) is

calculated from slope (log k2 vs. 1/T) of the fitted equation.

The free energy change is obtained using the following

relationship:

Table 2 Constant parameters and correlation co-efficient calculated

for different adsorption isotherm models at room temperature for

cadmium adsorption at 20 mg L-1

Isotherm Constants

Qo (mg g-1) B (L mg-1) RL R2

Langmuir 427.350 0.00235 0.9551 (10 mg L-1) 0.9996

0.9770 (20 mg L-1)

0.9341 (30 mg L-1)

0.9141 (40 mg L-1)

0.8948 (50 mg L-1)

Kf (mg g-1) n (L mg-1) R2

Freundlich 1.1147 1.0550 0.9856

Qs (9103 mol g-1) B (9103 mol2 kJ-2) E (kJ mol-1) R2

D–R 0.2698 0.1953 0.2056 0.8653

Table 3 Pore diffusion coefficients for the adsorption of cadmium

at various concentrations and temperature

Pore diffusion constant,

D 9 10-9 (cm2 s-1)

Concentration (mg L-1)

10 1.1771

20 0.9417

30 0.7847

40 0.6726

50 0.5885

Temperature (K)

323 0.784

333 1.177

343 2.354
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DG ¼ �RT ln Kc ð22Þ

where DG is the free energy (kJ mol-1), Kc is the equi-

librium constant, R is the gas constant and T is the tem-

perature in K. The Kc and DG values are presented in

Table 4. From the table it is found that the negative value

of DG indicates the spontaneous nature of adsorption.

Other thermodynamic parameters such as entropy

change (DS) and enthalpy change (DH) were determined

using van’t Hoff equation,

ln kc ¼
DS

R
� DH

RT
ð23Þ

The enthalpy change (DH = 3.2196 kJ mol-1) and entropy

change (DS = 10.339 J mol-1 K-1) was obtained from the

slope and intercept of the van’t Hoff linear plots of ln Kc

vs. 1/T Fig. 6. A positive value of enthalpy change (DH)

indicates that the adsorption process is endothermic in

nature, and the negative value of change in internal energy

(DG) show the spontaneous adsorption of cadmium on

the adsorbent. Positive values of entropy change show the

increased randomness of the solution interface during the

adsorption of cadmium on the adsorbent. 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, First order rate

constants and correlation co-efficient were calculated for

different temperatures (323–343 K). The calculated ‘qe’

values obtained from the first order kinetics agrees with the

experimental ‘qe’ values better than the second order

kinetics model. Table 5 depicts the computed results

obtained from first and second order kinetic models. These

results indicate that the adsorption follows first order

kinetic model at different temperatures used in this study.

3.8 Process scale-up

On the basis of results obtained on the laboratory scale, a

large capacity cell was designed, fabricated and operated

for the removal of cadmium from water. The solution of

9.0 L was used for each experiment as the electrolyte. A

cell [0.40 (length) 9 0.30 (width) 9 0.25 m (height)] was

fitted with PVC cover having suitable holes to introduce

anode, cathode, thermometer and the electrolyte acted as

the cell. A magnesium anode [0.17 (width) 9 0.18 m

(height)] was used. Stainless steel plates of same dimen-

sion as that of anode were used as cathode. The cell was

operated at a current density of 0.2 A dm-2 and the elec-

trolyte pH of 7.0. The results showed that the maximum

removal efficiency of 98.4% was achieved at a current

density of 0.2 A dm-2 and a pH of 7 using magnesium as

the anode and stainless steel as the cathode. The results

were consistent with the results obtained from the labora-

tory scale, showing that the process was technologically

feasible.
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Fig. 5 Plot of log k2 and 1/T: a at pH of 7.0, b current density of

0.2 A dm-2 and c temperature of 303 K

Table 4 Thermodynamic parameters for the adsorption of cadmium

Temperature

(K)

Kc DG�
(kJ mol-1)

DH�
(kJ mol-1)

DS�
(J mol-1 K-1)

323 1.0422 -0.1112

333 1.0817 -0.2126 3.2196 10.339

343 1.1206 -0.3248

0.00290 0.00295 0.00300 0.00305 0.00310

0.04
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0.06

0.07

0.08

0.09

0.10

0.11

0.12

ln
k c

1/T (K-1)

Fig. 6 Plot of ln Kc and 1/T: a at pH of 7.0, b current density of

0.2 A dm-2, c temperature of 303 K

J Appl Electrochem (2010) 40:2023–2032 2029

123



3.9 Surface characterization

3.9.1 SEM and EDAX characterization

A SEM image of magnesium electrode after electrocoag-

ulation of cadmium electrolyte was obtained (Fig. 7). The

electrode surface is found to be rough, with a number of

dents of ca. 50 lm. These dents are formed around the

nucleus of the active sites where the electrode 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.

Energy-dispersive analysis of X-rays was used to ana-

lyze the elemental constituents of cadmium-adsorbed

magnesium hydroxide shown in Fig. 8. It shows that the

presence of Cd, Mg and O appears in the spectrum. EDAX

analysis provides direct evidence that cadmium is adsorbed

on magnesium hydroxide.

3.9.2 FTIR and XRD analysis

Figure 9 presents the FT-IR spectrum of cadmium-magne-

sium hydroxide. The sharp and strong peak at 3694.57 cm-1

is due to the (O–H) stretching vibration in the Mg(OH)2

structures. The 1633.92 cm-1 peak indicates the bent vibra-

tion of H–O–H. A broad absorption band at 3444.38 cm-1

implies the transformation from free protons into a proton-

conductive state in brucite. The strong peak at 458.54 cm-1 is

assigned to the Mg–O stretching vibration [45]. The spectrum

data are in good agreement with the reported data [43].

Mg–Cd is observed in –OH stretching region. Electrocoagu-

lation-by product showed the well crystalline phase of mag-

nesium hydroxide (Fig. 10).

4 Conclusion

The results showed that the optimized removal efficiency

of 98.6% was achieved at a current density of 0.2 A dm-2

and pH of 7.0 using magnesium as anode and stainless steel

as cathode. The magnesium hydroxide generated in the cell

remove the cadmium present in the water and to reduce the

cadmium concentration to less than 0.005 mg L-1, and

made it for drinking. The results showing that the process

was technologically feasible. The adsorption of cadmium

preferably fitting Langmuir adsorption isotherm better than

Freundlich isotherm. The adsorption process follows sec-

ond order kinetics. Temperature studies showed that

adsorption was endothermic and spontaneous in nature.

Table 5 Comparison between the experimental and calculated qe values for the cadmium concentration of 20 mg L-1 in first and second order

adsorption kinetics at various temperature and at pH 7

Temperature

(K)

qe (exp) First order adsorption Second order adsorption

qe (Cal) K1 9 104

(min mg-1)

R2 qe (Cal) K2 9 104

(min mg-1)

R2

323 19.749 15.1675 -0.00290 0.9929 19.899 0.7684 0.9991

333 19.786 15.1504 -0.00362 0.9991 19.913 0.8782 0.9992

343 19.804 15.1604 -0.0015 0.9979 19.924 0.9262 0.9996

Fig. 7 SEM image of the anode after treatment Fig. 8 EDAX spectrum of cadmium adsorbed electrocoagulant
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