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In practice, direct current (DC) is used in an electrocoagulation processes. In this case, an impermeable oxide layer may form on the cathode
as well as corrosion 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 adopting 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 iron from water using
zinc as anode and cathode. The results showed that the optimum removal efficiency of 99.6% and 99.1% with the energy consumption of 0.625
and 0.991 kWh kL−1 was achieved at a current density of 0.06 A dm−2, at pH of 7.0 using AC and DC, respectively. For both AC and DC, the
adsorption of iron was preferably fitting Langmuir adsorption isotherm, the adsorption process follows second order kinetics and the temperature
studies showed that adsorption was exothermic and spontaneous in nature.
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INTRODUCTION

Next to hardness, the presence of iron is probably the most
common water problem faced by consumers and water
professionals. Iron is commonly present in ground water

worldwide. In India, severe groundwater contamination by iron
has been reported (Das et al., 2003; Mahanta et al., 2004; Sharma
et al., 2005; Subba Rao, 2007) by several states like Andhra
Pradesh, Assam, Chhattisgarh, Karnataka and Orissa. Localised
pockets are observed in states like Bihar, Jharkhand, Kerala,
Punjab, Kerala, Maharastra, Madhya Pradesh, North Eastern
States, Rajasthan, Tamilnadu and Uttar Pradesh. The presence of
iron in the drinking water is not harmful to human health, how-
ever, it is undesirable. Bad taste, discolouration, staining and high
turbidity are some of the aesthetic problems associated with iron.
Based on the above considerations, the World Health Organisa-
tion (WHO) recommends that the iron contamination in drinking
water should be less than 0.3 mg L−1 (WHO, 1996). The European
Commission directive recommends that the iron in water supplies
should be less than 0.2 mg L−1 (OJEC, 1998). The Indian discharge
limit for iron is 0.3 mg L−1 (CPCB, 2008).

Iron usually exists in two oxidation states, reduced soluble diva-
lent Ferrous (Fe2+) and oxidised trivalent Ferric (Fe3+). Several
methods, namely oxidation–precipitation–filtration, lime soften-

ing, ion-exchange, activated carbon and other filtration materials,
adsorption, bioremediation, supercritical fluid extraction, use of
aerated granular filter, sub-surface iron removal and membrane
processes have been employed for iron removal from groundwa-
ter (Ellis et al., 2000; Berbenni et al., 2002; Andersen and Bruno,
2003; Vaaramaa and Lehto, 2003; Aziz et al., 2004; Cho, 2005;
Munter et al., 2005; Gupta et al., 2006, 2008, 2009; Gupta and
Rastogi, 2008; Gupta and Suhas, 2009; Das et al., 2007; Ali and
Gupta, 2008; Ali et al., 2007). The most commonly used meth-
ods for the removal of iron are oxidation–precipitation–filtration,
ion exchange, lime softening and membrane processes. In the
case of ion exchange process the limitations like cost of resin,
regeneration and waste disposal prevent the process uneconom-
ical. Further, the major difficulty in using this method is that if
any oxidation occurs during the process the resulting precipitate
can coat and foul the ion exchange media. Oxidation followed
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by precipitation and filtration is a relatively simple process. But
ineffective in the case of high iron concentration, low pH and if
iron is a complex. Addition of lime causes the pH to rise up to
11–12. High maintenance costs and more space requirements are
the drawbacks of the process. Membrane process has emerged
as a preferred alternative to provide safe drinking water. Due to
disadvantages like high cost of membrane, brine disposal and
post-treatment of water prevent the process uneconomical.

Recent research has demonstrated that electrochemistry offers
an attractive alternative to above-mentioned traditional methods
for treating wastewaters (Carlos et al., 2006; Christensen et al.,
2006; Gabrielli et al., 2006; Miwa et al., 2006; Carlesi Jara et al.,
2007; Ikematsu et al., 2007; Onder et al., 2007). Electrochemical
coagulation, which is one of these techniques, is the electrochem-
ical production of destabilisation agents that brings about charge
neutralisation for pollutant removal and it has been used for
water or wastewater treatment. Usually, aluminum, zinc or iron
plates are used as electrodes in the electrocoagulation process.
Electrochemically generated metallic ions from these electrodes
can undergo hydrolysis near the anode to produce a series of
activated intermediates that are able to destabilise the finely dis-
persed particles present in the water/wastewater to be treated.
The destabilised particles then aggregate to form flocs (Chen
et al., 2002).

(i) When zinc is used as anode, the reactions are as follows:

At the cathode:

2H2O + 2e− → H2(g) + 2OH− (1)

At the anode:

Zn → Zn2+ + 2e− (2)

In the solution:

Zn2+(aq) + 2H2O(l) → Zn(OH)2 + 2H+(aq) (3)

(ii) When aluminum is used as anode, the reactions are as fol-
lows:

At the cathode:

2H2O + 2e− → H2(g) + 2OH− (4)

At the anode:

Al → Al3+ + 3e− (5)

In the solution:

Al3+(aq) + 3H2O → Al(OH)3 + 3H+(aq) (6)

The advantages of electrocoagulation include high particulate
removal efficiency, compact treatment facility, relatively low cost
and possibility of complete automation. This method is charac-
terised by reduced sludge production, minimum requirement of
chemicals and ease of operation (Adhoum and Monser, 2004;
Chen, 2004). Although, there are numerous reports related to
electrochemical coagulation as a means of removal of many pol-
lutants from water and wastewater using aluminum as anode
material, but there are limited work on iron removal by electro-
chemical method using zinc as anode material and its adsorption

and kinetics studies. The main disadvantage in case of aluminum
electrode is the residual aluminum (The USEPA guidelines sug-
gest maximum contamination is 0.05–0.2 mg L−1) present in the
treated water due to well known cathodic dissolution. This will
create health problems like cancer. In the case of zinc electrodes,
there is no such disadvantage like aluminum electrodes. Because
the USEPA guidelines suggest maximum guidelines value of alu-
minum in water is 5 mg L−1.

Usually, direct current (DC) is used in an electrocoagulation
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 pro-
cesses declines. These disadvantages of DC have been overcome
by adopting alternating current (AC) in electrocoagulation pro-
cesses. The main objective of this study is to investigate the effect
of AC on the removal efficiency of iron using zinc as anode and
cathode. The effect of the initial concentration of iron, pH, temper-
ature, current density and coexisting ions were investigated. The
adsorption kinetics of iron on zinc hydroxide is also studied. For
this, equilibrium adsorption behaviour is analysed by fitting the
Langmuir and Freundlich isotherm models. The adsorption kinet-
ics of electrocoagulation was analysed using first, second order
kinetic models. Finally, the effects of temperature were studied to
determine the nature of adsorption.

EXPERIMENTAL SECTION

Cell Construction and Electrolysis
The electrolytic cell (Figure 1) consisted of a 1.0 – L Plexiglas
vessel that was fitted with a polyvinylchloride (PVC) cell cover
with slots to introduce the electrodes, pH sensor, a thermometer
and the electrolytes. Zinc (commercial grade, India), with a sur-
face area of 0.2 dm2 acted as the anode and cathode, respectively,
and placed at an interelectrode distance of 0.005 m. The temper-
ature of the electrolyte was controlled to the desired value with
a variation of ±2 K by adjusting the rate of flow of thermostat-
ically controlled water through an external glass-cooling spiral.

Figure 1. Laboratory scale Cell Assembly: (1) Cell, (2) thermostatic
water, (3) cathode, (4) anode, (5) electrolyte, (6,7) holes to introduce pH
sensor and thermometer, (8) DC source, (9) inlet of thermostatic water,
(10) outlet of thermostatic water and (11) thermostat.
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A regulated direct current (DC) was supplied from a rectifier
(10 A, 0–25 V; Aplab Model, Chennai, India) and regulated alter-
nating current (AC) was supplied from a source (0–5 A, 0–270 V,
50 Hz; AMETEK – Model: EC1000 S, Berwyn).

The iron (Fe(SO4), Analar Reagent, Merck, Germany) was dis-
solved in water for the required concentration. A 0.90 L portion
of solution was used for each experiment, which was used as the
electrolyte. The pH of the electrolyte was adjusted, if required,
with HCl and NaOH (Analar Reagent) solutions before adsorp-
tion experiments. To examine the effect of co-existing ions, for
the removal of iron, sodium salts (Analar Reagent) of arsenate,
phosphate, boron and fluoride were added to the electrolyte for
required concentrations. All the experiments were repeated three
times for reproducibility and the accuracy of the results are ±1%.

Analytical Procedure
The concentration of iron, arsenate, phosphate, boron and fluo-
ride was analysed using UV–Visible Spectrophotometer (MERCK,
Spectroquant Pharo 300, Darmstadt, Germany) using standard
MERCK analysis KIT. The SEM and EDAX of iron adsorbed zinc
hydroxide coagulant were analysed with a Scanning Electron
Microscope (Hitachi, Japan – Model s-3000 h).

RESULTS AND DISCUSSION

Effect of Current Density
It is well known that the current density is the very important
factor for electrocoagulation process. The amount of iron removal
and removal rate has increased by increasing current density. Fur-
ther, the amount of iron removal depends upon the quantity of
adsorbent (zinc hydroxide) generated, which is related to the
time and current density. The amount of adsorbent (Zn(OH)2)
was determined from the Faraday law:

Ec = ItM/ZF (7)

where I is the current (A), t is the time (s), M is the molecular
weight, Z is the electron involved, and F is the Faraday constant
(96 485.3 coulomb/mol). To investigate the effect of current den-
sity on the iron removal, a series of experiments were carried out
by solutions containing constant iron loading of 10 mg L−1, at a pH
7.0, with current density being varied from 0.02 to 0.08 A dm−2

using both AC and DC current source. The results showed that
the optimum removal efficiency of 99.6% and 99.1% with the
energy consumption of 0.625 and 0.991 kWh kL−1 was achieved
at a current density of 0.06 A dm−2, 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 iron was higher and energy
consumption was lower in the case of AC than DC. This may be

Figure 2. Effect of pH on the removal of iron.

due to the uniform dissolution of anode and cathode during elec-
trocoagulation in the case of AC. The removal efficiency was found
showing the amount of iron adsorption increases with the increase
in adsorbent concentration, which indicates that the adsorption
depends up on the availability of binding sites for iron.

Effect of pH
It has been established that the influent pH is an important
operating factor influencing the performance of electrochemical
processes. In order to examine the effect of the initial pH for AC
and DC source, experiments were carried out in acidic (pH 4.0),
slightly acidic (pH 5), neutral (pH 7.0), slightly neutral (pH 8),
and alkaline (pH 10.0) media having 10 mg L−1of iron contain-
ing solutions. The % of iron adsorption was maximum at pH 7,
a decreasing trend in adsorption was observed when below and
above pH 7 for both AC and DC source. At an initial concentra-
tion of 10 mg L−1, maximum adsorption of 99.6% and 99.1% at
pH 7 for AC and DC source, respectively, was observed (Figure 2).
According to Zn-H2O Pourbaix diagram (Pourbaix et al., 1966) and
in thermodynamic point of view, that the precipitation of Zn(OH)2

would only be significant at pH ≥ 8.6, however, the interfacial pH-
increase during the electrocoagulation process favoured the zinc
hydroxide formation and resulting higher removal efficiency at
pH 7.0.

Effect of Initial Iron Concentration
To study the effect of initial concentration, experiments were con-
ducted at varying initial concentrations from 5 to 25 mg L−1 using

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

AC DC

Current density Removal efficiency Energy consumption Removal efficiency Energy consumption
(A dm−2) (%) (kWh kL−1) (%) (kWh kL−1)

0.02 93.1 0.132 92.9 0.654
0.04 96.9 0.399 96.3 0.789
0.06 99.6 0.625 99.1 0.991
0.08 99.6 0.684 99.4 1.195
0.1 99.7 0.701 99.5 1.301
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Figure 3. Effect of electrolysis time and amount of iron adsorbed.

AC and DC. As seen from Figure 3 the adsorption of iron is
increased with increase in iron concentration and remains con-
stant after the equilibrium time. The equilibrium time was 30 min
for all concentration studied (5–25 mg L−1). The amount of iron
adsorbed (q) increased from 18.66 to 93.99 mg g−1 as the concen-
tration was increased from 5 to 25 mg L−1 for the AC source. The
figure also shows that the adsorption is the rapid in the initial
stages and gradually decreases with progress of adsorption. The
plots are single, smooth and continuous curves leading to satura-
tion, suggesting the possible monolayer coverage to iron on the
surface of the adsorbent (Namasivayam and Prathap, 2005). In
the case of DC the equilibrium time was found to be 45 min for
all concentration studied (Figure not shown).

Effect of Coexisting Ions
To study the effect of co-existing ions, in the removal of
iron, sodium salts of carbonate (0–250 mg L−1), phosphate
(0–50 mg L−1), boron (0–25 mg L−1), and fluoride (0–5 mg L−1)
was added to the electrolyte and electrolysis was carried out using
AC with an initial pH of 7.

Carbonate
Effect of carbonate on iron removal was evaluated by increas-
ing the carbonate concentration from 0 to 250 mg L−1 in the
electrolyte. The removal efficiencies are 99.6%, 99.6%, 99.4%,
61.6%, 40.1% and 26% for the carbonate ion concentration of
0, 2, 5, 65, 150 and 250 mg L−1, respectively. From the results it
is found that the removal efficiency of the iron is not affected by
the presence of carbonate below 5 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.

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 iron was 99.6%, 99.6%, 99.5%,
50.6% and 45.9% for 0, 2, 5, 25 and 50 mg L−1of phosphate ion,

respectively. There is no change in removal efficiency of iron
below 5 mg L−1 of phosphate in the water. At higher concentra-
tions (at and above 5 mg L−1) of phosphate, the removal efficiency
decreases to 45.9%. This is due to the preferential adsorption of
phosphate over iron as the concentration of phosphate increase.

Boron
The concentration of boron ion was increased from 0 to 25 mg L−1.
The removal efficiency of iron was 99.6%, 99.6%, 55.4%, 50.2%
and 36.3% for 0, 2, 5, 15 and 25 mg L−1 of boron ion, respectively.
There is not much variation was observed in removal efficiency
of iron up to 2 mg L−1 of boron in water. At higher concentrations
(at and above 2 mg L−1) of boron, the removal efficiency decreases
to 36.3%. This is due to the preferential adsorption of boron over
iron as the concentration of boron increase.

Fluoride
From the results it is found that the efficiency decreased from
99.6%, 81.6%, 64.3%, 51.6% and 18.4% by increasing the con-
centration of fluoride from 0, 0.2, 0.5, 2.0 and 5.0 mg L−1. This is
due to the preferential adsorption of fluoride over iron as the con-
centration of fluoride increases. So, when fluoride ions are present
in the water to be treated fluoride ions compete greatly with iron
for the binding sites.

Adsorption Kinetics
The adsorption kinetic data of iron are analysed using Lagergran
rate equation. The first order Lagergran model is (Bina et al.,
2007):

dq/dt = k1(qe−qt) (8)

where qt is the amount of iron adsorbed on the adsorbent at time t
(min) and k1 (min−1) is the rate constant of first order adsorption.
The integrated form of the above equation is:

log(qe−qt) = log(qe)−k1t/2.303 (9)

where qe is the amount of iron adsorbed at equilibrium. The qe

and rate constant (k1) were calculated from the slope of the plots
of log (qe − qt) versus time (t). A straight line obtained from the
plots suggests the applicability of this kinetic model. It was found
that the calculated qe values are not agreed with the experimental
qe values (Figure not shown). So the adsorption does not obey the
first order kinetics adsorption.

The second order kinetic model is expressed as (Mckay and Ho,
1999):

dq/dt = k2(qe−qt)2 (10)

where k2 is the rate constant of second order adsorption. The
integrated form of Equation (10) with the boundary condition
t = 0 to t > 0 (q = 0 to q > 0) is:

1/(qe−qt) = 1/qe + k2t (11)

Equation (11) can be rearranged and linearised as:

t/qt = 1/k2qe
2 + t/qe (12)

The second order kinetic values of qe and k2 were calculated
from the slope and intercept of the plots t/q versus t (Figure 4).
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Table 2. Comparison between the experimental and calculated qe values for different initial iron concentrations in first and second order
adsorption kinetics at temperature 305 K and pH 7

First order adsorption Second order adsorption

Current source Concentration (mg L−1) qe (exp) qe (Cal) K1 × 103 (min mg−1) R2 qe (Cal) K2 × 103 (min mg−1) R2

AC 5 18.66 33.11 −0.0088 0.7866 18.22 0.0083 0.9999
10 38.56 64.23 −0.0056 0.7121 37.96 0.0071 0.9997
15 56.53 68.22 −0.0043 0.8122 56.31 0.0054 0.9988
20 74.39 76.21 −0.0039 0.7598 73.81 0.0031 0.9976
25 93.99 166.1 −0.0031 0.7982 94.26 0.0027 0.9998

DC 5 18.51 45.32 −0.0081 0.7954 18.44 0.0071 0.9965
10 38.15 49.82 −0.0045 0.7325 38.07 0.0066 0.9992
15 56.01 56.46 −0.0036 0.8022 55.79 0.0057 0.9991
20 73.47 59.71 −0.0031 0.7623 72.94 0.0029 0.9999
25 93.63 66.25 −0.0029 0.8147 93.01 0.0021 0.9998

Table 2 depicts the computed results obtained from first and sec-
ond order kinetic model for AC and DC source. The calculated
qe values well agree with the experimental qe values for second
order kinetics model better than the first order kinetics model
for both AC and DC. These results indicate that the adsorption
system belongs to the second order kinetic model. Similar phe-
nomena have been observed in the adsorption of phosphate in Fe
(III)/Cr (III) hydroxide (Namasivayam and Prathap, 2005).

Adsorption Isotherm
The adsorption capacity of the adsorbent has been tested using
Freundlich and Langmuir isotherms. To determine the isotherms,
the initial pH was kept at 7 (at 0.06 A dm−2) and the concentration
of iron used was in the range of 5–25 mg L−1 for AC and DC source.

Freundlich Isotherm
The Freundlich adsorption isotherm is represented by Namasi-
vayam and Senthil Kumar (1998):

qe = KCn (13)

Equation (13) can be linearised in logarithmic form and the
Freundlich constants can be determined as follows (Freundlich

Figure 4. Second order kinetic model plot of different concentrations of
iron.

and Uber, 1985):

logqe = logkf + nlogCe (14)

where kf is the Freundlich constant related to adsorption capacity,
n is the energy or intensity of adsorption, Ce is the equilibrium
concentration of iron (mg L−1). To determine the isotherms, the
iron concentration used was 5–25 mg L−1 and at an initial pH 7.
From the analysis of the results it is found that the Freundlich
plots do not fit satisfactorily with the experimental data obtained
in the present study (Figure not shown). This is well agreed with
the results presented in the literature (Namasivayam and Prathap,
2005).

Langmuir Isotherm
Langmuir isotherm is commonly expressed as (Langmuir, 1918):

Ce/qe = 1/q0b + Ce/q0 (15)

where Ce is the concentration of the iron solution (mg L−1) at
equilibrium, qe is the maximum capacity to form a complete
monolayer on the surface, q0 and b is the Langmuir constant
related to adsorption capacity and free energy of adsorption.
When 1/qe is plotted against 1/Ce a straight line with slope 1/q0b
is obtained which shows the adsorption follow the Langmuir
isotherm suggesting that the adsorption is apparently with mono-

Figure 5. Plot of iron adsorbed (qe) and concentration (Ce).
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Table 3. Constant parameters and correlation co-efficient calculated
for different adsorption isotherm models at room temperature for iron
adsorption at 10 (mg L−1) at room temperature

Constants

Isotherm qm (mg g−1) b (L mg−1) RL R2

Langmuir
AC 1456.33 0.0065 0.8799 0.9999
DC 1301.22 0.0051 0.8547 0.9998

Kf (mg g−1) n (L mg−1) R2

Freundlich
AC 1.226 1.0092 0.9864
DC 1.361 0.9923 0.9821

layer coverage of adsorbed molecule as in Figure 5. The Langmuir
plot is a better fit with the experimental data compare to Fre-
undlich plots. The value of the adsorption capacity qm as found
to be 1456.33 and 1301.22 mg/g for AC and DC source.

The essential characteristics of the Langmuir isotherm can be
expressed as the dimensionless constant RL (Michelson et al.,
1975):

RL = 1/(1 + bC0) (16)

where RL is the equilibrium constant it indicates the type of
adsorption, b, C0 is the Langmuir constant. The RL values between
0 and 1 indicate the favourable adsorption. The RL values were
found to be between 0 and 1 for all the concentration of iron
studied. The results are presented in Table 3.

The correlation co-efficient values of different isotherm models
are listed in Table 3. The Langmuir isotherm model has higher
regression co-efficient (R2 = 0.999) when compared to the other
models. The adsorption data show good fit to the Langmuir then
Freundlich as depicted by the regression coefficient for these sys-
tems for both AC and DC. RL values between 0 and 1.0 further
indicate a favourable adsorption of iron.

Effect of Temperature
The amount of iron adsorbed on the adsorbent increases by
increasing the temperature indicating the process to be endother-
mic (Nayak Preeti et al., 2007). The diffusion co-efficient (D) for
intraparticle transport of iron species in to the adsorbent particles
has been calculated at different temperature by:

t1/2 = 0.03 × ro
2/D (17)

where t1/2 is the time of half adsorption (s), ro is the radius of the
adsorbent particle (cm), D is the diffusion co-efficient in cm2 s−1.
For all chemisorption system the diffusivity co-efficient should
be 10−5 to 10−13 cm2 s−1 (Yang and Bushra, 2001). In the present
work, D is found to be in the range of 10−7 cm2 s−1. The pore
diffusion coefficient (D) values for different initial concentrations
of iron and temperature are presented in Table 4.

To find out the energy of activation for adsorption of iron, the
second order rate constant is expressed in Arrhenius form (Golder
et al., 2006):

lnk2 = lnko−E/RT (18)

where ko is the constant of the equation (g/mg/min), E
is the energy of activation (J mol−1), R is the gas constant

Table 4. Pore diffusion coefficients for the adsorption of iron at
various concentration and temperature

Concentration Pore diffusion constant
(mg L−1) D × 10−9 (cm2 s−1)

5 1.6451
10 1.0012
15 0.9624
20 0.9465
25 0.8312

Temperature Pore diffusion constant
(K) D × 10−9 (cm2 s−1)

313 1.0012
323 1.0193
333 1.9946
343 2.1351

Figure 6. Plot of ln Kc and 1/T.

(8.314 J mol−1 K−1) and T is the temperature (K). Table 5 shows
that the rate constants vary with temperature according to Equa-
tion (18). The activation energy is 11.03 and 9.96 kJ mol−1 for AC
and DC, respectively, is calculated from slope of log k2 versus 1/T
(Figure not shown). The free energy change is obtained using the
following relationship:

�Go = −RTlnKc (19)

where MG◦ is the free energy (kJ mol−1), Kc is the equilibrium
constant, R is the gas constant and T is the temperature (K). The
Kc and MG◦ values are presented in Table 5. From the table it is
found that the negative value of MG◦ indicates the spontaneous
nature of adsorption.

Other thermodynamic parameters such as entropy change (MS◦)
and enthalpy change (MH◦) were determined using van’t Hoff
equation:

lnKc = �S

R
−�H

RT
(20)

The enthalpy change (MH◦) and entropy change (MS◦) were
obtained from the slope and intercept of the van’t Hoff linear plots
of ln Kc versus 1/T (Figure 6). A positive value of enthalpy change
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(MH◦) indicates that the adsorption process is endothermic in
nature (Namasivayam and Prathap, 2005), and the negative value
of change in internal energy (MS◦) show the spontaneous adsorp-
tion of iron on the adsorbent. Positive values of entropy change
show the increased randomness of the solution interface during
the adsorption of iron on the adsorbent (Table 6). Enhancement
of adsorption capacity of electrocoagulant (Zinc hydroxide) at
higher temperatures may be attributed to the enlargement of pore
size and or activation of the adsorbent surface. Using Lagergran
rate equation, first-order rate constants and correlation co-efficient
were calculated for different temperatures (305–343 K). The calcu-
lated ‘qe’ values obtained from the first order kinetics do not agree
with the experimental ‘qe’ values. Second-order kinetics model
shows that the calculated ‘qe’ values agree with the experimental
values (Table 6). This indicates that the adsorption follows second
order kinetic model at different temperatures used in this study.
From the table, it is found that the rate constant ‘k2’ increased

with increasing the temperature from 305 to 343 K. The increase
in adsorption may be due to change in pore size on increase
in kinetic energy of the iron species and the enhanced rate of
intraparticle diffusion of adsorbate.

A Pilot Plant Study
A pilot plant capacity cell (Figure 7) was designed, fabricated and
operated for the removal of iron from water. The system consists
of a 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, filtra-
tion unit provisions for gas outlet and treated water outlet. The
reactor is made of PVC with an active volume of 1000 L. The zinc
electrodes (anode and cathode) each consist of five pieces situ-
ated approximately 5 mm apart from each other and submerged
in the solution. The total electrode surface area is 1500 cm2 for

Table 5. Thermodynamic parameters for the adsorption of iron

AC DC

Temperature (K) Kc MG◦ (J mol−1) MH◦ (kJ mol−1) MS◦ (J mol−1 K−1) Kc MG◦ (J mol−1) MH◦ (kJ mol−1) MS◦ (J mol−1 K−1)

313 1.2251 −0.1921 5.993 10.623 1.2531 −0.0661 6.003 10.112
323 1.2463 −0.2011 1.2698 −0.0997
333 1.2677 −0.3651 1.2964 −0.1864
343 1.3321 −0.3754 1.3021 −0.2654

Table 6. Comparison between the experimental and calculated qe values for different initial iron concentrations of 10 (mg L−1) in first and second
order adsorption isotherm at various temperatures and pH 7

First order adsorption Second order adsorption

Temperature (K) qe (exp) qe (Cal) K1 (min mg−1) R2 qe (Cal) K2 (min mg−1) R2

313 38.66 38.64 −0.0033 0.7886 38.59 0.1556 0.9996
323 38.72 38.69 −0.0029 0.7987 38.62 0.1664 0.9965
333 38.85 38.77 −0.0027 0.7614 38.77 0.2055 0.9978
343 38.91 38.84 −0.0026 0.7754 38.85 0.3641 0.9935

Figure 7. Flow diagram of the pilot plant electrocoagulation system. (1) DC power supply, (2) electrocoagulation 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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Figure 8. SEM image of the anode (a) before and (b) after treatment.

both cathodes and anodes. The cell was operated at a current
density of 0.06 A dm−2 and the electrolyte pH of 7.0. The results
showed that the optimum removal efficiency of 99.6% and 99.1%
with the energy consumption of 0.625 and 0.991 kWh kL−1 was
achieved at a current density of 0.06 A dm−2, at pH of 7.0 using AC
and DC, respectively. The results were consistent with the results
obtained from the laboratory scale, showing that the process was
technologically feasible.

SEM and EDAX Studies
In order to gain more insight into the effect of alternating cur-
rent, the morphology of the electrode surface after two kinds of
electrolysis (AC and DC) was characterised by SEM as shown in
Figure 8(a) and (b). It can be observed that when the AC was fed,
less disordered pores formed and a smooth microstructure of zinc
suggesting the zinc electrodes were dissolved uniformly during
the electrolysis. While for the electrodes fed with DC, the elec-
trode 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 zinc 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 analyse the
elemental constituents of iron-adsorbed zinc hydroxide shown in
Figure 9. It shows that the presence of Fe, Zn and O appears in
the spectrum. EDAX analysis provides direct evidence that iron
is adsorbed on zinc hydroxide. Other elements detected in the
adsorbed zinc hydroxide come from adsorption of the conducting
electrolyte, chemicals used in the experiments, alloying and the
scrap impurities of the anode and cathode.

CONCLUSIONS
The results showed that the optimised removal efficiency of 99.6%
and 99.1% was achieved for AC and DC source at a current density
of 0.006 A dm−2 and pH of 7.0 using zinc as anode and cath-
ode. The zinc hydroxide generated in the cell remove the iron
present in the water and to reduce the iron concentration to

Figure 9. EDAX for iron adsorbed electrocoagulant. [Color figure can be seen in the online version of this article, available at
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1939-019X]
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less than 0.3 mg L−1, and made it for drinking. The pilot scale
results showing that the process was technologically feasible. For
both AC and DC electrolysis the adsorption of iron preferably fit-
ting the Langmuir adsorption isotherm. The adsorption process
follows second order kinetics. Temperature studies showed that
adsorption was endothermic and spontaneous in nature. From
the surface characterisation studies, it is confirmed that the zinc
hydroxide generated in the cell adsorbed iron present in the water.
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