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Abstract: The presence of heavy metals in the output of industrial products for the health workers and the
environment surrounding units (water, air and soil) is very dangerous. Therefore, efforts to remove of these
compounds are very necessary and interesting.This work reports on the viability of the Alternating Current
Electrocoagulation (AEC) process for cadmium ions removal from synthetic aqueous aliquot solutions using
aluminum as the anode. The electrodes were connected as bipolar mode and a power supply was used for
supplying alternating current.Various operating parameters that could potentially affect the removal efficiency
were investigated, including current density, initial metal ion concentration, contact time, inter-electrode
distances, solution pH variation and applied voltage. The best removal efficiencies obtained were 98.2%, using
aluminum electrodes at the 0.04 A m and 70 V for 200 min from the initial concentration of 1 mg L  of Cd(II)-2 1

ion and initial pH of 8.9. The cadmium ion removal efficiency decreased with an increase in the initial
concentration. Results for the cadmium ion removal kinetics at various applied voltages show that the kinetic
rates conformed to the pseudo-second-order kinetic model with good correlation coefficients (R  = 0.99).2

Considering the obtained efficiency in the present study, under the studied operational conditions. AEC may
be suggested as an effective alternative technique for cadmium removal.

Key words: Electrocoagulation  Alternating current  Cadmium removal  Drinking water  Adsorption
skinetics

INTRODUCTION [6]. Cadmium (II) is released into the environment from

The specific contaminants leading to pollution in waste,rechargeablenickel-cadmium batteries, phosphate
water include a wide spectrum of toxic chemicals such as fertilizer, mining, pigments, stabilizers, alloys, petroleum
heavy metals and organic chemical pollutants. Heavy refining, welding and pulp industries [7-9].
metal ions present in surface and ground waters are Electrochemical technologies contribute in many
dangerous to environmental and human health; therefore, ways to a cleaner environment and cover a very broad
they must be removed to prevent their accumulation [1-5]. range of techniques [10]. There has been a growing
Cadmium is one of the most toxic non-essential heavy interest in the significant use of environmental
metals present in the environment, even at low electrochemistry. Among these electrochemical
concentrations. The maximum contaminant level (MCL) techniques used to prevent environmental pollution,
for cadmium in drinking water is set at 0.005 mg/L or 5 ppb electrocoagulation  (EC).  EC  process  provides a simple,

various industries, such as the electroplating, runoff from
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reliable and cost-effective method for the treatment of process of AEC in watertreatmentwhen comparisonis
wastewater without any need for additional chemicals and made afterand be fore treatments. The research had three
thus the secondary pollution. It also reduces the amount stages: synthetic wastewater preparation, AEC treatment
of sludge, which needs to be disposed.  EC technique and sample analyzing.
uses a direct current source between metal electrodes All reagents including cadmium nitrate, sodium
immersed  in  polluted  water. EC is a process consisting chloride, ammonium hydroxide, ammonium chloride, ethyl
of creating a floc of metallic hydroxides within the effluent enediaminete traacetic acid and Eriochrome Black T
to be cleaned, by electro dissolution of soluble anodes. indicator were of analytical grade (Merck, Germany) and
Iron and aluminum are generally used as sacrificial were used as received. Deionized water was used in all
anodes. In recent years, EC has been successfully tested preparations.Aqueous solutions containing cadmium ions
to treat wastewater containing phosphates [11], arsenic were prepared by dissolving an appropriate quantity of
[12],  fluoride  [13,14], chromium [15-21] and indium cadmium nitrate in deionized water for electrocoagulation
[22,23]. tests.A fixed amount (0.004 N) of NaCl was added to the

In general, direct current (DC) is used in an wastewater to increase the wastewater conductivity and
electrocoagulation processes. In this case, the passivity thus facilitate the electrocoagulation treatment.
of  aluminum   sacrificial  electrodes  was  extremely Alternating current electrocoagulation (AEC) was
problematic for the treatment of industrial effluents by carried out in an electrolytic cell with a 5 L capacity and
electrocoagulation[24-27]. Passive films are readily formed equipped with a water jacket. A magnetic stirrer (Alfa, HS-
on thesurface of aluminum and its alloys in open air and 860) was used to agitate the solution. The agitation speed
in water [28,29]. The aluminum oxide film is relatively was 300 rpm. The temperature of theelectrolytic cell was
chemically inert, exhibiting the passive behavior of controlled to the desired value with a variation of ±2 K by
aluminum. The formation of this passive film that adheres continuously circulating water from a Refrigerated
to the anode surface prevents the dissolution of aluminum Circulating Water Bath (Thermo Scientific HAAKE)
and restricts charge transfer between solution and through the water jacket. The magnetic stirrer was used in
electrodes. Passivation of sacrificial anodes leads to the reactor to maintain adequate mixing of the synthetic
excessive consumption of  electricity  and  reduces  the drinking water during the electrocoagulation process.The
efficiency of wastewater treatment by electrocoagulation. AEC reduction was performed with a bipolar mode and
These disadvantages of DC have been overcome by with aluminum-aluminum anode-cathode electrodes.., The
adopting alternating current (AC) in electrocoagulation assembly was connected to a regulated alternating current
processes. Recently, AEC has been successfully tested to (AC) power supply (0 - 5 A, 0 -270 V, 50 Hz; AMETEK
treat drinking water containing cobalt [30], nickel [31] and Model: EC1000S). The Aluminum electrodes with a
pyrogallol [32]. surface area of 0.8dm acted as the anode and the cathode,

The main objective of this study is to investigate the respectively, were placed vertically at a fixed inter-
effect of AC on the removal efficiency of cadmium using electrode distance of 0.01 m.
aluminum alloy as anode and cathode. The effect of the In this study, both low and high currents were
initial concentration of cadmium ion, pH, voltage and investigated. The currents were fixed at 4, 5 and 6 A.
current density were investigated. The adsorption kinetics Before starting-up the process, the electrodes were
of cadmium ions on aluminum hydroxide is also studied. cleaned with 1 M H SO  and rinsed with de-ionized water

MATERIALS AND METHODS Voltage and current were measured by a digital voltameter

The objective of this research was to determine the of the solutions was measured by means of Philips digital
feasibility ofusing AEC asapretreatment method conductivity meter (PW 9526). The pH was measured
ofwastewater with an emphas is on removal of effluent in using a Hanna Instrument Check Temp (HI8314) pH meter.
organic materials such as cadmium. Inorder to achieve the Samples of 5 mL were drawn periodically during the
goals of study, there was aplan to study abatch process experimentations,filteredthrougha Whatman filter paper
by changinginitial pH, current density, reaction time, no. 40 to separate the sludgefrom the
initial concentrations and inter-electrode distance to ge to supernatant.Theresidual cadmium concentration
ptimum conditions of these parameters. It is decided to wasdeterminedby complexometricmethod[33].The
use the cadmiumions concentrationasparameters ofrange calculation of the cadmium ion removal efficiency after
of treatment.Theseparameters indicatethe effective ACE treatment was made using:

2

2 4

to eliminate impurities from the surface of the electrodes.

(max 12) and digital ammeter (DT9201A). The conductivity
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where, C  and C concentration of dissolved Cd(II) ionso

before and after ACE process in mg L , respectively.The1

effects of the reaction time, the applied current density,
initial pollutant concentrations, inter-electrode distances
and initial pH of cadmium solution were investigated. All
samples were measured in duplicate to ensure data
reproducibility and an additional measurement was carried
out if necessary.

RESULTS AND DISCUSSION

Effect of Current Density: One of the most significant Fig. 1: The effect of current density on % cadmium
parameters affecting the AEC performance is the current removal  b y  AEC at different voltages.
density. The effect of current density was investigated in [cadmium]  = 1 mg/L
this type of water treatment because the supply of current
strongly determines the coagulant dosage rate. Faraday’s
law describes the relationship between current density
and the amount of anode material that dissolves in the
solution. It is given as [34]:

where m is the theoretical amount of ion produced per unit
surface area by current density I passed for a duration of
time t. Z is the number of electrons involved in the
oxidation/reduction reaction; for Al, Z=3. M is the atomic
weight of anode material, for Al, M=26.98 g/mol; and F is Fig. 2: The effect of current density on % cadmium
the Faraday’s constant (96,486 C/mol). In order to removal  by  AEC  at different voltages.
evaluate the effect of current density on the percentage [cadmium]  = 3 mg/L
removal of Cd(II) from aqueous solutions, a number of
measurements were carried out at different current
densities  with the initial Cd(II) concentration of 1, 3 and
5 mg L  at pH ~8.5 using AC current source.1

Figures 1-3 show the effect of the current density on
the cadmium  removal  efficiency  for  various  voltages.
As the duration of the electrolysis was increased,
comparable increases in the cadmium removal efficiency
were observed for all current densities. After 200 min of
electrolysis, a maximum cadmium removal of 98.2% at
current density of 0.04 A m  and 70 V was obtained from-2

the initial concentration of 1 mg L  of Cd(II) ion. At high1

current densities, the anodic dissolution of aluminum Fig. 3: The effect of current density on % cadmium
increases, which leads to an increase in the amount of removal by AEC at different voltages. [cadmium]
metal hydroxides and results in an improved cadmium = 5 mg/L.
removal. This can be explained by the fact that the
cadmium adsorption increases with increasing aluminum to the point where van der Waal’s attractions become
hydroxides concentrations. These hydroxides neutralize predominant and thus facilitate agglomeration [35]. It
the electrostatic charges on the dispersed particles, should be noted that similar results were reported by
reducing the electrostatic repulsion between the  particles other authors [36-38].

o

o

o
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Fig. 4: Variation of percentage removal of Cd (II) with decreased. This is attributed to the fact that at a constant
time at current density of 0.04A/m  and different current density, the same number of aluminum ions2

voltages. Initial Cd (II) concentration: 1 mg/L. dissolves from aluminum anode and passes to the

Fig. 5: Variation of percentage removal of Cd (II) with greater amount of precipitate for the removal of pollutants.
time at current density of 0.04A/m and different Several researchers have also reported the same behavior2

voltages. Initial Cd (II) concentration: 3 m. for other systems [39-42].

Fig. 6: Variation of percentage removal of Cd (II) with 70 V, the removal efficiency of the Cd(II) was decreased
time at current density of 0.04A/m and different (Figure 8). As expected, an increase of local concentration2

voltages. Initial Cd (II) concentration: 5 mg/L. of  the Cd(II) ions with monomeric and polymeric hydroxo

Effect of the initial concentration: Aqueous solutions
with cadmium ion concentrations in the range of 1.0 - 5.0
mg/L were treated and the removal efficiencies for
cadmium ions were measured at different times of
electrolysis during AEC. Figures 4-6 show the effect of
the initial cadmium ion concentration in the aqueous
solution on the removal efficiency for various durations
of electrolysis at different voltages. As also seen in
Figure 7 the cadmium ions removal efficiency reached 98.2
%, 95 % and 90 after 200 min of electrolysis at 70 V for 1.0,
3.0 and 5.0 mg/L initial cadmium ion concentrations,
respectively. When the initial concentration was
increased, the removal efficiency for cadmium ions

solution at different cadmium concentrations. As a result,
the formed amount of complex aluminum hydroxide was
insufficient to adsorb the greater number of cadmium ions
at higher cadmium concentrations. The effect of the
electrolysis voltage on the cadmium removal was also
investigated. As expected, it appears that for a given time,
the removal efficiency increased significantly with the
increase in the electrolysis voltage. The highest electrical
potential (70 V) produced the quickest treatment with the
highest cadmium removal efficiency occurring at any
given time (for all concentrations) and the lowest cadmium
removal efficiency occurred in the lowest electrical
potential (50 V) and initial concentrations of 5.0 mg L .1

This is ascribed to the fact that at higher voltage the
amount of aluminum oxidized increased, resulting in a

Effect of Inter-electrode Spacing: Inter-electrode spacing
is a vital parameter in the AC reactor design for the
removal of pollutant from effluent. The inter-electrode
spacing and effective surface area of electrodes are
important variable when an operational costs optimization
of a reactor is needed [43]. To decrease the energy
consumption (at constant current density) in the
treatment of effluent with a relatively high conductivity,
larger  spacing   should  be  used  between  electrodes.
For effluent with low conductivity, energy consumption
can be minimized by decreasing the spacing between the
electrodes  [44].  Our  results  showed  that  when the
inter-electrode  spacing  was  increased under 50 Hz and
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Fig. 7: Theeffectof initialcadmiumconcentrationon the
removal efficiency of cadmium ions by
AEC(pH=8.9,current density =0.04 A/m , time =2

200 min).

Fig.  8: Variation of pH with AEC treatment time at current
density of 0.04 A/m  and 70 V. Initial Cd (II)2

concentration: 1 mg/L.

Fig. 9: The effect of pH on cadmium removal by AEC at
current density of 0.04 A/m  and 70 V. Initial Cd2

(II) concentration: 1 mg/L.

cationic species generated in a smaller space will increase
electrostatic interactions, leading to an increase of
removal efficiency of dissolved ions [45]. Our results
indicated that for the studied operational conditions, an
inter-electrode spacing of 0.01 m is feasible for the
maximum removal efficiency of cadmium using AEC
process.

Effect of Initial pH of Cadmium Solution: In the
electrocoagulation process, the pH is an important
parameter influencing the performance of the
electrochemical process [46-48]. In an attempt to
investigate the influence of pH on the AEC process, pH
of the cadmium solution was varied in the range of 2 to 9
using a fixed current density of 0.04 A/m . According to2

Figure 8 the pH value increases as the operating time of
AEC  process  is increased and reached to 8.9 at 70 V.
This is due to the OH ion accumulation in aqueous-

solution during the process [44]. The results illustrated in
Figure 9 demonstrate the cadmium removal efficiency at
different pH. The results reveal that, at pH~ 8.9, the
cadmium removal efficiency was maximum at about 98.2%
at 70 V. For pH < 6.0, the protons in the solution get
reduced to H  and thus, the proportion of hydroxide ion2

produced is less and consequently there is less removal
efficiency [49]. In the present case, for pH < 6.0, the
primary mechanism is charge neutralization by monomeric
cationic aluminum species and reducing their solubility,
while for higher pH, sweep coagulation with amorphous
aluminum hydroxide explains the results [50]. This
behavior has also been observed by many investigators
and are thought to be attributed to an amphoteric
behavior of Al(OH)  [51-55].3

Cadmium Removal Kinetics in Electrocoagulation:
Adsorption studies indicate that the removal rate of
cadmium ions is proportional to the amount of hydroxyl
cationic complexes (e.g., Al(OH) ). In order to find out the3

rate-controlling steps involved in the overall AEC
process, both pseudo first-order and pseudo second-
order Lagergen rate equations were used to fit the
experimental data. The integrated pseudo-first order model
can be written as [56]:

where q  and q  are the grams of solute adsorbed pert

gram of adsorbent at any time, t and at equilibrium,
respectively and k1 is the rate constant of first-order
adsorption.
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Fig. 10: Pseudo-second-order kinetic model plotsat
different voltages. (Initial Cd(II) concentration: 3 REFERENCES
mg/L, current density: 0.04 A/m )2

Table 1: The calculated q  and k values from pseudo-second-ordere 2

adsorption plots using initial cadmium concentration 3 mg/L.
Voltage q k × 10 Re 2

5 2

50 198.02 2.362 0.9918
60 165.29 2.698 0.9848
70 156.74 2.621 0.9739

Another model for the analysis of adsorption kinetics
is pseudo-second-order [57]. The integrated pseudo-
second order rate equation is expressed as follows:

t/ q =1/ k q  +t/qt 2 e e
2

Where k2 is the pseudo-second-order rate constant of
adsorption.The linearity plots t/q  vs. t. at various initialt

concentrations of cadmium and at various voltages
shown in Figure 10 suggested that the experimental data
well fitted pseudo-second order kinetics. The second
order kinetic values of q  and k  were calculated from thee 2

slope and intercept. Table 1 gives the computed results
from second-order kinetic model. As seen from Table 1,
the magnitude of the regression coefficient R  for the2

pseudo-second-order model is ~ 0.99. This implies that the
adsorption process of cadmium follow the pseudo-
second-order kinetic model.Similar behavior have been
observed in an electrocoagulation process for the removal
of iron from drinking water with aluminum alloy as the
anode and stainless steel as the cathode [57].

CONCLUSION

The results showed that the optimized removal
efficiency of 98.2% was achieved for AC source at a
current density of 0.04 A/m , 70 V and pH of 8.9 using2

aluminum alloy as anode and cathode. The aluminum

hydroxide generated in the cell remove the cadmium
present in the water and to reduce the cadmium
concentration to less than 0.018 mg/L. The adsorption of
cadmium on aluminum hydroxide confirms better
applicability of pseudo-second-order rate equation as
evident from regression coefficient.
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