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Abstract−Arsenic removal from drinking water was investigated using electrocoagulation (EC) followed by filtration.

A sand filter was used to remove flocs generated in the EC process. Experiments were performed in a batch electro-

chemical reactor using iron electrodes with monopolar parallel electrode connection mode to assess their efficiency.

The effects of several operating parameters on arsenic removal such as current density (1.5-9.0 mA cm−2), initial arsenic

concentration (50-500 µg L−1), operating time (0-15 min), electrode surface area (266-665 cm2), and sodium chloride

concentrations (0.01 and 0.02 M) were examined. The EC process was able to decrease the residual arsenic concen-

tration to less than 10 µg L−1. Optimum operating conditions were determined as an operating time of 5 min and cur-

rent density of 4.5 mA cm−2 at pH of 7. The optimum electrode surface area for arsenic removal was found to be 266

cm2 taking into consideration cost effectiveness. The residual iron concentration increased with increasing residence

time, and maximum residual iron value was measured as 287 µg L−1 for electrode surface area of 266 cm2. The addition

of sodium chloride had no significant effect on residual arsenic concentration, but an increase in current density was

observed.
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INTRODUCTION

Arsenic is found in the atmosphere, soils, rocks, natural waters, and

organisms [1]. The presence of elevated levels of arsenic in ground-

water has become a major concern, especially in Bangladesh, India

[2-5], and several other countries such as United States [6-9], China

[10], Australia [11], Czech Republic [12] and New Zealand [13].

According to Human Development Report 2006 Beyond Scarcity:

Power, Poverty and Global Water Crisis by the United Nations Devel-

opment Programme, arsenic contaminated water creates risks for

million of people in some countries including Turkey in the world

[14]. Especially in Western Turkey, high arsenic concentrations in

groundwaters have been found related to the dissolution of some

minerals in the colemanite boron formations. The observed enrich-

ment of arsenic in groundwaters also results from both hydrothermal

and evaporitic conditions, with some redistribution of both elements

during diagenesis, and rock/mineral water interaction [15-18].

The U.S. Environmental Protection Agency (USEPA) reduced

the maximum contaminant level (MCL) for arsenic in drinking water

from 50µg L−1 to 10µg L−1 [19]. According to the last edition of

the World Health Organization (WHO) Guidelines for Drinking-

Water Quality (2006), 10µg L−1 was established as a provisional

guideline value for arsenic. MCL was also lowered to 10µg L−1 in

Turkey by Turkish Standards 266-Water Intended for Human Con-

sumption.

Arsenic can occur in the environment in several oxidation states,

but in natural waters is mostly found in inorganic form as oxyan-

ions of trivalent arsenite [As(III)] or pentavalent arsenate [As(V)].

The relative concentrations of each are controlled by the redox poten-

tial (Eh) and pH [20]. Organic arsenic forms may be produced by

biological activity, mostly in surface waters, but are rarely quantita-

tively important [1]. The forms of arsenic present are dependent on

the type and amounts of sorbents, pH, redox potential, and micro-

bial activity [9]. Arsenate is relatively easy to remove from water,

since it bears a negative charge in natural waters above pH 2.2, and

is electrostatically attracted to the positive charge on metal hydrox-

ide surfaces [21]. Under reducing conditions at pH less than about

pH 9.2, the uncharged arsenite (As(III)) species will predominate

[1]. Therefore, As(III) is less efficiently removed than As(V), so

pre-oxidation is necessary for better removal [22].

A variety of treatment processes have been developed for arsenic

removal from water, including chemical precipitation or coagulation,

adsorption, lime softening, ion exchange, and membrane separation

[23-29]. These methods are mainly effective for arsenate removal.

Although precipitation–coprecipitation with ferric and aluminum

salts is one of the conventional methods for arsenic removal, han-

dling and disposal of the waste sludge is a significant problem of

this process [30]. These treatment technologies take considerable

time, require an extensive set-up, and are not economically appli-

cable in small community systems. These processes generate a con-

siderable quantity of secondary pollutants (chloride, sulfate in the

coagulation-precipitation) and large volumes of sludge or waste which

pose serious environmental problems [31]. Since chemical coagu-

lation consists of three stages, including rapid mixing, slow mixing,

sedimentation, and/or filtration, it requires extensive land usage.

Continuous chemical addition and mixing of chemicals in this pro-

cess causes additional operating cost and chemical handling prob-

lems [32]. In addition, the usage of different types of oxidants for

oxidation of arsenite to arsenate for better removal efficiency in-

creases the amount of used chemicals and operation costs signifi-

cantly. Moreover, these reagents decrease the water quality because
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of the residues and by-products formed [33].

Recently, EC has had a more prominent role in drinking water

treatment because it provides some significant advantages, such as

being quite compact and having easy operation and automation, no

chemical additives, high velocities and reduced amount of sludge

[34,35]. Therefore, EC is an alternative to using chemical coagu-

lants for arsenic removal, and thus may be beneficial for communi-

ties with better access to electricity than to chemicals. EC systems

supply in-situ generation of coagulant [36-38]. Moreover, EC is

the most promising process for arsenic removal due to high arsenic

removal efficiency, feasible for small scale requirements, cost-effec-

tive, and no need for handling chemicals [39]. Because EC sys-

tems use a sacrificial anode generally made of iron or aluminum

rather than corrosive iron or aluminum salt solutions, EC units can

be constituted as a portable plant for use in rural, remote, and small

residential areas [40]. Several previous studies have reported arsenic

removal from water and wastewater by electrocoagulation [32-34,

36,37,39-41]. When a direct current is applied between two elec-

trodes, metal ions such as Fe2+ and Al3+ that can contribute to coagu-

lant formation are released by anode oxidation. With iron electrodes,

the Fe2+ released can subsequently be oxidized in solution to pro-

duce an Fe(III) hydroxide or oxyhydroxide [36,38]. In the EC pro-

cess, the electrodes are consumed and the coagulant is generated

and precipitated. No liquid chemical is added, alkalinity is not con-

sumed, and pH adjustment is not needed [40].

The major objective of this study is to investigate removal efficien-

cies of arsenate from tap water by EC process followed by filtra-

tion using iron electrodes and to reduce the energy and electrode

consumption by shortening the treatment time for arsenic removal,

increasing at the same time the knowledge about the mechanisms

involved in the process. A sand filter was used to remove flocs gen-

erated in the EC process. The effects of important operating param-

eters such as initial arsenic concentrations, electrolysis time, current

density, electrode surface area, and sodium chloride concentrations

on percent removal of arsenate were investigated.

MATERIAL AND METHODS

1.Materials

The chemical composition and some properties of the tap water

used in this study are listed in Table 1. Analytical reagent chemi-

Table 1. Chemical and physico-chemical initial characteristics of
the tap water used for the experiments

Components Concentration

pH 8.2
Turbidity, NTU 0.1

Chloride, mg L−1 46
Nitrate, mg L−1 3
Iron, mg L−1 0.0343

Aluminum, mg L−1 0.012
Manganese, mg L−1 0.0141
Sodium, mg L−1 23

Conductivity, µS cm−1 463
Sulfate, mg L−1 36 Fig. 1. The diagram of the experimental equipment.

cals and ultrapure grade water were used to prepare all stock solu-

tions. Stock As(V) solution of 2mg L−1 was prepared with deionized

water by using the sodium arsenate (Na2HAsO4·7H2O). Arsenic

working solutions were freshly prepared by diluting arsenic solu-

tions with deionized water. All measurements were made at ambi-

ent temperature (25±1 oC). The solutions were stored at 4 oC in the

refrigerator. The pH of the arsenic-containing solutions was adjusted

by adding aliquots of 1M HCl or 1M NaOH and kept nearly con-

stant in the range of 6-8. To investigate the effect of salt on arsenic

removal, 0.01M NaCl (0.58 g L−1 and 1,400µS cm−1) and 0.02M

NaCl (1.16 g L−1 and 2,500µS cm−1) were added into the solutions.

2. EC Reactor and Experimental Procedure

The EC experiments were carried out in batch mode using a 2 L

plastic reactor with horizontally placed iron electrodes spaced by

1.2 cm. Iron plates with the dimensions 0.3 cm×19cm×3.5 cm were

connected a DC power supply (0-9.2V, 0-6A) in monopolar paral-

lel connection mode. A schematic of the experimental setup is shown

in Fig. 1. Different numbers of electrodes (2-6) were used to deter-

mine the effects of electrode surface area. Before each experiment,

the electrodes were abraded with sand paper to remove scales and

then cleaned with 1M HCl and ultrapure water. All the experiments

were performed in duplicate to evaluate test reproducibility under

identical conditions and the arithmetic average result of the two exper-

iments was reported in this study.

In each run, 1L of sample water containing various concentration

of As(V) was added into the EC reactor. The anodes and cathodes

were connected to the positive and negative outlets of a DC power

supply. The current, residence time or voltage was held constant at

desired values. The samples were taken from the EC reactor and

allowed to settle for 30min. Then the effluent was passed through

a filter column filled with quartz sand of 0.2mm particle size for

the removal of suspended particles. Filtration rate was adjusted to

7mL min−1. An aquarium pump with a diffuser was used during
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the filtration process to provide oxidation of Fe2+ species generated

by EC process to Fe3+ species. The finished water was analyzed for

the residual concentrations of arsenic and iron.

3. Analytical Procedure

The arsenic in the influent and effluent aqueous solutions was

determined by the hydride generation procedure coupled with induc-

tively coupled plasma-atomic emission spectrometry (HG-ICP-AES),

also known as inductively coupled plasma-optical emission spec-

trometry (HG-ICP-OES) (Optima 2100 DV). Hydride generation

involves the production of volatile hydrides upon a chemical treat-

ment with a strong reducing agent, typically sodium borohydride

(NaBH4). The sodium borohydride instantaneously converts As(III)

to arsine gas at room temperature, while the reduction of As(V) to

arsine occurs relatively slowly. Therefore, a total arsenic determi-

nation requires a prereductant such as KI to convert all arsenic to

the +3 oxidation state prior to the arsine formation step [42]. In this

study, the sample water (20mL) was first mixed with 6mL HCl

(10%) and 2mL of reducing agent (5% KI and 5% ascorbic acid),

and allowed to react for 30min at dark place to reduce As(V) to

As(III). Then, 10mL solution was taken for the analysis of As(III)

concentrations. The iron concentrations were also determined by

use of the HG-ICP-AES. Each analysis of arsenic and iron concen-

trations was duplicated. The arithmetic average of the two analyses

results was reported in this study.

RESULTS AND DISCUSSION

1. Effect of Electrolysis Time on Arsenic Removal

The effect of electrolysis time on the residual arsenic concentra-

tion was studied for a current density of 4.5mA cm−2, initial arsenic

concentration of 100µg L−1, and pH of 7. The time dependence of

arsenic removal by EC process is shown in Fig. 2. It can be seen

that the increase in residence time improved the arsenic removal

efficiency. About 90% of the removal efficiency was achieved within

3min of the process and residual As(V) concentration was reduced

to 10µg L−1, which is the recent guideline value of WHO.

This can be explained by the main anode and cathode reactions

that occurred in the EC process with iron electrode. The anode and

cathode reactions can be described as follows [39,40]:

Anode reactions:

Fe(s)→Fe2++2e− (1)

Fe2+→Fe3++e− (2)

In the above two-step process, iron is first oxidized to ferrous ion,

and then oxidized to ferric ion. The single step oxidation of iron to

ferric ion can be shown as follows [39,40]:

Fe(s)→Fe3++3e− (3)

The second step of iron oxidation reactions can be accelerated by

aeration [39]:

O2(g)+4Fe
2++H2O→4Fe3++4OH− (in bulk solution) (4)

Cathode reaction [39,40]:

2H2O+2e
−

→H2+2OH
− (5)

The OH− ions in the cathode migrate towards the ferric ion for the

formation of iron hydroxide [39]:

Fe3++3OH−

→Fe(OH)3(s) (6)

At the beginning of the process, arsenic removal was rapid and later

it decreased gradually. Arsenic ions were more abundant at the begin-

ning of the EC process, and the generated iron hydroxides due to

corrosion of the anode at that time formed complexes with arsenic,

and therefore rapid removal of arsenic was observed [43]. Copre-

cipitation of arsenic with occurred iron hydroxides is expressed in

the following equations [39,40]:

2FeOOH(s)+H2AsO4
−

→(FeO)2HAsO4
−+H2O+OH

− (7)

3FeOOH(s)+HAsO4
2−
→(FeO)3AsO4

−+H2O+2OH
− (8)

Fe(OH)3+AsO4
3−
→[Fe(OH)3·AsO4

3−] (9)

However, as the experiment proceeded, the aqueous phase arsenic

concentration continued to be reduced and simultaneously hydrous

ferric oxides concentration increased [43]. When the initial arsenic

concentrations were higher, more iron oxides and electrolysis time

were needed to decrease the arsenic concentrations. Therefore, opti-

mum electrolysis time was determined as 5min. During the arsenic

removal by EC process using iron electrodes, although a similar

trend was observed by other researchers [32,34,36,40], the shortest

electrolysis time was achieved for reducing arsenic concentration

below 10µg L−1 in this study. Because the consumption amount of

electrical energy determines the cost of the process, obtaining the

shortest operation time reduces the cost of the process.

2. Effect of Current Density on Arsenic Removal

In all electrochemical processes, current density is one of the im-

portant parameters among the various operating variables for con-

trolling the reaction rate within the electrochemical reactor, and it

strongly influences the performance of electrocoagulation [44,45].

It is well known that current density determines coagulant dosage

rate, bubble production rate, size and growth of flocs, which can

influence removal efficiency of the pollutions in the EC process

with different electrode configurations [31,44].

Faraday’s law describes the relationship between current density

and the amount of anode material that dissolves in the solution. It

is given as

Fig. 2. Effect of residence time on arsenic removal efficiency (ini-
tial arsenic concentration of 100µg L−1, current density of
4.5 mA cm−2).
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(1)

where, m (kg Fe electrode per m3 treated potable water) is the theoret-

ical amount of ion produced per unit surface area by current den-

sity i passing for a duration of time tEC (s). Z is the number of elec-

trons involved in the oxidation/ reduction reaction; for Fe, Z=2. M

is the atomic weight of anode material, for Fe, M=55.85 g mol−1;

and F is the Faraday’s constant (96.486C mol−1) [46].

Generally, metal removal increases with increasing iron dosages

in chemical coagulation. Therefore, arsenate removal by EC is gov-

erned by the formation of metal-hydrous ferric oxide complexes

[46]. Higher current is expected to generate larger amounts of iron,

which in turn will trap more pollutant and enhance removal effi-

ciency [47]. Therefore, the effect of current density on the removal

efficiency of As (V) was studied at 1.5-9.0mA cm−2 at an initial

concentration of 100µg L−1 at pH 7.0 for 5min of operation time.

Fig. 3 illustrates the effect of the current density on the arsenate re-

moval efficiency. The results showed that as current density increases,

the removal of arsenate also increases. This is consistent with the

results reported by several authors [48,49]. The rate of reduction in

the arsenic concentration was almost sharp in the early stages of

the process and decreased to gradual reduction in later part of elec-

trolysis. This behavior was explained as follows: as the current den-

sity increased, the oxides and hydroxides dosages increased too,

favoring the arsenic removal [44]. The amount of solubilized iron

increases with the current density because of Faraday’s law [45].

The arsenic removal efficiencies were changed in the range of 75-

99% and residual As(V) concentration was reduced to 10µg L−1 at

current density of 0.3A or 4.5mA cm−2. Flores et al. (2013) showed

that complete arsenate removal by EC process was obtained at a

current density of 5mA cm−2 [50]. Similarly, Zhao et al. (2011) also

noted that the initial arsenic concentration of 1mg L−1 can be reduced

below the values of 10µg L−1 at current density of 4mA cm−2 and

within 40min [34]. Some researchers showed that arsenic concen-

tration can be decreased below the MCL at a low current density

of 0.25mA cm−2, but it can require long electrolysis time such as

30min [39,40].

However, the cost of the process is determined by the consump-

tion of the sacrificial electrode and the electrical energy. Although

increasing current density and operating time enhances the efficiency

of EC, it raises the cell voltage, energy consumption and operating

costs [44]. The energy consumption is controlled by the applied cur-

rent and voltage. The electrical energy required for the removal of

arsenic was calculated by the following equation:

(2)

where E is energy consumption (kWh m−3), U is voltage (V), I is

ampere (A), tEC is residence time (h), and V is volume of water in

EC reactor (m3). Fig. 4 illustrates the energy consumption as a func-

tion of the current density and the cell voltage. As shown, the applied

highest current density of 9.0mA cm−2 caused the highest energy

consumption; this is in part due to the increase in cell voltage, since

when current density increases progressively from 1.50 to 9.0mA

cm−2, cell voltage increases from 2.7 to values of 9.2V. However,

the optimum current density of 4.5mA cm−2 obtained from the study

produced a relatively small increase of energy consumption. In this

study, the obtained sufficient arsenic removal efficiency was pro-

vided at current density of 4.5mA cm−2 with energy consumption

of 0.45 kwh m−3. Although Flores et al. (2013) obtained the high-

est arsenic removal efficiency at almost the same current density,

energy consumption of the system was calculated as 3.9 kwh m−3

because of long electrolysis time [50].

Residual arsenate concentrations were decreased below 10µg

L−1, which is the maximum contaminant level of arsenic in drink-

ing water determined by USEPA and WHO, for current density of

4.5-9mA cm−2. Beyond 4.5mA cm−2 the removal efficiency remains

almost constant. The increase in current density value from 4.5 to

9.0mA cm−2 for arsenate removal also increases the power required

to achieve the about same removal efficiency. Considering this cost

factor, all further experiments were carried out at 4.5mA cm−2.

3. Effect of Initial Concentration on Arsenic Removal

To evaluate the effect of initial arsenate concentration, experiments

were conducted at varying initial concentration from 50 to 500µg

L−1. Fig. 5 shows the effect of the initial arsenic concentration as a

function of operating time. As can be seen, the initial arsenic con-

centration increased from 50 to 500µg L−1, and the obtained highest

removal efficiency increased from about 84 to 95%. In the EC pro-

cess, the rate of arsenic removal is proportionate to the influent con-

centration. When the initial arsenic concentrations are higher, more

iron oxides are needed to decrease the dissolved arsenic concentra-

tions [36]. It appears that the rate of removal is sharp in the begin-

m = 

M i× t
EC

×

Z F×
----------------------

E = 

U I× t
EC

×

V
----------------------

Fig. 3. Effect of current on arsenic removal efficiency (initial arsenic
concentration of 100 µg L−1, electrolysis time of 5 min).

Fig. 4. The energy consumption at various current densities for
EC.
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ning of the EC process, and afterwards the slope of the curve de-

creases. As expected, the arsenic removal efficiency increases with

the increase in initial arsenic concentration. This is because adsorp-

tion capacity onto metallic hydroxide flocs was limited, which is

consistent with the results reported by several authors [31,44].

4. Effect of Electrode Surface Area on Arsenic Removal

Design of EC cell is important to achieve maximum arsenic re-

moval efficiency. The electrode area influences current density, in

addition to bubble production and bubble path length [51]. In this

study, different electrode surface areas were obtained by changing

the electrode numbers. The effect of the electrode surface area was

studied by adding electrodes to the reactor from n=2 to n=6. To

investigate the effect of the electrode surface area on arsenic removal,

the EC process was operated with initial arsenate concentration of

100µg L−1, pH of 7, and at a constant voltage of 9.1. Fig. 6 shows

the residual arsenate concentration as a function of operation time

for each electrode number used. As shown, the number of elec-

trodes is reduced progressively from six to four and two when the

required operation time to reduce arsenic concentration below 10µg

L−1 is increased from about 2.5min to over the five. This is associ-

ated with the increased electrode number generating larger amounts

of iron; therefore, higher arsenate removal is produced. However,

the cost of the process is determined by the consumption of the elec-

trode besides the consumption of electrical energy. Therefore, the

optimum number of electrodes was obtained from the study as two,

taking into consideration cost effectiveness. Residual iron concen-

trations during the experiments are also shown in Fig. 6. The results

demonstrated that after arsenate removal by EC process residual

iron concentration increased with increasing residence time. Maxi-

mum residual iron values were measured as 287, 272, and 246µg

L−1 for electrode numbers of two, four, and six, respectively. Because

the maximum contaminant level of iron in drinking water is 300µg

L−1 according to USEPA, all of electrode numbers are found effec-

tive and reliable considering residual iron and arsenate concentration.

5.Effect of Sodium Chloride Concentration on Arsenic Re-

moval

Usually, NaCl is added to increase electrolytic conductivity. In

this study, the conductivity of the water was adjusted to the desired

levels by adding an appropriate amount of NaCl. When investigating

the supporting electrolyte’s influence on arsenic removal efficiency,

a series of experiments were performed with different initial arsenic

concentration and residence time as shown in Table 2. 0.01M NaCl

(1,400µS cm−1) and 0.02M NaCl (2,500µS cm−1) were added into

the solutions. Because the Turkish standard for conductivity of drink-

ing water is given as 2,500µS cm−1, the addition of NaCl was ad-

justed either less or equal to this limit value.

Ihos et al. (2005) added 0.01M NaCl as supporting electrolyte,

Hansen et al. (2007) added 10 g of NaCl into arsenic solution to

increase electrical conductivity in the solution and to minimize the

passivation of the anode [52,53]. Gomes et al. (2007) added 0.8 g

NaCl into arsenic solution to avoid excessive ohmic drop and pre-

vent the formation of the passivation layer on electrodes [54]. Larue

(2003) reported that the addition of chloride salts decreased the en-

ergy consumption due to solution conductivity affecting the cell

voltage and current efficiency [55]. Furthermore, more energy is

required for overcoming a high ohmic resistance between an anode

and a cathode when electrical conductivity of the solution is low.

Bayramoglu et al. (2007) reported that increasing electrical conduc-

Fig. 5. The effect of initial arsenic concentration on the arsenic re-
moval efficiency (electrolysis time of 5min, current density
of 4.5 mA cm−2).

Fig. 6. Effect of electrode numbers on arsenic removal efficiency
and residual iron concentration (a) electrode number=6,
(b) electrode number=4, and (c) electrode number=2 (ini-
tial arsenic concentration of 100µg L−1, electrolysis time of
5 min, current density of 4.5 mA cm−2).
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tivity caused an increase in the current density at constant cell voltage,

or a decrease in the voltage at constant current density [56].

The experiments showed that electrical conductivity was increased

greatly with NaCl added. An increase in current density was observed,

which was mentioned by Bayramoglu et al. It can be seen from Table

2 that the addition of salt (NaCl) had no significant effect on residual

arsenic concentration. The standard value for the arsenic in drink-

ing water given by WHO and USEPA was achieved at the end of

every experiment.

CONCLUSIONS

EC was evaluated as a remediation tool for arsenic removal from

aqueous solutions in a batch EC reactor with iron electrodes. Batch

EC studies were performed to evaluate the influence of various exper-

imental parameters such as electrolysis time, initial arsenic concen-

tration, current density, electrode surface area, and sodium chloride

concentration on the removal of arsenic from drinking water. The

EC process was able to decrease the residual arsenic concentration

to less than 10µg L−1 (below the limit set by the WHO). The removal

mechanism of arsenic by the EC process might be co-precipitation

and adsorption with metal hydroxides generated in the process.

Optimum operating time and value of current density for arsenic

removal were found to be 5min and 4.5mA cm−2, respectively. The

increase in current density value from 4.5 to 9.0mA cm−2 for arsen-

ate removal also increases the power required to achieve the about

same removal efficiency. The results showed that the shortest elec-

trolysis time of arsenic removal by EC process using iron elec-

trodes was achieved. Accordingly, the calculated energy consumption

of the system was caused to decrease the operation cost. These find-

ings have importance for EC applications of arsenic removal from

water and reveal that EC process is cost-effective and efficient arsenic

removal method for future evaluations. The initial arsenic concen-

tration increased from 50 to 500µg L−1, the obtained highest re-

moval efficiency increased from about 84 to 95%. The results showed

that the rate of arsenic removal was proportionate to the influent

concentration. The optimum electrode surface area for arsenic re-

moval was found to be 266 cm2 (n=2), taking into consideration

cost effectiveness. The results demonstrated that residual iron con-

centration increased with increasing residence time and maximum

residual iron value was measured as 287µg L−1 for electrode sur-

face are of 266 cm2. The addition of salt (NaCl) had no significant

effect on residual arsenic concentration, but an increase in current

density was observed. This study showed that electrocoagulation

has the potential to treat arsenic-contaminated water to standards

required for drinking water and can be considered a robust tech-

nology for arsenic removal.
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