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ABSTRACT

The aim of this study was to investigate the effect of electrocoagulation (EC) process for malathion
removal from aqueous solution. Iron and stainless-steel rod electrodes were used in the electro-
chemical cell and effective operation parameters on the electrochemical process were studied.
The results showed that with increasing reaction time, current density, removal efficiency of the
malathion increased, but the initial concentration of malathion had a reverse effect on the malathion
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removal. The maximum removal efficiency was acquired at pH: 6 (94.6%). In the inter-electrode dis-
tance of 2 cm, the removal efficiency of malathion was 95.6% and 95.8% for iron and 92.7% and 88.1%
for stainless steel rod electrodes using alternating and direct current, respectively. The maximum
energy consumption was 0.91 and 3.12 kWh/m?® using iron rod electrodes, and 0.99 and 3.18 kWh/m?
by stainless steel rod electrodes for the alternating and direct current, respectively. Sludge produced
in direct current mode is higher than alternative current mode. The pseudo-second-order model
was better fitted for the removal of malathion by the EC process than the pseudo-first-order model
(R* 0.99). According to the results, this process is suggested as an effective and efficient method for

removing malathion pesticide.

Keywords: Electrochemical process; Environmental pollution; Pesticide separation; Sludge

production; Energy consumption

1. Introduction

One of the most important issues related to public con-
cern is water pollution by organic and inorganic compounds
[1]. Water contaminants can be created by industrialization,
urbanization as well as agricultural activities [2]. Pesticides,
that are chemicals or biological substances, are used to
control fungi, microorganisms, insects, unwanted plants
(weeds) and other pests [3]. The variety and quantities of
the pesticides that contaminate water through the extensive
use of them and the intensive development of new chem-
icals in agriculture, domestic and industrial activities and
also as well as chemical warfare agents like nerve agents,
have dramatically increased [1,4]. They are in different envi-
ronments (i.e. soil, air, and water) and may remain in the
soil or may leach into streams, run-off and ground waters
[5-7]. The most applied group of insecticides has been used
for the last two decades in the world are organo-phosphorus
pesticides (OPs) and are frequently detected in surface and
ground waters. In 2001, the OPs insecticides were 70% of the
total usage of insecticide in the United States and malathion
(32%—44% of total OPs insecticide) was the most widely
used [3,8]. In addition, lindane and malathion have been
widely used in India [1] [25-30B]. Malathion is highly toxic
for aquatic organisms [9,10], amphibians [11,12], vertebrate,
and even human beings [6,13]. In small amounts, malathion
is acutely toxic and at higher concentrations may create seri-
ous body disorders resulting in death by the inability of the
respiratory system [5]. In addition, malathion is genotoxic
by the mechanism of DNA damage [14,15]. Additionally,
according to the experiments of embryo development,
malathion indicates an endocrine disruptor and finally
inhibited reproductive functions [16,17]. The toxicity of
OPs is attributed to the binding of these compounds to the
acetylcholinesterase and the concluding deactivation of
the enzyme [4,18]. According to the European Economic
Community directive pesticide concentration in drinking
water should be below 0.1 pg/L [19] and also maximum per-
missible limit has been recommended 0.1 pg/L for individ-
ual pesticides and 0.5 ug/L for total pesticides in drinking
water and 1-3 pg/L for surface waters [5].

Some of the conventional physicochemical treatment
processes that have been used for pesticide removal from
aqueous solutions include activated carbon, steam-stripping,
coagulation/flocculation, resin adsorption, photocatalysis
(UV photolysis and TiO, photocatalysis), advanced chem-
ical oxidation, membrane processes and hydrolysis [5,19-
22]. Each method has its own merits and limitations. For
example, carbon adsorption becomes saturated rapidly,

and their efficiency decreases with the presence of com-
petitive material contained in the matrix and coagulation/
flocculation and sedimentation are used as a pretreatment
process before the advanced treatment [3,23-26].

In recent years, researchers have attracted to focus
on electrocoagulation (EC) for the treatments of various
types of water as well as wastewaters [27]. EC is an envi-
ronmentally friendly, simple technology and does not gen-
erate secondary pollutants and including the sacrificial
metal (usually aluminum or iron) and the power of elec-
tricity [28,29]. Some advantages of this process are short
reaction time, simple operation and require simple equip-
ment, easy to operate, compact size, absence of adding
chemicals, rapid sedimentation of the produced flocs, less
sludge production, low capital and operating costs [27,30].
The disadvantage of EC is that high conductivity water is
needed (especially for drinking water treatment) [28]. The
EC process includes applying an electric current (both alter-
nating and direct current) to sacrifice electrodes and then
the generation of coagulants in situ. When iron or alumi-
num electrodes use as anodes, trivalent iron or aluminum
produces [31]. EC reactors could be operated by monopolar
and dipolar connection [30,32]. The EC technology has been
widely studied for the treatment of effluents from tannery
[33], slaughterhouse [29], organic material, textile [34], drug
manufacturing industry as well as for the removal of heavy
metals [35]. The ability of malathion for creating toxicity and
carcinogenicity has led to concern about environmental con-
tamination of this pesticide. On the other hand, malathion is
a very toxic pesticide that exists in water resources in some
countries like Iran, India and other countries. Therefore, the
removal of this pesticide is very important in the view of
environmental contamination and human health [7].

The overall objective of this research was to investi-
gate malathion removal from water using EC to obtain
optimum conditions.

2. Material and methods
2.1. Material and equipment

All chemicals and materials used in this study were of
analytical grade and were obtained from Merck, (Germany)
and Sigma Chemical Co., (USA). Stock solutions of mal-
athion were prepared in n-hexane. In order to achieve the
desired pH, HCI (1 N) or NaOH (1 N) were used. pH was
measured by pH meter (Hach, USA) and the concentra-
tions of malathion were determined by high-performance
liquid chromatography (HPLC) using UV-Vis detection



112

with an autosampler fitted with a fused octadecyl silica gel
(C18) column (length: 25 mm and diameter: 4.6 mm) (Water
Company, USA) for separating of these compounds. The
mobile phase was methanol, acetonitrile, and water with a
ratio 15:45:40 and a velocity of 1 mm/min. The wavelength
used for the detection of these compounds was ascertained
at 140 nm. The separating column used in the HPLC set
was the DB5.6.25 capillary column. The application vertex
for malathion was obtained at 10.23 min. The temperature
program was initially held at 160°C for 1 min, then raised
at 25°C/min to 188°C and hold at 188°C for 4 min and again
raised to 190°C at 20°C/min for 1 min and finally maintained
at 244°C for 6.21 min. Helium was used as a carrier gas with
pureness >99% and a velocity rate of 0.7 cm/s.

A stock solution of malathion was prepared according to
standard methods. For the preparation of working samples,
the stock solution was added to the predetermined quantity
of distilled water. The experiments were done with a stock
solution of 1,000 mg/L.

The experimental set-up used in this study has been
shown in Fig. 1. The electrochemical cell was made of plexi-
glass with a dimension of 12 cm x 10 em x 12 cm (efficient
volume: 1 L). Acetone was used for fat removal from the
surface of the electrodes. A magnetic stirrer has been used
for mixing at the rate of 300 rpm in the whole stages of
the study. Voltmeter and ohmmeter that installed on the
circus, measured the electrical potential differences and
current intensity, respectively. Iron rods were used with
50 mm length and 5 mm diameter and 15 mm apart from
each other. Rod electrodes were connected as monopolar.
The alternating and direct current was provided by a power
source (model GW GPC-3060D).

2.2. Experiment

In this study pH, current densities, initial malathion
concentration, reaction time, amount of energy used
and kind of electrode, current type (alternative or direct
current), distances between the electrodes and the amount
of sludge produced were studied. To evaluate each stage,
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the synthetic wastewater inside the reactor was agitated by
a magnetic mixer and samples were taken from the reac-
tor in order to observe the treatment progress in time inter-
vals of 10, 20, 30 and 40 min. Then the samples were passed
through 0.45 um filters and the filtered samples were stored
at 4°C and eventually, samples were analyzed for malathion
residual. By the end of each stage of the study, the pH of
the solution after the EC process and the amount of produc-
ing sludge were measured in order to find the number of
flocs and the fluctuates in pH during the process.

2.3. Calculations

One of the most important economic parameters for
the application of the EC process is the amount of electri-
cal energy consumed. This parameter is determined by the
following equation:

poutt
v (1)

where E is the electrical energy consumption (kWh/m?),
U is the potential difference (V), I is the current rate (A),
t is the reaction time (h) and V is the volume of the reac-
tor (L). The amount of sacrifice an anode is determined by
measuring the initial and final weight of the anodes.

The amount of electrochemical adsorbent (aluminum or
iron hydroxide) formed is determined by the Faraday Law:

- @
where C (kg electrode/m*® potable water treated) is the
amount of ion produced by applied current (A) passed for a
duration of time ¢ (s), Z is the number of electrons involved
in the oxidation/reduction reaction (chemical equivalent)
(2 for Fe), M is the atomic weight of anode (Fe = 0.05585 kg/
mol), F is the Faraday’s constant rate (96,485 C/mol) and
V is the volume (m?®) of the potable water in the EC reactor.

b4 5 Power supply
——
2 I

Electrodes (2)

Electrochemical cell

Magnetic stirrer

Fig. 1. Electrocoagulation reactor schematic used in this study.
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3. Results
3.1. Effect of current density and time on malathion removal

Current density plays an important role in the EC process.
Table 1 showed the effect of current density and time on the
malathion removal in the EC process using two types of cur-
rent (alternating and direct) and two types of rod electrode
(iron and stainless steel). Totally, as current density increases,
the removal of pesticides also increases. According to these
results, the highest pesticide removal was obtained in current
density 10 mA/cm? for both current and electrode. In addi-
tion, 40 min was found the best time for removing malathion
by the EC process. The scarification of anode and dosage of
coagulant produced as well as generation of hydrogen gas at
cathode could be affected by current density. The mass trans-
fer between bubbles generated, contaminants and coagulants
might be determined with the current density [36].

3.2. Effect of initial pH

pH is an important parameter and has a significant effect
on the formation of hydroxide metal types [37]. The effect
of pH on the EC process with alternating and direct current
and iron and stainless-steel rod electrodes for removing
malathion pesticide are shown in Fig. 2. The removal effi-
ciency of malathion was increased with increasing the pH
and the maximum removal efficiency of malathion was
obtained at pH 6 (94.6% and 92.2% using an iron electrode
and 83.6% and 80.9% using stainless steel electrode for alter-
native current (AC) and direct current (DC) current, respec-
tively. The malathion removal efficiencies decreased at low
and high pH values.

Table 1

The solution pH as a key factor in EC has a significant
effect on the zeta potential, the solution conductivity and
the dissolution of the electrode [38]. When solution pH
increases from 4 to 7, the amount of insoluble hydroxide
significantly also increases and there are no hydroxide
ions of metals in this pH range [36].

3.3. Effect of the initial concentration of malathion

Table 2 discloses the effect of the initial malathion
concentration on the removal efficiency of malathion for
various times (from 5 to 60 min). It was expected that the
malathion removal attained 97.2% after 60 min for the
initial malathion concentrations of 15 mg/L in alternating
current and iron rod electrodes. The malathion removal
efficiency decreased when the initial concentration of mal-
athion was increased.

3.4. Distance between electrodes

The effect of the distance between electrodes is pre-
sented in Fig. 3. It has been cleared that maximum removal
efficiency with both electrodes (iron and stainless steel) and
electrical current mode (AC and DC) was reached at a dis-
tance of electrodes 2 cm. The removal efficiency of mala-
thion increases with increasing the inter-electrode distances
up to 2 cm and then decreases.

In this inter-electrode distances (2 cm), the removal
efficiency of malathion was 95.6% and 95.8% for iron
rod electrodes and 92.7% and 88.1% for stainless steel
rod electrodes using alternating and direct current,
respectively.

The efficiency of malathion removal (%) using various electrical current density and electrodes

Iron
AC DC
Time . .
(min) Current density (mA/m?) Current density (mA/m?)
2 4 6 8 10 2 4 6 8 10
5 15.6 21.2 32.5 55.3 82.5 13.8 19.1 25.1 53.2 80.3
10 30.2 55.5 74.6 83.2 92.5 27.6 52.8 71.3 80.2 90.7
20 60.23 75.8 82.1 90.2 95.6 57.6 73.6 79.9 88.5 90.7
30 71.7 77.6 91.3 94.3 97.1 68.9 70.3 89.9 92.7 95.5
40 75.6 85.9 94.2 95.6 97.9 73.4 82.9 92.2 94.8 96.1
50 77.8 87.3 95.1 96.7 98.1 74.2 83.2 92.6 95.1 96.8
60 78.1 88.2 95.9 96.8 97.8 74.9 83.5 93.7 95.6 96.5
Stainless steel
5 12.3 16.7 21.9 45.8 68.2 10.6 14.2 19.3 43.6 66.1
10 21.7 42.3 59.1 72.3 74.5 19.3 39.2 56.9 68.9 71.6
20 48.7 65.7 72.5 84.8 81.9 459 61.9 70.2 81.6 78.9
30 62.5 724 81.6 87.9 88.9 60.1 70.2 78.9 85.3 87.1
40 64.5 76.7 83.6 90.6 90.9 61.3 73.6 80.9 88.4 88.8
50 65.1 76.8 84.9 90.9 91.6 61.5 73.8 81.9 89.3 90.8
60 64.9 77.8 87.9 92.6 93.8 63.6 75.6 84.9 91.8 91.8
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Fig. 2. Effect of pH on removing malathion using iron and stainless steel electrodes with direct and alternating current (current den-
sity 6 mA/cm?; contact time 40 min; the distance between electrodes 2 cm; mixing rate 200 rpm).

Table 2

Effect of the initial concentration of malathion on the removal efficiency of malathion using iron and stainless steel electrodes with
direct and alternating current (current density 6 mA/cm? the distance between electrodes 2 cm, mixing rate 200 rpm, pH: 6)

Iron
AC DC

(Tr;r?ne) C (mg/L) C (mg/L)

15 40 50 75 100 15 40 50 75 100
5 68.8 57.5 31.5 13.5 10 66.2 55.2 28.9 11.5 8.5
10 81.2 68.9 58.6 33.3 20 78.3 66.2 56.3 31.8 18.3
20 93.6 83.5 72.1 60.2 45 90.3 81.3 64.6 56.9 42.8
30 96.2 94.2 92.1 70.67 57 92.8 90.5 68.9 61.3 55.1
40 96.8 94.8 92.8 81.2 70 94.2 91.8 89.9 66.9 67.9
50 96.9 95.1 93.1 84.5 83 94.8 92.9 90.3 729 70.1
60 97.2 95.6 93.6 87.6 86.8 95.1 93.1 90.8 73.9 72.6
Stainless steel
5 61.3 51.6 249 9.9 8.2 58.2 46.9 22.6 8.8 7.2
10 74.9 61.9 519 275 14.9 70.6 58.7 49.3 249 16.9
20 86.9 74.6 64.9 52.9 36.4 81.9 72.9 55.8 48.2 38.9
30 87.3 85.9 79.6 62.8 48.9 82.6 78.6 67.6 54.6 49.1
40 88.9 86.8 81.6 76.8 61.8 83.9 79.3 78.9 61.3 61.9
50 90.3 87.2 82.9 78.5 74.9 85.7 80.6 79.3 67.2 83.6
60 90.8 87.9 85.9 81.6 79.3 86.2 81.1 80.2 68.8 84.2

3.5. Amount of energy and electrode consumption

The most important economic parameter in the EC
process is the amount of electrical energy used in this
process. According to obtained results, when the current
density increases from 2 to 6 mA/cm? the energy con-
sumption slightly increased in iron and stainless-steel
rod electrodes with alternating and direct current (Fig.
4). Then in the current density 6 to 10 mA/cm? energy

consumption in alternating current slightly increased, but
it increased significantly in direct current. The maximum
energy consumption was 0.91 and 3.12 kWh/m?® using iron
rod electrodes, and 0.99 and 3.18 kWh/m? stainless steel rod
electrodes with alternating and direct current, respectively.

The amount of electrode consumption in removing
malathion using alternating and direct current is shown in
Fig. 5. The highest amount of iron rod electrodes used for
malathion removal was 1.06 and 1.82 kg/m? and for stainless
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Fig. 3. Effect of inter-electrode distances on the removal efficiency of malathion using iron and stainless steel electrodes with direct
and alternating current (current density 6 mA/cm? initial concentration of malathion: 50 mg/L; mixing rate 200 rpm; pH: 6).
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Fig. 4. The amount of energy consumption in removing malathion using alternating and direct current (current density: 6 mA/cm?
pH: 5; contact time: 40 min; the distance between electrodes: 2 cm; mixing rate: 200 rpm).

steel, rod electrode was 1.05 and 1.58 0.9 kg/m? by using alter-
nating and direct current, respectively.

3.6. Amount of sludge produced from EC

Sludge production creates some problems related to
disposal and transfer of solid waste from this process.
The amount of sludge production in removing mala-
thion using alternating and direct current is illustrated in
Fig. 6. The highest amount of sludge was produced 0.093
and 0.095 kg/m® and in iron rod electrodes and 0.105 and
0.112 kg/m® in steel electrodes using alternating and
direct current, respectively.

3.7. Kinetic study

Fig. 7 illustrates the plot and the coefficient of kinetic
model study for the malathion removal. According to these
results, the pseudo-second-order kinetic model presents a
good agreement with experimental data for different removal
rates. The correlation coefficient (R?) for this model was 0.99.

4. Discussion
4.1. Effect of current density and time on malathion removal

Current density has a significant impact on the removal
efficiency of the malathion. The coagulant dosage rate
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Fig. 6. The amount of sludge produced in alternating and direct current using iron and stainless steel electrodes (current density:
6 mA/cm? pH:6; contact time: 40 min; distance between electrodes: 2 cm; mixing rate: 200 rpm).

and controlling the reaction rate inside the electrochemi-
cal reactor can be determined by the current density. The
results showed that the removal efficiency of the malathion
increased with the increasing current density. At a high
current density, the extent of anodic dissolution increases,
resulting in a greater amount of Fe(OH), , flocs and the rate
of floc growth. Higher amounts of the dissolved coagulant
allowed higher coagulation efficiency and promoting
the removal of the pollutants. In addition, more effective
alternating current and iron rod electrodes probably are
due to the uniform decomposition of the electrodes in the
alternating current. These results are in line with other
researches [39].

Reaction time also affects the removal efficiency of the
EC process. This factor specifies the production rate of
Fe? or Fe* ions. According to the results, the removal effi-
ciency increases with the increase of reaction time up to
40 min and then no significant improvement in the removal
efficiency is observed. These results are observed by other
researchers [29].

4.2. Effect of initial pH

pH plays an important role in chemical or electrochem-
ical segregation processes and has a significant effect as an
important operating factor on the mechanism of pollutant
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Fig. 7. Kinetic study of malathion removal by electrocoagulation with alternative current and iron rod electrodes (current density:
6 mA/cm? pH: 6; the distance between electrodes: 2 cm; mixing rate: 200 rpm).

removal and formation of hydroxide metal types. The maxi-
mum removal of malathion pesticide was found at pH: 6 and
this is in line with many previous works related to the EC
process [40].

At high and low pH, removal efficiency is low and it
was attributed to an amphoteric behavior which leads to
soluble of Fe(OH), and production of proton reduced in the
cathode that leads to inhibit of hydroxide ion production
(at acidic pH) and hydroxide ions are oxidized at the anode
to monomeric anions Fe(OH)}" and Fe(OH), (at alkaline
pH) and/or interaction the hydroxyl metal ion complexes
formed at these pH values with the hydronium ion (H,O%).
It is obvious that these soluble types of flocs are not appro-
priate for the removal of pollutants [41,42]. Most of the
metal ions formed at the anode produced polymeric spe-
cies and precipitated as three valent metal ions hydroxide
leading to further removal efficiency. This result was sim-
ilar to the results from the Sengil and Ozacar study in the
decolorization of C.I. reactive black 5 in aqueous solution by
EC using sacrificial iron electrodes and Al-Shannag study in
chemical oxygen demand reduction of baker’s yeast waste-
water using batch EC [42].

4.3. Effect of the initial concentration of malathion

According to obtained results, the malathion removal
efficiency decreased, as the initial concentration was
increased. According to Faraday’s law, the anode electrode
releases a constant amount of metal hydroxides for the same
current density and reaction time for all malathion concen-
trations. So, the amount of metal hydroxides produced in the
solution is similar. Consequently, at a constant current den-
sity, the malathion removal efficiency was decreased with
increasing initial concentration.

4.4. Distance between electrodes

An increase in removal efficiency was observed while
increasing the inter-electrode distance (up to 2 cm) and

then removal efficiency decreases. The distance between
electrodes impacts on the amount of energy consumption
and production of metal ion hydroxide. The decrease of
the distance between electrodes led to a slight decrease in
removal efficiency of malathion pesticide. These results
depend on the electrostatic field change. Electrostatic field
decreases with increasing the distance between electrodes
and decreasing the electrostatic field may cause to decrease
the movement of produced ions during the reaction time
and then the opportunity of aggregation of metal ions and
floc production is improved. Moreover, the ability of mal-
athion adsorption and binding of malathion in solution
by a metal hydroxide floc is enhanced [43,44]. In addition,
during the EC process, a very fine film of metal hydroxide
would be formed on the anode electrodes and this film cre-
ates the resistance that reduces the rate of anode oxidation
and production of metal hydroxide flocs. In the current den-
sity constant, this resistance increases with increasing the
inter-electrode distances and followed by the rate of anode
oxidation and production of metal hydroxide flocs as well
as adsorption of malathion on flocs would be decreased.
So, removal efficiency also decreases with increasing the
inter-electrode distances. Similar behavior has already been
reported by previous researchers [43].

4.5. Amount of energy and electrode consumption

According to the electrical energy consumed equation,
the amount of required energy depends on potential dif-
ferences, current and reaction time. Energy consumption
increased when reaction time increased. This parameter is
the major operating cost of the EC process. The energy con-
sumptions for iron electrodes were a little lower than that
for stainless steel electrodes. The potential required to attain
a certain current density for the stainless-steel electrode
rod is probably higher than the iron electrode. In addition,
according to Faraday rule, electrode consumption depends
on current, time, the chemical equivalent of electrode and
volume. So, the high current density and time also lead to
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more increase in electrode consumption or a decrease in
the weight of the electrodes. These results are in agreement
with some previous studies [45]. The total cost of opera-
tion activity in the EC process at full-scale plant depends
on the electrode type, water/wastewater characteristics,
energy consumption, sludge management and operation
and maintenance cost. Based on the previous study on the
EC process with the monopolar operation, iron electrode,
the retention time of 15 min, pH: 7, the current density of
30 A/m? was obtained about 0.25 $/m3. In addition, the cost
of the EC process was calculated to be 3.2 times lower than
conventional coagulation [38].

4.6. Amount of sludge produced from EC

One of the most important factors in the EC process is
problems of sludge handling (sludge dewatering) and its
disposal. Sludge produced in DC mode is higher than AC
mode. Increase in the sacrifice of the anode, the floc pro-
duction and the hydrogen generated at the cathode which
increased the flotation efficiency and the produced sludge
are as results of an increase in current density and reac-
tion time. The amount of sludge production is attributed
to increasing the operating cost. This is confirmed by many
previous studies related to the EC process for removing
many pollutants [46].

4.7. Kinetic study

Studying the kinetics of the reaction is essential to
selecting the optimum conditions, predicting the reaction
rate, understand the dynamics of the reactions [47,48].
In this study, the kinetics data for malathion removal
by the EC process were analyzed by the MS Excel Solver
function spreadsheet to find out higher fitness of the mod-
els and predict the curve fitted with experimental values.
According to Fig. 7, the pseudo-second-order model was
slightly higher than the pseudo-first-order model which
illustrated that the pseudo-second-order model was better
fitted for the removal of malathion by the EC process than
pseudo-first-order model (R*: 0.99) [49-53].

5. Conclusion

EC process is an electrical current based method that
forms the floc through the scarification of anode electrodes
and generates the gas at the cathode electrodes. This method
is an eco-friendly process that removes contaminants such
as organic toxins. In the present study, the EC process was
employed for malathions removal as a phosphorous pesti-
cide. Based on these results, the following conclusion can be
taken:

e Removal efficiency of the malathion increased with the
increasing current density.

e Maximum removal of malathion pesticide was found at
pH: 6.

e Increase in removal efficiency was observed while
increasing the inter-electrode distance (up to 2 cm) and
then removal efficiency decreases.

e High current density and time also lead to more increase
in electrode consumption or a decrease in the weight of
the electrodes.

e Sludge produced in DC mode is higher than the AC
mode.

e The pseudo-second-order model was better fitted for
the removal of malathion by the EC process than the
pseudo-first-order model.
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