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ABSTRACT

Lead is a priority substance in the framework of the European water policy (Water Frame-
work Directive 2000/60/EC and Water Environmental Quality Standards Directive 2008/
105/EC), since it presents a significant risk to biota and humans, given its persistence, toxic-
ity and bioaccumulation characteristics. This study is devoted to focus on lead removal by
means of electro coagulation (EC). The performance of EC process with aluminium elec-
trodes for removal of lead on laboratory electrochemical cell was studied. The effects of var-
ious parameters such as electrochemical treatment time, solution pH, current density (J),
electrolyte concentration and electrical energy consumption on the percentage of lead
removal were investigated. The optimum conditions for EC process were identified as
pH 5, current density of 2.67 mA cm−2 and electrolyte concentration of 0.5 g L−1. Effect of
EC reactor design parameters such as the surface-area-to-volume ratio and the distance
between electrodes were investigated. The obtained experimental results showed that
optimal lead removal was achieved with distance between electrodes of 0.5 cm and surface-
area-to-volume ratio (S/V) of 11.2 m−1. Under optimal conditions with 30 min treatment, the
lead removal efficiency was about 99%. The optimal operating conditions can achieve
efficient removal in a relatively short reaction time and low energy consumption. In the
light of these results, EC could be regarded as a potential technique for the treatment of
industrial wastewater containing lead.
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1. Introduction

Heavy metal pollution has become one of the most
serious environmental issues [1]. The treatment of
heavy metals is of special concern due to their toxicity
and persistence in the environment. Heavy metals are
discharged from a variety of sources and can be read-
ily oxidized into ions when dissolved in water.
Among the heavy metals, lead (Pb), cadmium (Cd),
mercury (Hg), nickel (Ni), copper (Cu) and zinc (Zn)
are the most hazardous [2]. As one of the heavy met-
als, lead is used in some industries such as battery,
paint, pigments, ammunition, petrol, cable, alloy, steel,
plastics and glass [3]. Lead is a priority substance in
the framework of the European water policy (Water
Framework Directive 2000/60/EC [4] and Water Envi-
ronmental Quality Standards Directive 2008/105/EC
[5]), because it presents a substantial risk to biota and
humans, given its persistence, toxicity and bioaccumu-
lation characteristics [6]. Lead ranks first in the list of
prioritized hazardous substances issued by the
Agency for Toxic Substances and Disease of the
United States [3,7]. Once lead is taken into the human
body, it causes severe damages to the kidney, nervous
system, reproductive system, liver and brain. Long
time exposure to lead can induce sterility, abortion,
stillbirths and neonatal deaths [3,8]. Therefore,
lead-contaminated wastewater has to be treated
imperatively before being discharged into the sewage
system or into the aquatic environment. Several
methods were used to remove heavy metals and
particularly lead [9–14].

Lead was efficiently removed by means of adsorp-
tion [15–21], vacuum distillation [22], UV/TiO2/H2O2

process [23] and combined nanomembrane technology
[24]. Conversely, adsorption has been recognized as
an effective and economic method for low-concentra-
tion heavy metal wastewater treatment and the major
drawback of membrane filtration technology is the
high power consumption, and the restoration of the
membranes [25].

Alternatively, electrochemical lead contaminated
wastewater treatment techniques are regarded as
rapid and well controlled that require less chemicals,
afford good reduction yields and produce a reduced
amount of sludge [25].

EC using sacrificial anode, generally made of alu-
minium or iron [26,27], is known as a reliable and
mainly cost-effective wastewater treatment process
[28,29]. It is characterized by simple and easy operated
equipment, short operation time, none or negligible
amount of chemicals and low sludge production. The
flocs formed by EC are relatively large and contain
less bound water. They are also more stable [29–31].

EC has been applied successfully to treat potable [32]
and various wastewaters [33–41]. The effect of EC
electrochemical parameters on the treatment of
wastewater charged with heavy metals has received
an eminent consideration in the existing literature
dealing with EC technology [26,42–49]. EC using steel
and aluminium electrodes [26,48] has been evaluated
as a treatment process for lead removal. Nevertheless,
removal efficiency at different conditions in various
times and energy consumption estimation have not
been reported.

The aim of this work was to throw more light on
the removal process of lead ions from an aqueous
solution by using EC. Aluminium was used as elec-
trode materials due to the high coagulation efficiency
of Al3+ [50]. This study was designed to investigate
the effect of some chemical and electrochemical vari-
ables in order to improve as much as possible lead
removal and significantly reduce the cost of EC pro-
cess as well. The effect of pH, current density, treat-
ment time and supporting electrolyte on EC feasibility
was investigated. Moreover, EC reactor design param-
eter such as the surface-area-to-volume ratio and the
distance between electrodes were studied in detail.
Optimization of both electrochemical and reactor
design parameter using aluminium electrodes was car-
ried out in term of process performances and energy
consumption. Eventually, this research will assess the
suitability of EC for industrial applications on the
treatment of wastewater containing lead.

2. Materials and methods

2.1. Electrocoagulation tests

The electrolytic cell used to conduct the experi-
ments consists of a glass beaker. Electrocoagulation
experiments were carried out using two parallel
rectangular aluminium plates (25 × 8 × 0.2 cm) and
1,000 mL of electrolyte. Both sides of electrode surface
area (8 × 7 cm) were effective corresponding to active
electrode surface Sa = 112 cm2. In order to avoid a pas-
sivation film, these electrodes were cleaned before use
by treating them with NaOH and HCl aqueous solu-
tions. A gentle agitation was made using a magnetic
mixer. The applied current density was maintained at
the ranges of 0 to 3 A and 0 to 30 V using a regulated
direct current (DC) AFX 2930 SB DC power supply,
and the voltage cell was continuously recorded. The
conductivity and pH of the solution were measured
during the experiments using a conductivity meter
Jenway 4510 (Ω Metrohm) and a pH meter pH Cyber
Scan 510 (WDW, Germany), respectively. The current
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intensity between the electrodes and the resulting
voltage was controlled using the generator.

All solutions were prepared from analytical grade
reagents and used without any further purification.
Deionized water was used in all the experimental
runs. The lead stock solution is prepared by dissolving
a suitable amount of Pb(NO3)2. The initial pH of the
solutions was adjusted by adding either HNO3 (0.1 M)
or NaOH (0.1 M). All experiments were performed at
around 25˚C and duplicated. To follow the progress of
the treatment, aliquots were periodically taken then
filtered and acidified for analysis. The experimental
error was around 5%.

A schematic diagram of electrochemical cell is
shown in Fig. 1.

2.2. Analytical method

The lead concentration was determined by atomic
absorption spectroscopy with flame (AASF) method.
This method was the most feasible one and could be
adequately adapted to higher concentration of the
measurement of more than 30 elements [51], the resid-
ual concentration of aqueous Pb(II) was determined
by atomic absorption spectrometry (Analytik Jena
Nova 400) after nitric acidification and suitable dilu-
tion of samples. The Mohr method was used to deter-
mine the chlorine concentration [51].

To evaluate the experimental results statistically,
several tests were done to calculate the linearity, fidel-
ity (reproducibility and repeatability) and limits of
both instrumental method detection and quantifica-
tion. The result of the experimental statistical calcula-
tion for the atomic absorption analytical method

showed that both repeatability and reproducibility
coefficient’s variations are less than 5%. The method
for lead determination by AASF without background
correction is a valuable method with a detection limit
of 0.0441783 mg L−1 and quantification limit of
0.147261 mg L−1.

The process performance was measured in terms
of removal efficiency (% removal). The mathematical
expression for their calculation was:

removal ¼ ðCi � Cf Þ
Ci

� 100 (1)

where Ci = initial lead concentration (mg L−1) and
Cf = residual lead concentration (mg L−1).

3. Results and discussion

3.1. Effect of pH on lead removal

As it has been well recognized, the pH of the treated
medium has an important role in electro coagulation
process. Both the nature and the efficiency of the
involved electrochemical and chemical reactions are
intimately correlated to the pH level in the system [44].

In order to examine the effect of the initial pH of the
solution on initial lead concentration, different pH val-
ues ranging from 1 to 10 were retained and the initial
lead concentration was measured after pH adjustment.
Fig. 2 shows that for pH up to 5, lead concentration
decreases sharply until a minimum value.

This decrease could be attributed to lead precipita-
tion as PbCO3, Pb3 (CO3)2 (OH)2 and Pb (OH)2. Indeed,
for an initial pH up to 5, the appearance of a precipitate
was observed in the solution. Subsequently, optimization

Fig. 1. Laboratory scale cell assembly: 1—DC power supply; 2—pH meter; 3—thermostat; 4—pH sensor; 5—support
of electrochemical cell; 6—conductive cable; 7—anode; 8—flocculent; 9—electrolyte solution; 10—baker glass (Pyrex);
11—cathodes; and 12—magnet bar.
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of pH for lead removal by electrocoagulation was done
by carrying out a series of experiments with an initial pH
varying in the range of 1 to 5 for an initial Pb(II) concen-
tration of 100 mgL−1, a current density of 2.67 mA cm−2,
electrolysis time of 60min and an electrolyte concentra-
tion of 3 g L−1.

The effect of pH on the removal of Pb(II) by elec-
trocoagulation is shown in Fig. 3.

Fig. 3 illustrates the variation of lead removal vs.
electrolysis time for aluminium electrodes at initial pH
values: 1, 3 and 5. As shown, lead was well removed
for initial pH of 3 and 5. The highest lead removal
speed was obtained at pH 5 and the lowest at pH 1.

The percentage of lead removal increased with
increase in pH. This result could be explained by the
increase in the quantity of the coagulant AlOH3.
Indeed, at pH 5.0–8.5 interval, the dominant Al(III)
species is in the form of Al(OH)3(s) [52]. The percent-
age of lead removal could be high if the electrocoagu-
lation time was long enough even in the low pH

conditions. In fact, the pH of the solution increased
through the electrolysis (Fig. 4) making it possible to
reach the optimal pH interval for Al(OH)3(s) forma-
tion. Lead removal efficiency increases as the ratio of
the coagulant amount to Pb(II) amount increases. The
maximum removal of Pb(II) was obtained at pH 5.
The initial Pb(II) concentration of 100 mg L−1 was sig-
nificantly reduced with a removal efficiency of 99%
after 30 min of electrolysis time.

The use of soluble anodes causes a change in the
pH of the solution during electrocoagulation. The evo-
lution of pH during electrolysis depends on both the
initial pH and buffer capacity due to the production
and consumption of OH− ions during the electro coag-
ulation. Furthermore, the electrolysis with aluminium
electrodes acted as pH neutralization [29].

As shown in Fig. 4, under all the pH conditions
tested, the pH increases as the reaction time increased
to reach stable values within 30 min of electrocoagula-
tion. The pH variation currently observed is for the
most part attributed to hydrogen evolution at the
cathode:

H2Oþ 1 e�$1=2H2ðgÞ þOH� (2)

This pH change can be also explained by the trans-
fer of CO2 which is oversaturated in acidic aqueous
electrolyte and can release from the medium owning to
H2 bubble disturbance resulting in a pH increase [40].

As shown in Fig. 4, for initial pH of solution
slightly acidic (pHi 3 and 5), lead removal by precipi-
tation could be supported by the lower pH increase
during EC indicating further OH− consumption by Pb
(II). It is to be noted that the same pH evolution was
observed by Kim et al. when considering Pb(II) and
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Fig. 2. Evolution of initial lead concentration with initial
pH ([NaCl] = 3 g L−1, t = 0 min and stirring speed =
300 rpm).
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Fig. 3. Effect of initial pH on the removal of Pb(II)
by electrocoagulation (d = 1.5 cm, [NaCl] = 3 g L−1,
J = 2.67 mA cm−2 and stirring speed = 300 rpm).
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Fig. 4. Evolution of pH during electrolysis (d = 1.5 cm,
[NaCl] = 3 g L−1, J = 2.67 mA cm−2 and stirring speed =
300 rpm).
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Cu(II) removal by electrocoagulation [53]. Electrolysis
with aluminium electrodes offers to EC process sign-
ificant potential for removing soluble heavy metals by
electroprecipitation which acts synergistically with
usual coagulation phenomena to remove pollutants
from effluents containing ionic metallic species [29].

3.2. Effect of electrolysis time on lead removal

To highlight the effect of the electrolysis time on
lead removal, a series of electrocoagulation tests were
performed by tracking the residual lead concentration
for different electrolysis time spans for initial pH of 5,
initial Pb(II) concentration of 100 mg L−1, constant cur-
rent density of 2.67 mA cm−2, electrolyte concentration
of 3 g L−1 and distance between electrodes of 1.5 cm.

Fig. 5 shows the variation of the residual lead con-
centrations and pH vs. electrolysis time.

According to Fig. 5, residual lead concentration
decreased significantly during the first stage of elec-
trolysis (5 min) afterwards, it reached an unvarying
value. Simultaneously, during the initial period of
electrolysis, pH variation was not significant and the
alkalinity produced during electrolysis was not suffi-
cient to increase pH of the solution. This could be
attributed to lead carbonate and/or hydroxide precipi-
tation. Furthermore, the pH during the second stage
of Pb(II) removal (20–60 min) was higher than 5.5 so
the dominant Al(III) species would be in the form of
Al(OH)3(s) [52]. As shown in Fig. 5, within 15 min
and 30 min of electrolysis lead concentration
decreased to 4.39 mg L−1 and 1 mg L−1 corresponding
to removal of 95.61 and 99.00%, respectively. Similar
Pb(II) removal efficiency has been reported with an Fe
electrode [53].

Various electrochemical and chemical reactions
were involved during EC. The determination of resid-
ual chloride concentration reveals a decrease of
133.125 mg L−1. In fact, when some anions such as Cl−

and SO4
2− are present in the electrolyte, they can

exchange partly with OH− in Al(OH)3 to free OH−,
which also causes a pH increase [40]. Besides, some
authors [53] suggested that chloride from background
electrolyte contributes to heavy metal precipitation, as
evidenced by the existence of chlorinated metals in
the solid phase. The existence of Pb(OH)Cl has been
also identified. The encapsulation of Pb(II) has also
been evidenced indicating that precipitation plays an
important role in Pb(II) removal [53]. The lower pH
variation and the decrease of chloride concentration
during EC would confirm that process efficiency is
due to both adsorption and precipitation of lead ions.

3.3. Effect of supporting electrolyte on lead removal

The addition of electrolyte promotes the electrical
transport ensuring better chemical dissolution of alu-
minium. The presence of the chloride ions in solution
has been reported to decrease passivation of the alu-
minium surface and thereby increase the efficiency of
electrocoagulation processes [54].

In order to examine the effect of chloride ion con-
centration on lead removal, different doses of sodium
chloride (NaCl) were retained. Electrolyse experiments
were carried out at 2.67 mA cm−2 after pH adjustment
of the electrolytes at 5. During the course of electroly-
sis, residual lead concentrations were determined.
Table 1 and Fig. 6 shows, respectively, the evolution
of lead removal during electrocoagulation tests and
the variation of lead removal as a function of NaCl
doses.

The results reveal that whatever the supporting
electrolyte concentration considered, lead removal is
effective (over 90%) after 30 min of electrocoagulation.

0

1

2

3

4

5

6

7

8

0

20

40

60

80

100

0 10 20 30 40 50 60

Concentration pH

pH

time (min)

[P
b]

 (m
g 

L-1
)

Fig. 5. Effect of electrolysis time on residual lead concen-
trations and pH variation (d = 1.5 cm, [NaCl] = 3 g L−1,
J = 2.67 mA cm−2 and stirring speed = 300 rpm).

Table 1
Evolution of lead removal as a function of electrolysis
time for different electrolyte (NaCl) doses (pHi = 5,
J = 2.67 mA cm−2 and d = 1.5 cm)

% Pb removal
Time (min)

[NaCl] (g L−1) 0 5 10 15 30

0.15 0.00 64.05 81.03 89.31 91.37
0.30 0.00 75.21 90.53 91.27 95.64
0.50 0.00 84.87 91.26 96.55 96.61
1.00 0.00 85.50 91.75 97.82 98.77
1.50 0.00 92.00 94.50 96.47 99.84
3.00 0.00 91.52 96.57 98.19 99.99
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On the other hand, if the percentages of removal with
different electrolyte concentrations w ithin a certain
treatment time were compared, electrolyte concentra-
tion was found to have significant effects on lead
removal speed. For example, with 10 min electrolysis
treatment, the highest removal was obtained with the
electrolyte concentration 3.00 g L−1, and the percentage
of lead removal was 96.57%.

Increasing the concentration of NaCl and conse-
quently the conductivity of the solution resulted in a
slight enhancement of lead removal efficiency by vir-
tue of better chemical dissolution. This result has its
roots in the decrease of passivation of the aluminium
surface due to the presence of the chloride ions in
solution [29].

The effect of electrolyte concentration on the
energy consumption was brought to light by record-
ing, electrolysis voltage during each experiment. The
electrocoagulation electric energy consumption W
(kWhm−3) is a parameter of great magnitude that can
be calculated as:

W ¼ U:I:t

V
(3)

where U is voltage cell (V), I is current (A), t is the
time of electrolysis (h) and v is the volume (m3) of the
solution.

Table 2 shows the effect of NaCl concentration on
electrolysis voltage.

As NaCl concentration increases from 0.15 to
3.00 g L−1, the cell voltage decreases rapidly from 14.9
to 3 V. The decrease of electrolysis potential difference
which would be beneficial in terms of energy con-
sumption can be related to ohmic potential drop of
the solution and/or to a decrease of the anode over

potential [29]. But, there was an overconsumption of
aluminium electrodes due to corrosion of elevated
electrolyte concentration. Thus, the optimum concen-
tration of NaCl is around about 0.5 g L−1. It results in
nominal energy consumption (less than 1 kW hm−3)
and an elimination of lead exceeding 96%.

3.4. Effect of current density on lead removal

The current density is an effective parameter that
controls the reaction rate in the electrochemical sys-
tems and it determines the amount of Al3+ ions
released by the anode.

The effect of current density on lead removal was
studied and the voltage U between the electrodes was
recorded during the electrocoagulation tests. A series
of tests were carried out for an initial Pb(II) concentra-
tion of 100 mg L−1, an electrolyte concentration of
0.5 g L−1 and a current density ranging from 0.89 to
4.46 mA cm−2. The results are displayed in Table 3
and Fig. 7.

Table 3 depicts the evolution of electrolysis voltage
with current density. As shown, the electrolysis volt-
age increases with current density. Consequently, an
increase of current density leads to an increase of
power requirement.

This figure clearly shows that a significant increase
in Pb(II) removal occurred just at the first stage of
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Fig. 6. Variation of lead removal as a function of NaCl
concentration (pHi = 5, J = 2.67 mA cm−2, d = 1.5 cm and t =
30 min).

Table 2
Variation of energy consumption as a function of electro-
lyte concentration (pHi = 5, J = 2.67 mA cm−2, d = 1.5 cm
and t = 30 min)

[NaCl] (g L−1) 0.15 0.30 0.50 1.00 1.50 3.00

U (V) 14.90 9.70 6.60 4.50 3.60 3.00
W (kW h m−3) 1.96 1.23 0.84 0.62 0.53 0.42
% Pb removed 91.31 95.64 96.61 98.77 99.84 99.90

Table 3
Variation of the electrolysis voltage between electrodes as
a function of time for different current densities (pH = 5,
[NaCl] = 0.5 g L−1 and d = 1.5 cm)

ddp (V)
Time (min)

J (mA cm−2) I(A) 0 5 10 15 30

0.89 0 .1 0.0 2.7 2.7 2.7 2.7
1.78 0.2 0.0 5.3 5.3 5.3 5.3
2.67 0.3 0.0 6.6 6.6 6.6 6.6
3.57 0.4 0.0 9.3 9.3 9.3 9.3
4.46 0.5 0.0 12.1 12.2 12.2 12.3
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electrolysis for all the applied current densities and
became slower afterwards. For current densities under
3.57 mA cm−2, the required electrocoagulation time for
lead removal decreased as the current density
increases. This could be explained by the fact that at
higher voltage the quantity of aluminium oxidized
increased resulting in a higher quantity of coagulant
and a better elimination. Similar results have been
reported for Cu [26,48], Cd [26] and lead [3,26,48]
removal by electrochemical processes using either alu-
minium or steel electrodes. Otherwise, Kim et al. [53]
reported that Pb(II) is less sensitive to the floc amount
than Cu(II) and Cd(II).

After 30 min of electrolysis, the removal efficien-
cies reached 72.61, 79.57 and 96.61% at the current
densities of 0.89, 1.78 and 2.67 mA cm−2 respectively.
Also, the results show that relatively high current den-
sities (3.57 and 4.46 mA cm−2) induce a slight decrease
of lead removal but the removal efficiencies still over
90%.

The fact of rising the current density can cause
fatal effects on the treatment efficiency of electrocoag-
ulation process. Therefore, the current density deter-
mines not only the dose of the coagulant but also the
rate of production of bubbles and the growth of the

flocs [55]. Moreover, current density increase is
accompanied by high energy consumption which is
disadvantageous.

The effect of current densities on lead removal and
energy consumption can be seen from Table 4.

To point out the current density and the optimum
electrocoagulation time, conciliation between economi-
cally suitable energy and removal efficiency was
required. Table 4 recapitulates the removal efficiencies
and energy consumption as a function of time for the
considered electrocoagulation current densities (2.67,
3.57, and 4.46 mA cm−2). A current density of
2.67 mA cm−2 was effective enough to remove over
96% of lead at an electrolysis time of 15 min with an
energy consumption of only 0.42 kW h m−3.

3.5. Effect of inter-electrode distance

To highlight the effect of the inter-electrodes dis-
tance, various electrocoagulation tests were performed
by varying the distances between anode and cathode
in the range from 0.5 to 2 cm and keeping constant
the initial Pb(II) concentration at 100 mg L−1, initial pH
at 5, electrolyte concentration at 0.5 g L−1 and current
density at 2.67 mA cm−2. The effect of inter-electrode
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Table 4
Variation of energy consumption as a function of current density (pHi = 5, [NaCl] = 0.5 mg L−1 and d = 1.5 cm)

J
2.67 mA cm−2 3.57 mA cm−2 4.46 mA cm−2

t (min) 5 10 15 30 5 10 15 30 5 10 15 30

% Pb removed 84.87 91.26 96.55 96.61 72.15 77.99 88.96 90.83 74.34 79.59 91.99 94.30
W (kW hm−3) 0.15 0.29 0.42 0.82 0.28 0.56 0.84 1.69 0.45 0.92 1.38 2.79
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Fig. 8. Effect of inter-electrode distance on lead removal
efficiency and energy consumption (pHi = 5, NaCl = 0.5 g
L−1, J = 2.67 mA cm−2 and t = 30 min).
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distance on removal efficiency and energy consump-
tion is shown in Fig. 8.

Inter-electrode distance has an effect on the
amount of electrical energy introduced into the sys-
tem to generate an electric field and induce motion
of ions [56]. The best lead removal percentage was
achieved for the inter-electrode distance value of
0.5 cm. Within 30 min of electrolysis time, decreasing
the inter-electrode distance from 2 to 0.5 cm resulted
in a slight increase in lead removal efficiency from
95.29 to 98.21% and a reduction in energy consump-
tion from 1.166 to 0.627 KWhm−3. When the
inter-electrode distance increased, the ohmic loss in
relation to the anode and cathode over voltages and
the resistance to mass transfer became larger; the
kinetics of both charge transfer and the aluminium
oxidation was slowed down [57]. So, further experi-
ments were carried out at inter-electrode distance of
0.5 cm. Similar results were reported for boron
removal by electrocoagulation using Zn anode [56].

3.6. Effect of the surface-area-to-volume ratio

The surface-area-to-volume ratio S/V is the ratio of
the active surface area to the volume of the treated
solution. It has been reported that the increase in the
ratio S/V results in the reduction of the current density
consumption [58]. The effect of S/V ratio on lead
removal efficiency was studied by covering and deac-
tivating either a part or all of the face of each elec-
trode using durable water-resistant cellotape. A series
of electrocoagulation tests was carried out for initial
Pb(II) concentration of 100 mg L−1, electrolyte concen-
tration of 0.5 g L−1, current density of 2.67 mA cm−2

and inter-electrode distance of 0.5 cm. Fig. 9 presents
the removal efficiency of lead and energy consump-
tion vs. reaction time at various S/V ratios.

For all studied values of ratio S/V, removal effi-
ciency over 96% was achieved for an electrolysis time

of 30 min but there was a huge difference in terms of
energy consumption. The energy consumption varied
linearly as the electrocoagulation time progressed. The
increase in the S/V resulted in a rapid increase in
energy consumption. This could be explained by the
decrease of solution conductivity caused by lead pre-
cipitation. Increasing the S/V ratio from 8.4 to 14.4 m−1

resulted in an enhancement of lead removal efficiency
from 76.17 to 97.08% and from 96.88 to 98.85% for
electrolysis time of 5 and 30 min, respectively. Thus,
increasing S/V ratio could be beneficial in term of
treatment time. S/V ratio of 11.2 m−1 achieves removal
efficiency of about 97% and low energy consumption
within 15 min of electrolysis. Accordingly, 11.2 m was
chosen as an optimum value for the lead removal.

4. Conclusion

In this study, the electrochemical removal of lead
from aqueous media using aluminium as electrode
materials has been investigated. The effects of electro-
chemical and reactor design parameters on lead
removal efficiency in various times were examined.
Energy consumption estimation was explored. The
results obtained at varying pH conditions showed that
removal efficiencies were significantly affected by ini-
tial pH. The highest removal of lead was obtained at
pH 5 for an electrolysis time of 30 min. It seems that
the removal efficiency obtained is the result of simul-
taneous adsorption on Al(OH)3 precipitate and precip-
itation of lead ions. Increasing the electrolyte
concentration resulted in an enhancement of lead
removal. An increase of the current density notably
reduced the electrocoagulation required time for the
treatment. The optimum electrochemical operating
parameters are electrocoagulation time of 15 min, cur-
rent density of 2.67 mA cm−2, electrolyte concentration
of 0.5 g L−1 and pH 5. Inter-electrode distance decrease
would be beneficial in terms of removal efficiency and
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Fig. 9. Variations of lead removal percentage (a) and energy consumption (b) as a function of electrocoagulation time for
different S/V ratios (pHi = 5, NaCl = 0.5 g L−1, J = 2.67 mA cm−2 and d = 0.5 cm).
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energy consumption. Increasing the S/V ratio resulted
in enhancement of lead removal efficiency and
treatment time reduction. The results showed that
inter-electrode distance of 0.5 cm and surface-area-to-
volume ratio of 11.2 m−1 achieved removal efficiency
of 97% and energy consumption of 0.307 kW hm−3

within 15 min of electrolysis. Under optimal condi-
tions with 30 min treatment, the lead removal effi-
ciency reached 99%. In view of that, electrocoagulation
could be applied as a cost-effective process to remove
lead from wastewater.
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