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ABSTRACT

In this work, heavy metal removal by electrocoagulation (EC) was evaluated, and the
characteristics of the EC sludge were investigated to understand the behavior of heavy
metals during EC. It was found that iron electrodes are superior to aluminum due to the
negatively charged surface. Using iron electrodes, the removal rate of heavy metals increased
as the current density increased and as the total initial heavy metal amount, either single or
multiple heavy metals, decreased, suggesting that the efficiency is closely related to the floc
amount. The X-ray diffraction (XRD) patterns showed that the chemical species in the EC
sludge are different from those obtained by chemical equilibrium analysis, indicating that
many electrochemical and chemical reactions occur during EC. The pH variation during EC
and the XRD patterns of the sludge indicate that precipitation, adsorption, and chemical
oxidation/reduction in the vicinity of the electrodes contribute much to Pb(Il), Cd(I), and
Cu(Il) removal, respectively. In addition, the formation of Pb(OH)Cl, B-Cd,(OH);Cl, and
CuCl was found, indicating that chloride from the background electrolyte contributes to
heavy metal precipitation. Scanning electron microscopy, transmission electron microscopy,
and energy-dispersive X-ray spectroscopy analysis also showed that Pb(II) and Cu(ll) are
encapsulated by the flocs.
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1. Introduction They exert adverse effects both on human and aquatic
ecosystems because they are nonbiodegradable, highly
toxic, and carcinogenic [1]. There are various heavy
metal treatment technologies, such as, adsorption, ion
exchange, chemical coagulation, and electrocoagula-
tion (EC) [1,4]. Precipitation is the most widely used,
although a large amount of sludge is produced that
requires further treatment. Ion exchange is efficient

Heavy metals such as lead (Pb), actinium (Ac),
copper (Cu), chromium (Cr), nickel (Ni), arsenic (As),
mercury (Hg), and zinc (Zn) are commonly found in
wastewater [1] and the soil-washing effluent from
agricultural areas and firearm shooting ranges [2,3].
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but is costly and difficult to operate. Adsorption is
also efficient but the adsorbent is costly and the spent
adsorbent should be disposed of after detoxification.
EC offers the great advantage of high efficiency, a fast
reaction rate, versatility, simplicity, amenability to
automation, cost-effectiveness, easy compact instru-
mentation, minimum use of chemicals, and ease of
operation [5]. In addition, EC involves a variety of
electrochemical and chemical mechanisms, demon-
strating that EC can be applied for the removal of a
wide variety of pollutants [6].

The performance of EC has been studied to dem-
onstrate its high efficiency in the removal of heavy
metals [6-10] and a good settlability and dewaterbility
of EC sludge [10]. However, the removal of heavy
metals is affected much by the electrode materials
used. Kumar et al. [7] found that the removal efficien-
cies for arsenic at a pH range of 6-8 were 99, 37, and
58% for iron (Fe), aluminum (Al), and titanium (Ti)
electrodes, respectively. Yadav et al. [6], Nanseu-Njiki
et al. [8], and Kumarasinghe et al. [9] also reported
different Hg, Cu, Cr, Zn, and Ni removal when differ-
ent electrodes were used. In addition, the reaction
mechanisms, which are involved in heavy metal
removal during EC, have not yet been explored suffi-
ciently, although many pollutants removal mecha-
nisms of EC have been suggested. The mechanisms
include the chemical oxidation and reduction, electro-
phoretic migration, aggregation due to charge neutral-
ization, precipitation, adsorption onto metal
hydroxides formed during EC, sweep coagulation,
and electroflotation by O, and H, bubbles produced
[5,11]. Especially, the sludge characteristics, which can
provide valuable information on the removal mecha-
nisms of heavy metals by EC, have not been investi-
gated in depth. Irdemez et al. [12] showed that the
precipitates produced during phosphate removal by
EC wusing Al electrodes are AI(OH); and AIPO,.
Golder et al. [13] reported that the EC sludge gener-
ated during Cr(Ill) removal using mild steel electrode
is amorphous, but no clear speciation of the sludge
was provided. Drouiche et al. [14] investigated the
X-ray diffraction (XRD) pattern of F-treatment sludge
by EC using Al electrodes; but no chemical substance,
with which the fate and mechanism of F~ removal
can be suggested, was identified.

Therefore, in this study, the efficiency of EC in
removing Pb(l), Cd{l), and Cu() in synthetic
solutions was firstly investigated. The effect of the
electrode material, current density, and initial heavy
metal concentration was explored. Then, the character-
istics of sludge generated by EC using Fe electrodes
were analyzed by XRD, scanning electron microscopy
(SEM), transmission electron microscopy (TEM),

energy-dispersive X-ray spectroscopy (EDS), and a
zeta potential analyzer to investigate the behavior of
heavy metals and the coagulant.

2. Materials and methods
2.1. Electrocoagulation

Fe and Al electrodes, having dimensions of
25 x 150 mm (thickness 5 mm), were used at a distance
of 4mm. The electrodes were scrubbed with sand
paper, soaked with 1% hydrochloric acid for 24 h, and
rinsed with deionized water (DIW) several times to
remove passivation such as that from iron oxides/
hydroxides on the surface [5]. The heavy metal stock
solutions were prepared with DIW at 1,000mgL~" for
each heavy metal by dissolving a suitable amount of
Pb(NO3),, Cd(NO3),, or Cu(NOs), at pH 4.5. Batch EC
experiments were carried out for 60min in a 1-L
beaker containing the solution of heavy metals and
1gL™' NaCl as the background electrolyte [13]. The
electrodes were immersed into the solution, and the
solution was agitated at 100rpm with a mechanical
stirrer and a Teflon-coated agitator. Electric current
was applied immediately after starting agitation with a
DC power supply (SI-30200A, CNG). The current den-
sity was varied from 7.5 to 20Am 2, and the initial
heavy metal concentration was varied from 10 to
100mgL~". A set of experiments was conducted with
solutions containing Pb, Cd, and Cu together at 10, 50,
or 100mgL~" of each heavy metal, so that the total
heavy metal concentration was 30, 150, or 300 mg LY
respectively, to investigate their simultaneous treat-
ment by EC. The initial pH was not adjusted and was
5.23+0.37. All experiments were conducted in dupli-
cate. The aliquots were taken periodically, filtered
through a 0.45-pm cellulose-acetate membrane filter,
and acidified with a 1% HNOj; solution for analysis.
The pH was measured with a pH meter (Orion 5 star,
Thermo), and the heavy metal concentration was
analyzed using inductively coupled plasma (OPTIMA
5300 DV, Perkin-Elmer). All reagents in this study
were purchased from Sigma-Aldrich.

2.2. Sludge characterization

The sludge resulting from EC using Fe and Al
electrodes, at 125Am 2 and an initial heavy metal
concentration of 50mgL ™", was collected periodically
to investigate the electrostatic characteristics of Fe and
Al sludge. The sludge was dewatered by filtration
with a 0.45-um cellulose-acetate membrane filter,
washed with DIW, and freeze-dried (FDB-5,503,
OPERON). The zeta potential of the sludge was
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measured with a zeta potential analyzer (ZetaPlus,
Brookhaven). For further characterization of sludge,
flocs were taken after a 15-min EC reaction using Fe
electrodes at 12.5 A m > with initial heavy metal con-
centrations of 100, 200, and 400mgL~". A high initial
heavy metal concentration was adopted to increase
the heavy metal amount in the sludge because the
analysis can be hindered by a higher fraction of Fe
compounds. The reaction time of 15min was deter-
mined because the heavy metal content of the floc
was at its maximum at this time, based on the
removed heavy metal amount during EC experiments
performed as described in Section 2.1, and on the elec-
trically dissolved Fe amount calculated with Faraday’s
law. The sludge was dewatered, washed, and freeze-
dried as described above. The dried sludge was stud-
ied by XRD (M18XHF-SRA, MAC Science), and the
results were compared with the heavy metal and Fe
speciation using Visual MINTEQ (http://www.lwr.
kth.se/English/OurSoftware/vminteq/#download).
SEM (LEO SUPRAS5S5, Carl Zeiss), TEM (JEM-2100F,
JEOL), and EDS (Genesis 2000, EDAX) were used to
investigate the microstructure of the sludge.

3. Results and discussion
3.1. Heavy metals removal with different electrode materials

The results provided in Fig. 1(a) show that Fe is bet-
ter than Al for the removal of Pb(II), Cd(II), and Cu(I),
which is in agreement with the findings of previous
studies [6,9]. After 15min of reaction time with an Fe
electrode and an Al electrode, Pb(II) removal efficiency
was 94.65 and 81.15%, respectively, Cd(II) removal effi-
ciency was 68.36 and 56.18%, respectively, and Cu(II)
removal efficiency was 68.75 and 39.21%, respectively.
The removal efficiency of the heavy metals reached a
plateau after 45min for both electrodes, and the final
removal efficiencies of the heavy metals at 90 min for
the Fe and Al electrodes were 98.68 +1.05% and 98.41
+0.18%, respectively. The superiority of Fe to Al would
be due to the higher adsorption capacity of heavy met-
als by hydrous ferric oxide than hydrous aluminum
oxide [7]. In addition, the amount of Fe(Il) released by
electrodissolution is greater than AI(III) when the same
electrical current is applied, because the electrodissolu-
tion amount is inversely proportional to the valance of
the metal ion, according to the Faraday’s law. This
leads to the formation of more Fe(II)/Fe(Ill) oxides/
hydroxides than Al hydroxides [8].

Meanwhile, the maximum heavy metal adsorption
capacity of the flocs from EC using Fe electrodes was
determined by a separate experiment at 3-h equilib-
rium and at room temperature. The initial pH and

final pH were 4.6+0.1 and 5.04, respectively. The
maximum adsorption capacities for Pb(II), Cd(Il), and
Cu(l), determined by the Langmuir isotherm, were
5.04, 099, and 1.09mgg Fe ', respectively. The
adsorption capacity was much lower than the
removed heavy metals amount per unit mass of Fe
generated during EC. This indicates that precipitation
and other electrochemical reactions contribute to the
removal of heavy metals during EC.

The pH increased as the reaction time increased
for all experiments (Fig. 1(b)), due to the OH™ genera-
tion and hydrogen evolution at the cathode and due
to the oversaturation and release of CO, from an aque-
ous solution under acidic conditions, owing to H,
bubble disturbance [15]. The pH was higher when an
Al electrode was used for the shorter reaction period.
However, the pH of the solution electrocoagulated
with the Fe electrode exceeded the pH of the solution
electrocoagulated with an Al electrode after 60, 30,
and 25min for Pb, Cd, and Cu, respectively. The lower
pH for the Al electrodes during the later reaction per-
iod can be attributed to hydrolysis of Al species. Vari-
ous monomeric and polymeric Al species, such as
[AL(OH),", [Al(OH),I™, [Al(OH)sI™", [AL(OH)71",
[AIS(OH)20]4+, [A113O4(OH)24]7+, and [Al]g(OH)34]5+,
are generated by the hydrolysis under alkaline pH
condition during the later period of EC, which makes
the vicinity of an anode become acidic [16].

The dissolved Fe and Al concentrations during EC
were analyzed to investigate the possibility of second-
ary pollution. The results showed that the concentra-
tion of Fe was higher than that of Al; however, the
concentrations of both Fe and Al in the aqueous phase
were negligible after 30 min (Fig. 1(c)). It is believed
that the results are due to the higher optimum pH of
FedD) than AI(ID) for precipitate (oxide/hydroxide)
formation. AI(OH); is formed at pH levels higher than
5.5 [17]. The pH during Pb(Il) removal was higher
than 5.5 for the whole reaction period when Al elec-
trodes were used. When Fe electrodes are used, Fe(II)
is released as a result of the electrodissolution of Fe’
and is oxidized to Fe(IIl) in the presence of dissolved
oxygen [18]. This results in a change in the color of
the sludge, from green to yellow, which was also
observed in this research. Fe(I) hydroxide and Fe(III)
hydroxide begin to form at pH values of around 7
and 2, respectively, according to the pC—pH diagrams
[17], while the pH was 5.20-6.03 during the first
30min of reaction time. Therefore, dissolved Fe(Il) is
dominant in the early stage of EC, where the pH is
below 7 (Fig.1(b)). This can lead to the increase in the
dissolved Fe amount in the solution.

Fig. 1(d) shows the zeta potential of the sludge
during EC. In the absence of heavy metals, the Fe
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Fig. 1. Time course for (a) heavy metal removal efficiency, (b) pH, (c) dissolved Fe and Al concentration, and (d) zeta
potential during EC using different electrodes. Initial heavy metal concentration, 50mgL™"; current density, 12.5 Am >
background electrolyte, 1gL~" NaCl; electrode area, 25 x 100 cm?; electrode distance, 4 mm.

sludge was negative and Al sludge was positive
throughout the reaction time of 60min. The pH
increased from 5.61 to 6.06 and from 5.50 to 8.9 when
Fe and Al electrodes were used, respectively. The
results in Fig. 1(d) suggest that Fe sludge is negatively
charged, indicating that an Fe electrode is favorable
for cation attraction. Moreover, the dominant species
of Fe sludge is Fe oxide, whereas AI(III) forms mono-
meric and polymeric hydroxides. The oxide surface
has a negative charge at higher pH values, which can
promote cation attraction [19]. In addition, it can be
thought that Al sludge is positively charged, indicat-
ing that an Al electrode is more favorable than Fe for
the attraction of negatively charged compounds and
small particles. It has been reported that Al is better
than Fe for the removal of particulate matter, such as
algae, and anions, such as phosphate [12,20,21].

When Fe electrodes were used, the zeta potential
of the sludge from the EC of Cd(I) and Cu(l)
increased, whereas the sludge from the EC of Pb(II)
showed a slight decrease, during the first 30min of
reaction time. However, the zeta potential decreased

notably for all heavy metals after 30 min, when Pb(ID),
Cdd{I, and Cu(Il) were almost completely removed. It
is believed that the increase of zeta potential is due to
the consumption of OH™ by forming Fe and heavy
metal precipitates and due to the adsorption of heavy
metal cations by the sludge, whereas the decrease of
zeta potential is due to the accumulation of an exces-
sive amount of OH™ [22]. Meanwhile, the zeta poten-
tial of the sludge was positive throughout the
reaction time and decreased continuously due to
OH™ accumulation, when Al electrodes were used.
The positive charge of the Al sludge could be attrib-
uted to the pH during EC (Fig. 1(b)), which was
lower than the point of zero charge of the Al sludge,
which is around 8 [23].

3.2. Effect of current density, initial heavy metal
concentration, and coexisting heavy metals on EC by Fe
electrodes

The effects of the current density are essential to
the study of EC because it is an operational parameter
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that can be controlled to change the rate of anode
dissolution and metal hydroxide formation on the
cathode within an EC cell [8]. In addition, initial
heavy metal concentrations should be considered to in
establishing optimal EC conditions for the treatment
of wastewater under various conditions. Fig. 2 pre-
sents the removal efficiency of heavy metals at a reac-
tion time of 15min at various initial concentrations
and current density. After 60 min of EC, most of the
heavy metals were removed, regardless of the reaction
conditions in this study.

As shown in Fig. 2, heavy metal removal efficiency
increased as the current density increased, therefore
the coagulant amount increased, and as the initial con-
centration decreased. This indicates that heavy metal
removal efficiency increases as the ratio of the coagu-
lant amount to heavy metal amount increases. The pH
increased more rapidly as the current density
increased since more OH™ is generated from the cath-
ode, whereas the pH increase was slower when the
initial heavy metal concentration increased since more
OH" is consumed by the abundant heavy metals (data
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not shown). Meanwhile, Pb(II) was the least sensitive
and Cd(I) was the most sensitive to the current den-
sity and initial concentration. For Cu(Il), the removal
efficiency at 15min increased as the current density
increased. The influence of the initial concentration on
Cu(I) removal was not significant when it was 10 and
50mg L~!. However, the initial concentration affected
Cu(ll) removal significantly when the initial concen-
tration was 100mgL~'. This indicates that Pb(Il)
removal is less sensitive to the floc amount, Cd(II)
removal is very sensitive to the Cd(Il) amount per
unit amount of flocs, and Cu(Il) removal is mainly
affected by the electric current applied. Therefore, it
can be suggested that Pb(Il), Cd{Il), and Cu(l)
removal is induced primarily by precipitation,
adsorption onto flocs, and by the electrochemical
reaction, respectively.

Fig. 3(a) shows that the removal of each heavy
metal was more greatly suppressed when Pb(I), Cd
(I), and Cu(ll) were simultaneously treated than
when they were treated individually. In particular, Cd
(I removal was greatly suppressed, while Cu(ll)
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Fig. 2. The removal efficiency of (a) Pb, (b) Cd, and (c) Cu at 15min of EC time, at various initial concentrations and

current density.
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removal did not show a notable change. It is thought
that the suppression is attributed to the decrease of
available sludge and OH™ per unit mass of heavy
metals. The total heavy metals concentration in the
mixture solution was three times higher than that in a
single metal solution; therefore, the heavy metals
would compete for OH™ and/or sludge for precipita-
tion and/or adsorption. The removal efficiencies of Pb
(I), CddI), Cudl), and the combined heavy metals
increased as the initial heavy metals concentration
decreased and as the current density increased, also
indicating that the floc amount plays an important
role in EC treatment of heavy metals. Meanwhile, the
great suppression of Cd(II) removal indicates a lower
affinity of Cd(Il) toward the Fe oxides/hydroxides,
which are generated by EC using Fe electrodes, than
the affinities demonstrated by Pb(Il) and Cu(Il) [24].

Distinct from the results of the single heavy metal
experiments, the pH decreased during the first 15 min
of reaction, probably due to the excessive OH™ con-
sumption by abundant heavy metals. The lower pH
would hinder the metal precipitation, which adversely
affects the removal of heavy metals. The pH increased
rapidly thereafter due to the OH™ accumulation, since
the available heavy metal ions, which consume OH™
to form metal hydroxides precipitates, were almost
completely removed [22].

Meanwhile, the Pb(Il) removal rate was the high-
est, rather than that for Cu(ll) or Cd(l), for all experi-
ments in this study, regardless of the heavy metal
concentration, current density, and the presence of
other heavy metals. It seems that this can be attrib-
uted to the first ionization energy, electronegativity,
and hydrated radius. The ionization energies of Pb(Il),
Cudl), and Cd{dI) are 7.417, 7.726, and 8.994¢V,

NaCl; electrode area, 25x 100 cm?; electrodes distance, 4mm; electrode

respectively [25], the electronegativities are 2.33, 1.90,
and 1.69, respectively [25], and the hydrated radii are
0.187, 0.21, and 0.23nm, respectively [26]. A metal
with a lower ionization energy, a higher electronega-
tivity, and a smaller hydrated radius are favorable for
adsorption to a solid in aqueous solution because the
metal requires a smaller energy to remove the outer-
most electron, attracts more electrons, and exerts
stronger coulombic forces of attraction [27].

3.3. XRD analysis of the sludge generated during EC with
Fe electrodes.

The XRD patterns in Fig. 4 show that magnetite
(Fe30,) is dominant in the sludge generated without
heavy metals. It was also reported in a previous study
that hematite, maghemite, magnetite, lepidocrocite,
and goethite were identified in the by-products of As
treatment using EC with an Al-Fe electrodes pair [28].
However, the XRD patterns were different when
heavy metals were present. No characteristic peak
was found in the XRD patterns of the sludge gener-
ated at initial Pb(II) or Cd(I) concentrations of
100mgL ™", indicating the formation of an amorphous
structure. In addition, the peaks corresponding to
B-Fe,O; and Pb(OH)Cl were observed for the sludge
generated at initial Pb(I) concentration of 200mgL ",
and only Pb(OH)CI was identified at an initial Pb(II)
concentration of 400mgL~" (Fig. 4(a)). For the sludge
from the EC treatment of Cd(Il), the corresponding
peaks to Fe,O3-H,O and FeOOH were identified and
Fe,O5-H,O and B-Cd,(OH);Cl were identified at initial
Cd(Il) concentrations of 200 and 400mgL ',
respectively (Fig. 4(b)). For the sludge from the EC
treatment of Cu(l), the corresponding peaks to
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lg L~! NaCl; electrode area, 25 x 100 cm?; electrode distance, 4 mm; electrode material, Fe; reaction time, 15 min.

FeOOH and Cu,O were identified, Cu,O was identi-
fied, and Cu,O and CuCl (nantokite) were identified
at initial Cu(Il) concentrations of 100, 200, and 400 mg
L™, respectively (Fig. 4(c)). The chlorinated metal spe-
cies are commonly found in the EC sludge of Pb(Il),
CddI), and Cudl), indicating that the chloride from
NaCl contributed to the heavy metal precipitation.
The heavy metal species identified by XRD analy-
sis can be formed in a system without electricity. Pb
(OH)CI can be generated by the hydration of PbCl,
[29]. a-Cdx(OH)3;Cl and B-Cd(OH)3Cl can be gener-
ated from y-Cd(OH), at 343K [30]. Cu,O can be elec-
trodeposited by the reduction of an alkaline aqueous
solution of cupric lactate, according to the reaction
proposed by Zhou et al. [31], and CuCl (nantokite) is
formed by copper corrosion under reductive condi-
tions [32]. Therefore, it can be suggested that Cu,O
was formed in the vicinity of the anode, where Oy
is generated by the electrolysis of water, whereas
CuCl was formed by the direct reduction of Cu(ll) at
the cathode and/or by the reduction through Fe(I)
electrodissolved from the anode. This indicates that

Cu(l) removal by EC is greatly influenced by the
applied current. It also provides an explanation about
the observation in Fig. 2(c) that Cu(Il) removal by EC
is dependent on the current density, rather than the
initial Cu(II) concentration.

Meanwhile, the chemical equilibrium calculations,
obtained by using Visual MINTEQ, indicated that
a-Fe,O3 and Fe(OH),7Cl;, exist in the sludge from the
EC of Pb(Il), Cd(I), or Cu(ll) under pH values of less
than 7.0. No heavy metal precipitate was anticipated
by Visual MINTEQ. Therefore, it is evident that many
electrochemical and chemical processes, other than
chemical equilibration, are involved during the EC
process.

3.4. SEM and TEM analysis of the sludge generated
during EC with Fe electrodes.

SEM images, TEM images, and their corresponding
elemental (Pb(Il), Cd(II), and Cu(Il)) mapping results of
EC sludge, generated at an initial heavy metal
concentration of 200mgL ™', are presented in Fig. 5.
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Fig. 5. (a) SEM image and (b) TEM image of the sludge from Pb removal by EC (insets are Pb elemental mapping); (c)
SEM image and (d) TEM image of the sludge from Cd removal by EC (insets are Cd elemental mapping); (e) SEM image
and (f) TEM image of the sludge from Cu removal by EC (insets are Cu elemental mapping). Initial heavy metals
concentration, 200 mg L% current density, 125Am™3% background electrolyte, 1 gLf1 NaCl; electrode area, 25 x 100 cm?;
electrode distance, 4 mm; electrode material, Fe; reaction time, 15 min.
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The SEM images of Pb(I), Cd(I), and Cu(ll) sludge
show irregularly shaped particles of various sizes,
© foN N . 3
o 8% 3 without any notable difference between them
o= (Fig. 4(a),(c),(e)). The TEM image of Pb(I) sludge
shows randomly aggregated irregular particles,
possibly hematite, maghemite, magnetite, or ferrihy-
K o R & drite [33,34] (Fig. 5(b)), consistent with the XRD results
g ITL2,.9 (Fig. 4(a)). However, thread-like structures are
observed in the TEM image of Cd(I) sludge (Fig. 5
(d)), suggesting the presence of goethite (o-FeOOH)
T o o - and/or lepidocrocite (y-FeOOH) [34,35], consistent
F3E2, 8 with the XRD results (Fig. 4(b)). Irregular particles are
dominant for the Cu(Il) sludge, but some thread-like
structures are also shown (Fig. 5(f)).
© - Elemental mapping results show that more Pb(II)
SRS P and Cu(l) are found in TEM images than SEM images
wwe = 1A of Pb(Il) and Cu(l) sludge (Fig. 5(a),(b),(e),(f).
Furthermore, Pb(Il) is hardly found in the SEM image.
The EDS analysis, presented in Table 1, also shows
2 & o that both the weight fraction of Pb(Il) or Cu(Ill) from
g 2=, 2d the total weight of all the atoms in the sample (weight
%) and the fraction of the number of the atoms of Pb
(II) or Cu(l) from the total number of the atoms in
T oy . the sample (atomic %) were greater in TEM analysis
® du Bz than in SEM analysis. This indicates that Pb(Il) and
Cu(l), especially Pb(II), were removed by coprecipita-
tion by occlusion, where they were physically trapped
_ inside the floc [36]. However, significant amounts of
THIE I Cd(I) were observed in both the SEM and TEM
® oS images (Fig. 5(c),(d)), suggesting that Cd(I) was
removed mostly by the adsorption onto the flocs as a
cation. This is supported by the faster pH increase
Sogwd o and higher pH during EC of Cd(I) than was the case
o= of Pb(Il) or Cu(ll), as shown in Fig. 1(b), indicating
less OH™ consumption by Cd(II). These results are in
agreement with a former study, which suggested the
B .22 2 possibility that the removal mechanism of Cd(II)
TSNS | g could be different from that of Pb(Il) and Cudl) [9].
Christophi et al. [37], in a study about Pb(II), Cd(ID),
and Cu(Il) adsorption on goethite, also found that Cd
2oL, B exhibits the greatest polarizability of the th.ree metals
SZdS s o and forms the least amount of hydroxo species.
4. Conclusions
2858 o — EC was found to be highly efficient for the
SIe38 removal of heavy metals. For the EC treatment of
heavy metals, Fe electrodes were better than Al elec-
trodes, showing both a higher removal efficiency and
NI 0 rate. This is because the Fe ﬂf)c.:s are negatively
Sodds charged, whereas Al flocs are positively charged and
because Al hydroxide forms monomeric and poly-
v Mo 2 A M meric Al species as the reaction time increases. The
0Zz0 22338 dissolved Fe concentration was high in the early



918 D.-G. Kim et al. | Desalination and Water Treatment 52 (2014) 909-919

period of the reaction when Fe electrodes were used,
but it decreased rapidly to be negligible.

The removal efficiency and rate of heavy metals
increased as the current density increased and as the
initial ~concentration decreased, indicating that
removal of heavy metals by EC is closely related to
the heavy metal amount per unit amount of flocs.
When Pb, Cd, and Cu exist together, each heavy metal
removal was suppressed, and the order of removal
efficiency was Pb(Il)>Cu(ID>Cd(II), as in the order of
ionization energy, electronegativity, and hydrated
radius. Among the heavy metals investigated, Pb(II)
showed the highest removal efficiency and the least
sensitivity to the current density and initial concentra-
tion, whereas Cd showed the highest sensitivity. Cu
removal was strongly dependent on the current den-
sity, rather than initial concentration. This indicates,
along with the XRD analysis results, that Cu precipita-
tion is influenced by the electric current, rather than
OH".

XRD analysis and chemical equilibrium analysis of
the EC sludge indicate that various electrochemical
and chemical reactions were involved during EC. The
existence of magnetite, lepidocrocite, Pb(OH)Cl, B-
Cd»(OH);Cl, Cuy0O, and CuCl was identified by the
XRD patterns. In addition, it is suggested that chloride
from background electrolyte contributes significantly
to heavy metal precipitation, as evidenced by the exis-
tence of chlorinated metals in the solid phase. The
encapsulation of Pb(Il) and Cu(ll) was evidenced by
the SEM and TEM images, indicating that precipita-
tion plays an important role in Pb(II) and Cu(l)
removal. The XRD, SEM, and TEM analysis results of
Cd(II) sludge showed that Cd(II) removal is achieved
by adsorption, rather than precipitation.
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