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The removal of organic pollutants from a highly complex industrial wastewater by aluminum, iron
and aluminum + iron electrocoagulation systems was evaluated. Under optimal conditions of pH 8 and
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ccepted 10 August 2008

eywords:
ombined Al–Fe electrode system
lectrocoagulation
ndustrial wastewater

45.45 A m−2 current density, the electrochemical method yields a very effective reduction of all organic
pollutants. The optimal treatment (aluminum + iron) reduced chemical oxygen demand (COD) by 69%,
biochemical oxygen demand (BOD5) by 71%, color by 83%, turbidity by 80% and total coliforms by 99%. The
raw and treated wastewater was characterized by UV–vis spectroscopy and cyclic voltammetry to confirm
the increase in water quality. Finally, the sludge produced during electrocoagulation was characterized
by scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDS).
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. Introduction

Billions of liters of industrial wastewater are produced every day.
he presence of dyes and organic substances constitute a substan-
ial source of pollution which exhibits intense color, high chemical
nd biochemical oxygen demand and suspended particles. Colored
astewater can cause environmental problems by absorbing light

nd interfering with fundamental aquatic biological processes. Sev-
ral kinds of treatments have been used to remove pollutants from
hese effluents; unfortunately, most are not very effective in the
ase of mixed industrial wastewater [1,2].

Electrocoagulation processes are a promising technology that
an be used for the removal of both color and colloidal particles
2–8]. Electrocoagulation is an electrochemical method of treat-
ng polluted water whereby sacrificial anodes dissolve to produce
ctive coagulant precursors (usually aluminum or iron cations) into
olution. Additionally, electrolytic reactions evolve gas (usually as
ydrogen bubbles) at the cathode that can enhance the process;
his effect is known as electroflotation [9–14].

Electrochemical methods offer some advantages over tradi-

ional chemical treatment: less coagulant ion is required, less
ludge is formed, and electrocoagulation equipment is very com-
act; thus, suitable for installation where the available space

s rather limited. Furthermore, the convenience of dosing con-

∗ Corresponding author. Tel.: +52 722 2173890; fax: +52 722 2175109.
E-mail address: cbarrera@uaemex.mx (C. Barrera-Díaz).
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rol only by adjusting current makes automation quite easy
15–17].

Usually, aluminum or iron plates are used as anodes in the elec-
rocoagulation process. When a direct current voltage is applied,
he anodes dissolve to produce Al3+ or Fe2+ ions. The electro-
hemically generated metallic ions are good coagulants. They can
ydrolyze near the anodes to produce a series of activated inter-
ediates that are able to destabilize the finely dispersed particles

resent in the wastewater. The destabilized particles then aggre-
ate to form flocs. At the same time, hydrogen bubbles produced at
he cathode can float most of the flocs. Thus, the aggregates formed
an be removed by decantation or flotation from wastewater [18].

A number of electrocoagulation studies have been carried out
y different types of wastewater using either iron or aluminum
s anodes. However, it has been noted that iron electrodes intro-
uce a green color into treated water which then turns yellow
nd turbid. This effect is due to the presence of Fe2+ ions which
xidize to Fe3+ in acidic or neutral conditions. The formation of
e(OH)3 as result of the reaction of Fe3+ with OH− ions gives yel-
ow color to the water and increases turbidity. This phenomenon
s the reason for choosing aluminum electrodes for electrocoagu-
ation processes [19]. However, in the case of arsenic removal and
olored wastewater, iron electrodes are much more effective than

luminum. The reason for this special case is that the adsorption
apacity of hydrous aluminum oxide for As(III) is higher than ferric
xides [16]. Therefore, for an evaluation of the best performance of
lectrocoagulation, a laboratory treatment of pollutants is required
o obtain the best removal yields [20,21].

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:cbarrera@uaemex.mx
dx.doi.org/10.1016/j.cej.2008.08.007
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Only a very few reports on the combined use of both aluminum
nd iron electrodes in the same cell has been published [22–25].
luminum has been used as sacrificial anode and stainless steel
r iron as cathode for removal of carbon black, clay, and suspended
olids without changing polarity of electrodes. The use of combina-
ion electrodes of dissimilar metals and the frequent change of their
olarity has not yet been studied, which may provide an alternative
ethod for efficient removal of both organic materials and heavy
etals from water. Recently arsenic removal efficiency of the Al–Fe

ombination electrode system has been described [26]. However,
he use of combined aluminum and iron anodes in the same elec-
rolytic cell for industrial wastewater has not been reported. Thus,
he goal of this research is to investigate the influence of anodic

aterial on the electrocoagulation process for treating highly pol-
uted industrial wastewater.

The anodic materials used in the electrocoagulation process
ere aluminum, iron and aluminum + iron plates. The effective-
ess of aluminum, iron, and aluminum + iron electrocoagulation
ystems was evaluated and the influence of different operating
arameters optimized. The physicochemical characteristics of the
astewater before and after applying the electrochemical treat-
ents are presented.

. Materials and methods

.1. Wastewater samples

Samples of wastewater were collected from a treatment plant
ocated at the end of an industrial park. This facility receives the
ndustrial discharge of 144 different factories. All of the indus-
rial effluents enter the wastewater treatment plant together [18].
he actual wastewater treatment plant consists of shredders, sand
eparators, oil and grease separators, primary clarifiers, biological
ctivated sludge reactors, secondary clarifiers and a chlorine disin-
ecting unit. This treatment only achieves a 60% reduction in COD,
hich does not comply with environmental discharge standards.

hus, additional treatment steps are required to improve the quality
f the water.

Wastewater samples were collected at the inlet of the biological
ctivated sludge reactor in plastic containers and cooled to 4 ◦C,
hen transported to the laboratory for analysis and electrochemical
reatments.

.2. Electrochemical reactors

Three different electrochemical reactors were used in this study.
he main difference among them is the anodic material. The alu-
inum and iron reactors have the same characteristics; both of

hem are batch monopolar electrochemical reactors which con-
ain an array of 10 parallel electrodes. Each electrode has 0.11 m
ong and 0.06 m wide which gives an area of 0.0132 m2 each
nd a total anodic area, Aa of 0.066 m2. A 4 dm3 recipient served
s the supply vessel for the reactor. A dc power source sup-
lied the system with 1–4 A at 8 V, corresponding to a current
ensity of 15.15–60.60 A m−2. The electrochemical reactor with
luminum–iron anodes contains an array of 12 parallel electrodes;
aluminum and 6 iron electrodes, alternating the aluminum and

ron. Each electrode is 0.11 m long and 0.06 m wide for an area
f 0.0132 m2 each and a total anodic area, Aa of 0.0792 m2. The

olume of the reactor is 4 dm3, the dc power source supplied the
ystem with 1–4 A at 13 V, corresponding to a current density of
2.62–50.5 A m−2. After various elapsed times, samples were taken.
schematic diagram of the electrochemical reactors is shown in

ig. 1.

l
X
X
t

Fig. 1. A schematic diagram of the electrochemical reactors.

.3. Methods of analysis

The initial evaluation of the electrochemical treatment was
etermined by analysis of the chemical oxygen demand (COD) and
he color (465 nm, Pt/Co scale) at different time intervals. How-
ver, once the optimal conditions were found the raw and treated
astewater samples were analyzed for the BOD5 and COD, color,
H, total coliforms, turbidity, iron and aluminum content, as indi-
ated in the Standard Methods procedures [27].

.3.1. Cyclic voltammetric measurements
Cyclic voltammetry of crude and treated wastewater was per-

ormed using a standard three-electrode cell. The waveforms were
enerated by a potentiostat model Epsilon-BAS The carbon paste
lectrodes (CPE) were circular with a surface area of about 3.5 mm2.
he CPE was prepared from a 1:1 mixture of 99.99% pure single
rystal graphite (Alfa AESAR) and nujol oil (Fluka). The paste was
ransferred into a PVC tube and compacted to eliminate trapped
ir then a copper conductor was inserted before the paste set. The
urface of the electrode was renovated after each potential scan
28]. The scan rate was 100 mV s−1. The reference electrode was
n Ag/AgCl saturated with KCl and the counter electrode was a
latinum wire.

.3.2. UV–vis spectrometry
UV–vis spectra were obtained from samples of raw and treated

astewater using a double beam PerkinElmer 25 spectropho-
ometer. The scan rate was 960 nm s−1 within the 200–700 nm
avelength range. The samples were scanned in quartz cells with
1 cm optical path.

.3.3. Thermodynamic analysis
The existence of aluminum and iron complexes in aqueous

olution has been reported [29,30]. Using this information the dis-
ribution diagrams of chemical species were calculated using the

EDUSA program [31].

.3.4. Sludge characterization

The sludge generated by the electrochemical technique was ana-

yzed by scanning electron microscopy (SEM) and energy dispersive
-ray microanalysis (EDS). The analysis was performed on a Phillips
L-30 microscope to observe the composition and configuration of

he structure. SEM provides images of rough material with resolu-
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Table 1
Physicochemical characteristic of the raw industrial wastewater

Parameter Value Discharge limits
in Mexico

COD (mg dm−3) 2000–2500 No value
BOD5 (mg dm−3) 900–1050 150
Color (Pt–Co U) 2500–4750 No value
Turbidity (NTU) 1400–1800 No value
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H 8 5–10
ecal coliforms, MPN (mg dm−3) 110,000 No value
otal solids (mg dm−3) 5360 125

ion down to fractions of a micrometer, while energy disperse X-ray
pectroscopy offers in situ elemental analysis.

. Results and discussion

.1. Wastewater characteristics

Table 1 shows the physicochemical characteristic of the raw
ndustrial wastewater and the discharge limits indicated in the

exican legislation.

.2. Electrocoagulation using the aluminum anodes
lectrochemical reactor

Wastewater samples were taken from the inlet of the biological
reatment tank, then electrochemically treated using the aluminum
eactor, adjusting the pH (using NaOH or H2SO4) and applying 3 A of
irect current with a treatment time of 60 min. The COD reduction
s a function of treatment time at different initial wastewater pH
alues is shown in Fig. 2.

As shown in Fig. 2, the maximum COD reduction occurs in the pH
ange of 6–8 (46–50%). While the COD is reduced at all pH values,
he least effective was at pH 12 (<37%).

It is important to note in Fig. 2 that the influence of the pH on

he COD removal in the range of 4–8 is not significant. Chemical
pecies associated with the aqueous pH are presented in Fig. 3. At
pH below 3.5 the aluminum ion is the predominant specie. How-
ver, at a pH 4–9.5 the predominant aluminum chemical specie

ig. 2. Effect of pH on COD reduction by Al electrode reactor, applying 3 A of direct
urrent with a treatment time of 60 min.

i
(

i
b

t

F
r

ig. 3. Aluminum species distribution in wastewater as a function of pH. The con-
entration of aluminum is [Al3+]TOT = 9.0 mM.

s Al(OH)3(s). However, it is interesting to note that at pH greater
han 10 a new aluminum complex forms: Al(OH)4

−. This ion is sol-
ble and directly affects the pollutant removal [3,5]. These results
gree with previous research, which indicate that the maximum
OD removal in wastewater is observed around pH 7 [4,32,33].

COD removal is quite similar from pH 4 to 8. Since the actual
nitial pH of the wastewater is around 8, further experiments were
erformed at this condition.

The current density not only determines the coagulant dosage
ate but also the bubble production rate and size of the flocs, which
an influence the treatment efficiency of electrocoagulation [9,13].
herefore, the effect of current on the pollutant removal was inves-
igated. Fig. 4 shows the variation of the COD as a function of
urrent density, note that the best removal rate is achieved under
5.45 A m−2 (50%) and no further increase in the COD removal

s observed when the current density is increased to 60.6 A m−2

50.6%).
Using the aluminum electrochemical treatment the total col-
forms concentration was reduced by 99%, color was also reduced
y 85% and an 83% reduction in turbidity was observed.

The Al concentration in the wastewater plays an impor-
ant role in pollutant removal. Concentration and pH define the

ig. 4. COD removal from wastewater at different current densities by Al electrode
eactor, wastewater pH of 8 and treatment time of 60 min.



100 I. Linares-Hernández et al. / Chemical Engineering Journal 148 (2009) 97–105

F e reac
o

d
t

o
t

2

o
(
t
e

A

2

H

e

2

T
r

p

F
c

e
s
(
t

n

[

w
o
2
t
d
s
t
(previous to settling). The theoretical calculation corresponds to
242 mg dm−3, which implies that there is an excess of 50%. A pos-
sible explanation of this difference is that a chemical process takes
place at the cathode promoting aluminum dissolution. The electro-
ig. 5. COD reduction in wastewater as a function of treatment time by Fe electrod
f 60 min. Before (a) and after (b) precipitation of iron hydroxides with NaOH.

ifferent possible Al chemical species present in aqueous solu-
ion.

The chemical dissolution process corresponds to the oxidation
f the aluminum plates with the simultaneous reduction of water
o form hydrogen [34], as shown in Eq. (1):

Al(s) + 6H2O → 2Al3+
(aq) + 3H2(g) + 6OH(aq)

− (1)

On the other hand, the electrochemical processes that occur
n the anode and on the cathode surfaces are represented in Eqs.
2)–(4). On the anode, aluminum dissolution and oxygen evolu-
ion can compete. On the cathode, hydrogen evolution is the main
xpected reaction.

l(s) → Al3+
(aq) + 3e− (2)

H2O → O2(g) + 4H+
(aq) + 4e− (3)

2O + e− → (1/2)H2(g) + OH−
(aq) (4)

The cathode may also be chemically attacked by OH− ions gen-
rated during H2 evolution at high pH.

Al + 6H2O + 2 OH− → 2Al (OH)4
− + 3H2 (5)
he aluminum and hydroxide ions generated by electrode reactions
eact to form Al(OH)3(s).

Using Faraday’s law to calculate the maximum amount of Al
roduced in the electrochemical process in Eq. (6) and with the

ig. 6. Iron(II) species distribution diagram in wastewater as a function of pH. The
oncentration of iron is [Fe2+]TOT = 18.0 mM.

c

F
d

tor at different initial pH, and applying 3 A of direct current with a treatment time

xperimental conditions of 3 A of current and 60 min of electroly-
is along with the Faraday constant and the charge on the cation
z = + 3), it is possible to calculate the maximum amount of Al, in
his case 0.036 mol or 972 mg:

= It

zF
(6)

The Al concentration in solution can be calculated using Eq. (7):

M] = n

V
(7)

here n is the number of moles and V is the volume (4 dm−3)
f the reactor. The maximum expected Al concentration is thus
42 mg dm−3. A particular effect that has been recently noted is
he so-called “superfaradaic efficiencies”. This term describes the
ifference between the theoretical amount of aluminum in aqueous
olution and the actual Al detected. The detected Al concentra-
ion in aqueous solution in the mixed solution is 358 mg dm−3
hemical oxidation and reduction of water can modify the pH on

ig. 7. COD removal from wastewater in time in Fe reactor at different current
ensities, wastewater pH of 8 and treatment time of 60 min.
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settling). The theoretical calculation corresponds to mg dm−3; this
implies that there is an excess of 10%.

Electrocoagulation of wastewater using iron electrodes takes
place according to the following reactions [38]:
ig. 8. COD reduction in wastewater in time by Al + Fe electrode reactor at different
nd after (b) precipitation of iron hydroxides with NaOH.

he anode and cathode surfaces with respect to the bulk pH. This
s especially important on the cathode, where the pH can become
trongly alkaline. This can justify the important contribution of the
luminum chemical dissolution in the cathode to the total dissolu-
ion rate [6].

.3. Electrocoagulation using the iron anodes electrochemical
eactor

In the case of iron anodes, wastewater samples were taken at
ifferent treatment times, as shown in Fig. 5, the best conditions
o obtain insoluble chemical specie starts at pH 9. Therefore, we
resent two figures to show how the COD removal rate can be
odified if the final pH is adjusted.
Fig. 5a and b shows the COD removal as a function of treatment

ime at different initial wastewater pH values. After certain elapsed
imes, samples were taken and the supernatant (Fig. 5a) analyzed.
t the same time, another set of samples were adjusted to final pH
.5 using NaOH for precipitating iron hydroxides (Fig. 5b).

Fig. 5a shows that the maximum COD removal occurs at
H 8 (53%) and the lowest at pH 12. Fig. 5b shows that

f pH is adjusted to 9.5, increasing precipitation, COD reduc-
ion increases, with the maximum reduction still at pH 8
70%).

It is generally accepted that iron hydroxyl complexes form
fter the initial oxidation at the anode and the highly insolu-
le compound Fe(OH)2 is the predominant specie over a wide
H range [35]. These results agree with previous research [36,37]
hat at pH 5–9, the majority of iron complexes (coagulants)
re formed and this is the optimum pH range for carrying out
lectrocoagulation. The minimum COD reduction was at pH 2,
ince hydroxide ions generated at the cathode were neutralized
y H+ ions, limiting the formation of iron hydroxide complexes
Fig. 6).

As previously discussed, COD reduction is quite similar from
H 4 to 8. Since the actual pH of the wastewater is around 8, fur-
her experiments were performed in this condition but final pH is

djusted to 9.5, to improve the hydroxide precipitation.

Fig. 7 shows the variation of the COD as a function of current den-
ity, note that the best removal rate is achieved under 45.45 A m−2

70%) and no significant increase in the COD removal is observed
hen the current density is increased to 60.6 A m−2 (73%).

F
t

l pH, and applying 3 A of direct current with a treatment time of 60 min. Before (a)

The total coliforms, color and turbidity concentration were
educed by 99%, 81% and 80%, respectively.

The iron concentration in wastewater plays an important role
n pollutant removal. Concentration and pH define the different
ossible iron chemical species present in aqueous solution. Using
araday’s law to calculate the maximum amount of Fe2+ produced
n the electrochemical process in Eq. (6), with the experimental
onditions of 3 A of current and 60 min of electrolysis along with the
araday constant and the charge on the cation (z = + 2), it is possible
o calculate the maximum amount of Fe2+ to be 0.056 mol or 3.12 g.

The iron concentration in solution can be calculated using Eq.
7): where n is the number of moles and V is the volume (3 dm−3)
f the reactor. The maximum concentration is thus 1042 mg dm−3

e2+. A particular effect that has been recently noted is the so-called
superfaradaic efficiencies”. The detected Fe concentration in aque-
us solution in the mixed solution is 1150 mg dm−3 (previous to
ig. 9. COD reduction in wastewater in an Al + Fe reactor at different current densi-
ies, wastewater pH of 8 and treatment time of 60 min.
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Al3+
(aq) + 3OH−

(aq) → Al(OH)3(s) (16)

Overall reaction:

Fe(s) + Al(s) + 2H2O(l) → Fe(OH)2(s) + Al(OH)3(s) + H2(g) (17)
02 I. Linares-Hernández et al. / Chemica

Anodic reaction:

Fe(s) → Fe2+
(aq) + 2e− (8)

Cathodic reaction:

2H2O(l) + 2e− → 2OH−
(aq) + H2(g) (9)

Solution reaction

Fe2+
(aq) + 2OH−

(aq) → Fe(OH)2(s) (10)

Overall reaction:

Fe(s) + 2H2O(l) → Fe(OH)2(s) + H2(g) (11)

.4. Electrocoagulation using the aluminum + iron anodes
lectrochemical reactor

In the cases of the reactor with both aluminum and iron anodes,
astewater samples were taken at specific treatment times as

hown in Fig. 8. The best conditions for forming the insoluble iron
omplex starts at pH 9. Since final pH affects iron complex pre-
ipitation, analysis was done both straight out of reactor and after
reatment with NaOH as shown in Fig. 8a and b.

As shown in Fig. 8, minimal COD reduction occurs when the
nitial pH is 2 or 12 and the maximum is at pH 8. In addition, post-
reatment addition of NaOH to encourage precipitation of the iron
ydroxides, increases the maximum COD removal from 50% to 69%.

The distribution diagram of aluminum and iron chemical species
alculated from the MEDUSA program gives the same results as
hown in Figs. 3 and 6. At low pH the aluminum ion is the predom-
nat specie in solution, from pH 3.3 to 10.0 Al(OH)3(s) is the most
bundant chemical specie in the solution; however, above pH of 10
he soluble Al(OH)4

−1 appears in the solution causing the rediso-
ution of sludge. The iron species are: Fe2+ dominates up to pH 7.5,
fter which Fe(OH)2(s) remain.

Since the COD reduction is quite similar from pH 4 to 8 and
he actual pH of the wastewater is around 8, the experiments were
erformed at that pH, but afterwards adjusted to about 9–10 to

mprove the iron hydroxide precipitation.
The variation of the COD as a function of current density is shown

n Fig. 9. The optimum reduction is achieved at 37.87 A m−2 (69%)
ith only a slight increase when the current density is increased to

0.5 A m−2 (71%).
The aluminum + iron combined electrochemical treatment

educes total coliforms, color and turbidity by 99%, 83% and 80%,
espectively.

Using Faraday’s law in Eq. (6), with the experimental conditions
f 3 A of current and 60 min of electrolysis along with the Faraday
onstant and the charge on the cation (z = + 3), the calculated max-
mum amount of Al is 0.036 mol or 972 mg. The Al concentration in
olution is calculated using Eq. (7) to be 242 mg dm−3.

Likewise, the calculated maximum amount of Fe2+ is 0.056 mol

r 3.12 g and the corresponding maximum concentration is
82 mg dm−3 Fe2+.

The detected Fe and Al concentration in aqueous solution in
he mixed solution were found to be quite similar to the expected
heoretical values.

able 2
OD reduction kinetics, using first- and second-order equations

lectrode First-order model Second-order model

K (min−1) r2 K × 10−5 (dm3 mg min−1) r2

luminum 0.026 0.984 2 0.997
ron 0.050 0.985 4 0.999
luminum + iron 0.044 0.958 3 0.991

F
w
T

ig. 10. Cyclic voltammograms recorded at the 3.5 mm2 CPE over a potential win-
ow of −1.5 to 1.45 V of the raw, aluminum, iron, and aluminum + iron treated
astewater.

The reactions that are taking place are show below:

Anodic reactions:

Al(s) → Al3+
(aq) + 3e− (12)

Fe(s) → Fe2+
(aq) + 2e− (13)

Cathodic reaction:

2H2O(l) + 2e− → 2OH−
(aq) + H2(g) (14)

Solution reactions:

Fe2+
(aq) + 2OH−

(aq) → Fe(OH)2(s) (15)
ig. 11. UV–vis spectra of the raw, aluminum, iron, and aluminum + iron treated
astewater, The scan rate was 960 nm s−1 within the 200–700 nm wavelength range.

he samples were scanned in quartz cells with a 1 cm optical path.
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Table 3
A comparative results obtained by the three anodic experiments.

Parameter Raw wastewater Aluminum Iron Aluminum–iron

Concentration % Removal Concentration % Removal Concentration % Removal

COD (mg dm−3) 2202 1107 50 660 70 687 69
BOD5 (mg dm−3) 1030 552 46 315 70 300 71
Color (Pt–Co U) 3525 535 85 650 81 600 83
Turbidity (NTU) 1975 320 83 388 80 388 80
Total coliforms, MPN (mg dm−3) 1.1 × 105 <3 >99 <3 >99 <3 >99
S NA
A NA

3

m
b
p
k
(
T

(

ludge (kg m−3) NA 11
l and/or Fe (mg dm−3) <1.0 21.37

.5. COD reduction velocity

The COD reduction velocity can be obtained using a kinetic
odel. Recent research describes that the kinetic constant can
e obtained using the drop of the pollutant and discarding the
oints that remain constant in wastewater [39]. The COD reduction
inetics was evaluated using the first and second-order equations
Table 2) through a final electrolysis time of 60 min, pH 8 and 3 A.
he second-order model best fits the decrease in COD with time is

w
a
b

r

Fig. 12. Micrographs and elemental analysis of the sludge generated by alumin
20 NA 9.6 NA
0 NA 9.0 NA

Eq. (18)):

dCCOD

dt
= −k[CCOD]2 (18)
here CCOD represents the COD (mg dm−3), t represents the time,
nd k the rate constant or the velocity at which the pollutant is
eing removed from wastewater (dm3 mg min−1).

Recent research indicates that this model represents the COD
eduction kinetics for electrocoagulation treatment [33].

um (a), iron (b), and aluminum + iron and (c) electrocoagulation process.
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.6. Comparative results

Once the optimal conditions were found the raw and treated
astewater samples were analyzed using the BOD5 and COD, total

oliforms and turbidity. Table 3 shows the efficiencies obtained.
Both aluminum and iron are almost equally effective in reducing

ecal coliforms and turbidity. However, aluminum was found to be
ore effective in removing color than iron.
However, aluminum was found to be more effective in remov-

ng color than iron and iron was more effective in reducing COD.
he effluent treated with iron as the sacrificial anode appeared yel-
ow, then turned brown. This behavior is attributed to the excess of
ron ions generated during the electrolysis. The charge of Al (3+) is
reater than Fe (2+), so the removal capability of Al is greater than
e. COD is a measure of oxidizable components of solution including
rganics (dye, etc.) and inorganics (Fe (2+), among others). So, the
xidation capability of Fe increases the COD removal value while for
etermination of correct COD removal value of the solution, the Fe
ust be removed from solution because Fe (2+) was oxidized to Fe

3+) and increases the COD removal value. Indeed, aluminum + iron
as combined to gain the advantages of both.

.7. Cyclic voltammetry measurements

Cyclic voltammetry of raw and treated wastewater was per-
ormed using a standard three-electrode cell. A chemically
rreversible oxidation peak at a potential lower than that corre-
ponding to oxygen evolution is seen in Fig. 10 indicating the
eduction in COD.

.8. UV–vis spectrometry

The UV–vis spectra of the raw, Al, Fe and Fe + Al electrochemi-
ally treated wastewater are shown in Fig. 11. There is a continuous
ignal curve in the region around 200–700 nm in the spectra cor-
esponding to components of the wastewater. It is interesting
hat the intensity of the curves decrease by anodic effects. These
esults indicate that there is a significant color reduction of the raw
astewater when the electrochemical treatments are applied.

.9. Sludge characterization

SEM and EDS provides information about the morphology and
lemental composition of the sludge generated by aluminum, iron,
nd aluminum + iron electrocoagulation process. Fig. 12 shows dif-
erent morphological images of the sludge. Fig. 12a shows the
luminum sludge flocs composed primarily of aluminum com-
ounds. Fig. 12b shows the iron treatment sludge composed mainly
f iron compounds. Fig. 12c shows the aluminum + iron treatment
ludge with both aluminum and iron present in the structure.

Previous research indicates that when combined Fe and Al elec-
rodes where used in a single electrochemical cell for As removal,
he sludge seem to be amorphous/poorly crystalline phases for
luminum hydroxide/oxyhydroxides (bayerite (Al(OH)3), diaspore
AlO(OH)), and iron oxyhydroxides (lepidocrocite (FeO(OH)), mag-
etite (Fe3O4), iron oxide (FeO)) [26].

. Conclusions

The use of iron or aluminum as sacrificial electrodes in the treat-

ent of wastewater by electrocoagulation has been found to be

ependent on both pH and current density. Under the same opera-
ional conditions aluminum and iron electrodes are almost equally
ffective in reducing fecal coliformes and turbidity. However, alu-
inum was found to be more effective in removing color, while

[

[

neering Journal 148 (2009) 97–105

ron was more effective in reducing COD, therefore the optimum
ractice is to combine aluminum + iron for obtaining high COD and
olor removal efficiencies.
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[6] P. Cañizares, F. Martínez, M. Carmona, J. Lobato, M.A. Rodrigo, Continuos elec-
trocoagulation of synthetic colloid-polluted wastes, Ind. Eng. Chem. Res. 44
(2005) 8171–8177.

[7] C. Tsouris, D.W. DePaoli, J.T. Shor, M.Z.-C. Hu, T.-Y. Ying, Electrocoagulation for
magnetic seeding of colloidal particles, Colloids Surf. 177 (2001) 223–233.

[8] S.S. Vaghela, A.D. Jethva, B.B. Mehta, S.P. Dave, S. Adimurthy, G. Ramachandra-
iah, Laboratory studies of electrochemical treatment of industrial azo dye
effluent, Environ. Sci. Technol. 39 (2005) 2848–2855.

[9] P.K. Holt, G.W. Barton, C.A. Mitchell, The future of electrocoagulation as a local-
ized water treatment technology, Chemosphere 59 (2005) 355–367.

10] X. Chen, G. Chen, P.L. Yue, Investigation on the electrolysis voltage of electro-
coagulation, Chem. Eng. Sci. 57 (2002) 2449–2455.

11] M. Khemis, J.P. Leclerc, G. Tanguy, G. Valentin, F. Lapicque, Treatment of indus-
trial liquid wastes by electrocoagulation: experimental investigations and an
overall interpretation model, Chem. Eng. Sci. 61 (2006) 3602–3609.

12] X. Chen, G. Chen, P.L. Yue, Separation of pollutants from restaurant wastewater
by electrocoagulation, Separ. Purif. Technol. 19 (2000) 65–76.

13] N. Adhoum, L. Monser, Decolourization and removal of phenolic compounds
from olive mill wastewater by electrocoagulation, Chem. Eng. Process. 43
(2004) 1281–1287.

14] G. Chen, Electrochemical technologies in wastewater treatment, Separ. Purif.
Technol. 38 (2004) 11–41.

15] J.Q. Jiang, N. Graham, C. André, G.H. Kelsall, N. Brandon, Laboratory study
of electro-coagulation-flotation for water treatment, Water Res. 36 (2002)
4064–4078.

16] P. Ratna Kumar, S. Chaudhari, K.C. Khilar, S.P. Majan, Removal of arsenic from
water by electrocoagulation, Chemosphere 55 (2004) 1245–1252.

17] C. Barrera-Díaz, M. Palomar-Pardavé, M. Romero-Romo, S. Martínez, Chemi-
cal and electrochemical considerations on the removal process of hexavalent
chromium from aqueous media, J. Appl. Electrochem. 33 (2003) 61–71.

18] I. Linares-Hernández, C. Barrera-Díaz, G. Roa-Morales, B. Bilyeu, F. Ureña-Nuñez,
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