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bstract

In the present work, electrocoagulation process with aluminum electrodes was investigated. Different operational conditions such as compo-
ition of Na2SO4 based solutions, pH and current density were examined in a systematic manner. Their influence on (i) electrode polarization
henomena, (ii) pH evolution during electrolysis and (iii) the amount of Al released (coagulant) was investigated. For this purpose, potentio-
ynamic tests and electrolyses using different electrochemical cell configurations were conducted. It is mainly found that (i) a minimum Cl−

oncentration of the electrolyte of about 60 ppm is required to breakdown the anodic passive film and considerably reduce the cell voltage during
lectrolysis; (ii) the anodic dissolution efficiency is unit; (iii) the global amount of coagulant (Al3+) generated has two origins: electrochemical
xidation of the anode and “chemical” attack of the cathode and (iv) electrolysis with Al electrodes acts as pH neutralization of the electrolytic
edium.Taking into account advantage of the pH evolution observed during electrolysis, electrocoagulation tests were performed to treat a
ynthetic wastewater containing heavy metallic ions (Ni2+, Cu2+, Zn2+). Removal efficiencies over 98% were reached. Furthermore, our results
isplayed prominently that an increase of current density notably reduces the treatment duration without inducing a strong increase of the charge
oading.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Legislative and normative regulations concerning the dis-
harge of wastewater are drastically increasing. The commonly
sed physico-chemical treatment processes require chemical
dditions and a great quantity of sludge is generated. Therefore,
here is an urgent need to develop innovative and more effective
echniques for treatment of wastewaters. Electrochemical
echniques have attracted, in this case, a great deal of attention
ecause of their versatility, safety, selectivity, amenability to
utomation and environmental compatibility [1]. Electrocoagu-
ation (EC) appears to be one of the most effective approaches. It
nvolves the generation of coagulant in situ by electro-oxidation

f a sacrificial anode, generally made of aluminum or iron.
C, which is known as a reliable and mainly cost-effective
astewater treatment process [2,3], is characterized by simple

nd easy operated equipment, short operation time, none or
egligible amount of chemicals and low sludge production
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stewater treatment

4,5]. The flocs formed by EC are relatively large and contain
ess bound water. They are also more stable. EC has been
pplied successfully to treat potable water [6] and various
astewaters such as oil–water emulsions [7], dye-containing

olutions [8–11], urban and restaurant wastewaters [12–14].
urther, EC process has been proposed in the last decades as an
ffective method to remove soluble ionic species from solutions,
articularly heavy metals [15–18]. However, EC technique has
een investigated in these works predominantly to point out
he treatment efficiency, and not so much with respect to the
undamental aspects. EC is still empirically optimized process
hat requires more fundamental studies to be fully exploited
19,20]. The existence of passive oxide film on aluminum
node, for example, is one of the main problems of the EC
rocess using this metal as electrode material [6,21]. This film
ncreases the applied potential and leads to a waste of energy in
he EC process. Frequently, the treated industrial wastewaters

ontain most often chloride, which may lead to the dissolution
f the passive film on the anode surface [22]. However, the
equired amount of halide ions for the dissolution of the oxide
lm is, in our knowledge, not yet established. Process key

mailto:feridayedi@yahoo.fr
dx.doi.org/10.1016/j.jhazmat.2007.04.090


G. Mouedhen et al. / Journal of Hazardo

Nomenclature

C0 initial concentration of the metallic ion
Cf final concentration of the metallic ion at moment

t
die electrode gap
Ecorr corrosion potential of the electrode
Epit pitting potential of the electrode
J current density
mexp experimental amount of aluminum released dur-

ing electrolysis
mth theoretical amount of aluminum released during

electrolysis
pHf final pH of electrolyte
pHi initial pH of electrolyte
RE removal efficiency
STE effective area of electrode
te electrolysis time
U electrolysis voltage

Greek letter
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χ conductivity of electrolyte

haracteristics such coagulant level (Al3+) in relation to the
perating parameters (i.e. current density, pH, etc.) is also
oo often occulted. Furthermore, firm evidences for (i) the
ifferent origins of the coagulant (Al3+) released during EC
nd (ii) electrochemical and chemical reactions at the electrode
urfaces, have not been provided. This paucity of scientific
nderstanding of electrochemical and chemical phenomena
uring EC treatment does not allow modeling of the process or
he design of improved systems and limits the performance of
his technique [21]. In this respect, the electrochemical behavior
f electrode material in EC treatment need to be further studied.

The present work was aimed at examining further some fun-
amental and applied aspects of EC process using aluminum
lectrodes. In this regard, we first concentrated on the electro-
hemical behavior of the electrode material during electrolysis
n Cl−-free and containing solutions with special emphasis on
he minimum Cl− concentration allowing the breakdown of
he passive oxide layer. For the better understanding of some
bserved phenomena, electrolysis experiments were supple-
ented by potentiodynamic polarization tests. Then, we through
ore light on sources and amounts of coagulant (Al3+) released

uring EC under different operational parameters (Cl− concen-
ration, pH, current density). For this purpose, electrolyses in
ncompartmentalized and compartmentalized reactors with var-
ous combinations of electrode materials (Al/Al, Al/platinized
i) were considered. Since EC operating conditions are highly
ependant on the pH of the aqueous media, pH effects were also
nvestigated. To take advantage of the pH evolution observed

uring electrolyses with aluminum electrodes, potentiality of EC
rocess for removing soluble heavy metallic species was tested
onsidering a synthetic wastewater containing Ni2+, Cu2+ and
n2+ ions.
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. Material and methods

Electrochemical behavior of aluminum was investigated
ia electrolyses and potentiodynamic polarisation tests using
odium sulfate as background electrolyte. Electrolyses were per-
ormed in a thermostated electrolytic cell with (i) two opposing
luminum plates served as parallel–vertical electrodes and (ii)
n aluminum anode and a platinized titanium mesh cathode.
lectrolyses in a compartmentalized reactor with two aluminum
lates were also carried out. The anolyte and catholyte were sep-
rated by cation exchange membrane (IONAC MC 3470) in Na+

orm.
Aluminum plates were cut from a commercial grade alu-

inum sheet (99% purity) of 3 mm thickness. The electrode
urface was first mechanically polished underwater with 400
rade abrasive paper in order to ensure surface reproducibility,
insed with distilled water and dried prior to immersion in the
lectrolyte. The effective area of each electrode used for electrol-
sis was 30 cm2. The electrodes were connected to a digital dc
ower supply with potentiostatic or galvanostatic operational
ptions (CONVERGIE – CLES 60-3) providing current and
oltage in the range of 0–3 A and 0–60 V. The current was kept
onstant for each run. The anode/cathode gap was kept con-
tant at 4 cm except indication. The cell voltage was recorded
sing a data logger (LINSEIS L 6512). A gentle magnetic stir-
ing rate of about 200 rpm was applied to the electrolyte in all
ests. Electrolyte volume used was 500 mL. The total time dura-
ion of electrolysis was 30 min for most test runs unless noted
therwise.

Morphological observations of aluminum electrode surfaces
fter electrolysis tests were achieved by metallographic triocular
nversed microscope (AuxiLab, model ZUZI 178) and scanning
lectronic microscope (Jeol JSM-6400F).

Potentiodynamic polarization tests of aluminum were per-
ormed with a three-electrode cell (Radiometer C145/170)
nd a potentiostat/galvanostat (PGP 20V 1A) controlled by
Voltamaster 4 software allowing data acquisition. Platinum
ire was used as a counter electrode and saturated calomel

lectrode (SCE) with a luggin capillary as a reference one.
orking electrode was a 1 cm2 aluminum flat disc inserted

nto a PTFE sample holder (Radiometer PEK 29). Before
ach experiment, working electrode was mechanically ground
sing successively finer grade of abrasive paper, polished with
.3 �m alumina, degreased in acetone, rinsed with distilled
ater and then dried before being inserted into the sample
older. One hour was allowed to elapse before measurements
egan so that the open circuit potential could reach its steady
alue.

Electrocoagulation experiments were carried out using two
arallel aluminum electrodes (STE = 54 cm2) and 900 mL of
lectrolyte. The solution pH was 4.9 and its composition was:
000 ppm Na2SO4, 100 ppm NaCl, 67 ppm Ni2+, 59 ppm Cu2+

nd 67 ppm Zn2+. Heavy metallic ions were introduced into solu-

ion by dissolving the appropriate amount of the corresponding
ulfate salts.

All experiments were performed at 30 ± 1 ◦C and were trip-
icated.
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drop of the solution and/or to a decrease of the anode overpo-
tential. It is to be noted that the cathode overpotential cannot
take place in our case since no precipitate is formed on the cath-
ode surface. The slight increase of electrolyte conductivity with
26 G. Mouedhen et al. / Journal of Ha

All solutions used for the experiments were prepared from
nalytical grade chemical reagents (Fluka products) without any
urther purification. Deionised water was used in all the experi-
ental runs.
The initial pH of the solutions was adjusted by adding either

ulfuric acid or sodium hydroxide.
Solution pH and conductivity were measured using high pre-

ision pH meter, equipped with a combined glass electrode
METROHM) and electronic conductivity meter (TACUSSEL,
ype CD 6NG) equipped with an immersion measurement probe,
espectively.

The metallic ion concentrations were determined by atomic
bsorption spectrometry (Zeeman spectrophotometer HITACHI
-6100) after nitric acidification and suitable dilution of samples

aken in the electrolytic solutions.

. A brief description of EC using aluminum electrodes

It is well known that in EC process the main reactions occur-
ing at the aluminum electrodes during electrolysis are:

l → Al3+ + 3e− (anode) (1)

H2O + 2e− → H2 + 2OH− (cathode) (2)

According to many authors [13,14,18,21,23], when the anode
otential is sufficiently high, secondary reactions may occur,
specially oxygen evolution (Eq. (3)):

H2O → O2 + 4H+ + 4e− (3)

Aluminum ions (Al3+) produced by electrolytic dissolution of
he anode (Eq. (1)) immediately undergo spontaneous hydrolysis
eactions which generate various monomeric species accord-
ng to the following sequence (omitting co-ordinated water

olecules for convenience):

l3+ + H2O → Al(OH)2+ + H+ (4)

l(OH)2+ + H2O → Al(OH)2
+ + H+ (5)

l(OH)2
+ + H2O → Al(OH)3 + H+ (6)

Actually, this is only an oversimplified scheme, since dimeric,
rimeric and polynuclear hydrolysis products of Al can also
orm: Al2(OH)2

4+, Al3(OH)4
5+, Al6(OH)15

3+, Al7(OH)17
4+,

l8(OH)20
4+, Al13O4(OH)24

7+, Al13(OH)34
5+ [23–26].

Hydrolysis reactions (Eqs. (4)–(6)) make the anode vicinity
cidic. Conversely, hydrogen evolution at the cathode (Eq. (2))
akes the electrode vicinity alkali.
Cationic hydrolysis products of aluminum may react with

H− ions to transform finally in the bulk solution into amor-
hous Al(OH)3(s) according to complex precipitation kinetics
23–25]. The mode of action of the generated Al species in EC
rocess is generally explained in terms of two distinct mecha-
isms: charge neutralization of negatively charged colloids by

ationic hydrolysis products and incorporation of impurities in
he amorphous hydroxide precipitate (“sweep flocculation”).
he relative importance of these mechanisms strongly depends
n pH and coagulant dosage [27].
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Finally, solution chemistry has considerable influence on
oagulation process. In this context, it is noteworthy that sul-
ate anions, in contrast to monovalent ions such as chloride
nd nitrate, promote markedly the precipitation of aluminum
ydroxide by reducing significantly the positive charge of alu-
inum hydrolysis products [27,28]. It has been shown that

ulfate is adsorbed but not incorporated into the aluminum
ydroxide precipitate [28]. Thus, sulfate acts as a “catalyst” for
luminum hydroxide precipitation and coagulation.

. Results and discussion

.1. Effect of sodium chloride on aluminum
lectrochemical behavior during electrolysis

In order to examine the effect of chloride ion concentration
n electrolysis voltage, sodium sulfate electrolytes containing
ifferent doses of sodium chloride (NaCl) were retained.

Fig. 1 shows that during the initial periods of electrolysis, the
oltage increases sharply until a maximum value. After that, the
oltage decreases to reach a pseudo-stationary value. Moreover,
he maximum value of voltage and the duration time required
o achieve the pseudo-stationary plateau are much higher with
ower NaCl concentrations. The effect of NaCl concentrations
n pseudo-stationary electrolysis voltage can be seen in Fig. 2.
s NaCl dose increases from 0 to 100 ppm, the cell voltage
ecreases rapidly from 42 to 7 V. However, an additional increase
f salt dose does not improve the electrolysis voltage. Thus,
he optimum concentration of sodium chloride is round about
00 ppm (corresponding to 61 ppm Cl−). The decrease of elec-
rolysis potential difference can be related to ohmic potential
ig. 1. Variation of electrolysis voltage with electrolysis time duration. Elec-
rolyte: Na2SO4 (1 g/L) + x ppm NaCl, pHi 5.4, J = 0.5 A/dm2, STE = 30 cm2,

ie = 4 cm, aluminum electrodes.
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ig. 2. Effect of NaCl dose on the electrolysis voltage. Electrolyte: Na2SO4

1 g/L) + x ppm NaCl, te = 30 min, pHi 5.4, J = 0.5 A/dm2, STE = 30 cm2, and

ie = 4 cm, aluminum electrodes.

aCl doses (measured conductivities of Na2SO4 based solutions
inearly rise from 1.71 to 2.93 mS/cm when NaCl concentrations
ary from 0 to 600 ppm) cannot explain the significant decrease
f electrolysis voltage. Thus, this result has its roots in the anodic
verpotential decrease. Moreover, the tiny variation of electrol-
sis voltage with NaCl doses exceeding 100 ppm maintains this
ypothesis. Figs. 3 and 4 show, respectively, the evolution of
nodic and cathodic potentials of aluminum electrodes during
lectrolysis tests. As can be seen, the anodic potential evolution
lot (Fig. 3) is similar to that observed for electrolysis voltage
Fig. 1). Hence, it seems that the electrochemical behavior of

he anode runs the whole studied system.

Fig. 5 shows optical micrographs of aluminum anodes after
lectrolyses in different NaCl-containing solutions. In NaCl-free
olution, elongated craters with low distribution density (Fig. 5a)

ig. 3. Variation of anodic potential vs. SCE as a function of electrolysis time
uration. Electrolyte: Na2SO4 (1 g/L) + x ppm NaCl, pHi 5.4.
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ig. 4. Variation of cathodic potential vs. SCE as a function of electrolysis time.
lectrolyte: Na2SO4 (1 g/L) + x ppm NaCl, pHi 5.4.

ppeared. In return, all the other anode surfaces exhibit pitting
orrosion i.e. a localized form of attack upon the passive surface.
ize and distribution of the rounded pits seem to be dependent
n NaCl concentration. For NaCl doses increasing from 20 to
00 ppm, pits became finer and deeper, simultaneously their dis-
ribution density increased (Fig. 5b–e). At higher doses of NaCl,
he opposite phenomenon is observed (Fig. 5f). Fig. 6 shows
ypical SEM micrography of a typical pit on anodic aluminum
urface after electrolysis in 100 ppm NaCl solution.

Electrochemical behavior of aluminum was also studied,
n Na2SO4 solutions containing 0 to 600 ppm NaCl, using
he potentiodynamic polarization method. The current density
esponse was converted to a logarithmic scale in order to show
urve details in all the potential range considered. Fig. 7 illus-
rates some current density–potential curves obtained at a scan
ate of 5 mV/s. Anodic polarization starting from the hydro-
en evolution potential at −1800 mV/SCE and evolving towards
500 mV/SCE was adopted. The observed corrosion potential of
luminum electrode in the NaCl-containing solutions is between
bout −1300 and −1100 mV versus SCE. Such results are in
ccordance with literature [29,30].

When comparing Fig. 7a to Fig. 7b and c, the absence
f pitting corrosion in free-NaCl solution is noticed in the
ange of potential considered. The plateau of current density
J ≈ 0.03 mA/cm2) observed between Ecorr and Epit in Fig. 7b
nd c indicates aluminum dissolution through the oxide film (no
itting), whereas the sudden increase of the anodic current den-
ity indicates the change of aluminum dissolution mechanism to
pitting one [31,32]. In accordance with other works [22], the
itting potential Epit (V) decreases with the logarithm of chloride
oncentration (ppm) as follow:

− 2

pit = 1.75 − 0.72 log [Cl ] with R = 0.99

Note that the above results are in agreement with those
eported in several papers dealing with aluminum corrosion
esistance in different media, especially halide ions-containing
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ig. 5. Micrographs of aluminum anodes after electrolyses in different NaCl-c
aCl, (b) 20 ppm NaCl, (c) 50 ppm NaCl, (d) 100 ppm NaCl, (e) 300 ppm Na

luminum electrodes.

olutions [29,33–40]. According to these works, aluminum sur-
ace is known to be covered by an oxide/hydroxide layer in
eutral as well as in acidic and alkaline media although the
xide composition and structure are different. The breakdown
f this spontaneous protective layer is believed to be responsi-
le for the corrosion of aluminum or its electrodissolution when
nodically polarized [29]. In accordance with amphoteric char-
cter of aluminum oxide, this film use to be rapidly dissolved
n strong acidic or alkaline solutions. However, when solution
H is between ca 4 and 8.5, this layer is stable but undergoes
ocalized attack (pitting dissolution) in halide anions presence,
articularly chloride (Cl−) [34]. When considering a Cl− free

olution (e.g. Na2SO4), the native oxide does not pit regardless
f the potential applied [33]. In the other side, the presence of
ulfate anions in Cl− containing solution delays (i.e. raise the
pit value) but not prevents the onset of pitting [35–38].

ig. 6. SEM micrography of typical surface morphology of aluminum anode
fter electrolysis test in 100 ppm NaCl electrolyte.

l

4

e

F
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t

ing solutions (magnification: 100×). Electrolyte: Na2SO4 (1 g/L) + (a) 0 ppm
) 600 ppm NaCl, pHi 5.4, J = 0.5 A/dm2, STE = 30 cm2, die = 4 cm, te = 30 min,

.2. Effect of pH

.2.1. Effect of initial pH on the electrolysis voltage
The initial pH is one of the important factors affecting the

erformance of electrochemical process [41–45]. To examine its
ffect, a series of experiments were carried out using 100 ppm
aCl-containing solutions, with an initial pH varying in the

ange 2–12. Fig. 8 depicts the evolution of the electrolysis volt-
ge as a function of the initial pH. A decrease of cell voltage is
bserved both at acidic (2 < pH < 4) and alkaline (10 < pH < 12)
edia whereas the pH effect is not significant in the range of

–10. The electrolysis voltage decrease can be essentially corre-
ated with the decrease of conductivity of the solutions (Fig. 8).
.2.2. Evolution of the electrolyte pH during electrolysis
Fig. 9 illustrates the pH change of the bulk solution during

lectrolysis. As shown, as the initial pH of solution is slightly

ig. 7. Polarization curves at a scan rate of 5 mV/s in different NaCl-containing
olutions. (a) 0 ppm, (b) 50 ppm and (c) 200 ppm. Scan rate: 5 mV/s, scan direc-
ion: from −1800 to 2500 mV/SCE.
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ig. 8. Dependence of electrolysis voltage and initial conductivity vs. initial
H. Electrolyte: Na2SO4 (1 g/L) + 100 ppm NaCl, J = 0.5 A/dm2, STE = 30 cm2,

ie = 4 cm, te = 30 min, aluminum electrodes.

cidic (pHi 3 and 4.7), pH values rise during electrolysis pro-
ess. However, in highly acidic electrolyte (pHi 2), the alkalinity
roduced during electrolysis was not sufficient to increase the
H of the solution.

Fig. 10 depicts the electrolyte pH after electrolysis versus
nitial pH. As seen, when initial pH is acidic, final pH value
ises and when initial pH is alkaline, final pH drops. Fig. 10
hows also that in highly acidic (pH 2) or alkaline solutions (pH
2), the pH remains unchanged. This invariability is attributed
o the limited effects of phenomena allowing pH changes. For
lectrolyte at pH 9, the invariability of pH, observed elsewhere

14,18], is due to the fact that alkalizing phenomena offset the
cidifying ones.

ig. 9. Evolution of pH during electrolysis. Electrolyte: Na2SO4

1 g/L) + 100 ppm NaCl, J = 0.5 A/dm2, STE = 30 cm2, die = 4 cm, aluminum
lectrodes.
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ig. 10. Evolution of final pH vs. initial pH. Electrolyte: Na2SO4

1 g/L) + 100 ppm NaCl, J = 0.5 A/dm2, STE = 30 cm2, die = 4 cm, te = 30 min,
luminum electrodes.

Regarding this pH variation during electrolysis with alu-
inum electrodes there is still a certain uncertainty as to its

rigin. In fact, several published accounts [6,18,23] attributed
he pH increase to hydrogen evolution at the cathode (Eq. (2)).
owever, according to Chen et al. [14] this pH change can be

rom other mechanisms. One of them is the transfer of CO2:
O2 is over saturated in acidic aqueous electrolyte and can

elease from the medium owning to H2 bubble disturbance,
hich causes a pH increase. In addition, these authors [14]

eported that when some anions such as Cl− and SO4
2− are

resent in the electrolyte, they can exchange partly with OH−
n Al(OH)3 to free OH−, which also causes a pH increase.

Concerning the pH drop which occurs when the initial pH
s above 9, it is attributed, as suggested by many investiga-
ors [14,23], to the dissolution reactions of aluminum and its
ydroxide as [Al(OH)4]− which are alkalinity consumers.

As far as we are concerned, further explanation will be
iven latter. Nevertheless, independently of the origins of the
H change during electrolysis with aluminum electrodes, some
uite meaningful consequences connected with this pH evolu-
ion can be evoked here. First, since a pH increase occurs when
he initial pH is acidic and a pH drop occurs when the initial
H is alkaline, EC using aluminum as electrode material acts as
H neutralization [14]. This finding is quite meaningful in EC
pplication to wastewater treatment which can eliminate further
H adjustment of the effluent. Secondly, while effective chem-
cal coagulation (using alum as a coagulant) is known to be
chieved at pHs of 6–7 [46], EC can obviously work effectively
ver a much wider pH range [13,14]. Actually, this fact can
e attributed to the ability of EC to neutralize wastewater pH.
hus, during EC, the pH value of the effluent will be brought

loser to neutral, where effective coagulation has been reported.
inally, the pH increase of initially acidic effluents containing

onic metallic species (e.g. Cu2+, Zn2+, Ni2+, Cr3+, etc.) may
nduce their coprecipitation in the form of their corresponding
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• at the anode vicinity:

2Al + 6H+ → 2Al3+ + 3H2 (7)
ig. 11. Variation of electrolysis voltage as a function of current density. Elec-
rolyte: Na2SO4 (1 g/L) + 100 ppm NaCl, pHi 5.4, STE = 30 cm2, die = 4 cm,
luminum electrodes.

ydroxides. Obviously, electrolysis with aluminum electrodes
ffers to EC process significant potential for removing soluble
eavy metals by electroprecipitation which acts synergistically
ith usual coagulation phenomena to remove pollutants from
astewaters.

.3. Effect of current density on cell voltage

In all electrochemical processes, current density is the most
mportant operating parameter. Fig. 11 depicts the evolution
f electrolysis voltage with current density. As shown, the
lectrolysis voltage increases linearly with current density. Con-
equently, an increase of current density leads to an increase of
ower requirement. It is to be noted that the same linear evolu-
ion was observed by Chen et al. when considering restaurant
astewater [14].
The effect of electrode gap on the electrolysis voltage was

nvestigated in 1 g/L Na2SO4 solution containing 100 ppm NaCl
hen die ranging between 2 and 12 cm (not shown). For a cur-

ent density of 0.5 A/dm2, the electrolysis voltage U varies with
lectrode gap die (cm) as follow:

(V) = 2.15 die − 1.15 with R2 = 0.98

The electrolysis voltage increases unsurprisingly with elec-
rode gap owning to the ascent of the electrolyte resistance
R = die/χ·STE). However, the significant increase recorded in
his case is related to the low conductivity of the electrolyte (see
ection 4.1).

.4. Aluminum release during electrolysis: effect of
perating parameters (NaCl, pH, J)
The study of aluminum release during electrolysis with alu-
inum electrodes is not only of scientific value but has also

echnological merits as the coagulant dosage is a key parameter
or EC process. Indeed, since coagulation is achieved by charge
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eutralization and destabilization of negatively charged colloids
y cationic hydrolysis products of Al3+ ions, excess dosage of
oagulant can give charge reversal and restabilisation of col-
oids. Although several studies claimed that aluminum dosage
trongly affect process efficiency, no clues as to the effect of dif-
erent operating parameters on the extent of coagulant release
ere found. Thus, the effects of NaCl concentration, electrolyte
H and current density are now systematically investigated.

In the following paragraphs, the amount of released
luminum includes both the dissolved aluminum and that pre-
ipitated as Al(OH)3.

Fig. 12 shows the amount of released aluminum in the
queous solution as a function of NaCl concentration of the elec-
rolyte. One can observe that the amount of aluminum generated
ncreases rapidly as the NaCl dose varies from 0 to 15 ppm. Sub-
equently, the quantity of Al3+ (coagulant) produced becomes
lmost constant. Moreover, the amount of aluminum generated
uring electrolysis exceeds the theoretical value calculated from
araday’s law. The current efficiency of aluminum dissolution

s in our case about 175%. Many works have displayed promi-
ently such excess but there was a wide spread in its measured
alue. Indeed, the current efficiency values reported in the liter-
ture ranged between 109 and 215% [14,47–50]. At least part
f the disagreements in the published data may be the result
f different conditions under which the experiments were car-
ied out (electrolyte pH and composition, electrolysis duration,
tc.). Concerning, the origin of such an excess many explana-
ions have been given in the published accounts. According to
everal authors [14,23,43,49,51] chemical attack of both anode
nd cathode can occur due to the acidity and alkalinity produced
t their vicinity, respectively:
ig. 12. Variation of the amount of aluminum released as a function of NaCl con-
entration. Electrolyte: Na2SO4 (1 g/L) + x ppm NaCl, pHi 5.4, J = 0.5 A/dm2,

TE = 30 cm2, die = 4 cm, te = 30 min, aluminum electrodes.
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4.4.2. Configuration 2: uncompartmentalized cell with a
platinized titanium anode and an aluminum cathode

Fig. 16 provides good evidence that aluminum dissolves at
the cathode. According to the Pourbaix diagram [53], aluminum
ig. 13. Variation of the amount of aluminum released as a function of initial
H. Electrolyte: Na2SO4 (1 g/L) + 100 ppm NaCl, J = 0.5 A/dm2, STE = 30 cm2,

ie = 4 cm, te = 30 min, aluminum electrodes.

at the cathode vicinity:

2Al + 6H2O + 2OH− → 2[Al(OH)4]− + 3H2 (8)

Al(OH)3 + OH− → [Al(OH)4]− (9)

This view point was not shared by others who suggested
hat efficiencies exceeding 100% could be explained by “pit-
ing corrosion” of anode caused by chloride ions present in the

edium [47,48,52]. Our results concerning this topic will be
iven subsequently.

Fig. 13 shows the amount of released aluminum versus the
nitial electrolyte pH. A sharp increase of the released amount is
learly shown in the pH range 2–3. Beyond pH 3, the variation
f the amount of dissolved aluminum seems to be not very sig-
ificant. The amount of aluminum generated during electrolysis
lways exceeds that theoretical calculated from Faraday’s law.

Fig. 14 displays the effect of current density on the amount
f released aluminum at a constant charge loading Q equal to
70 C. This charge corresponds to 5.6 Faraday/m3 of electrolyte
ccording to our experimental design. As recorded previously,
he quantity of released aluminum always exceeds that deter-

ined by the Faraday’s law. Furthermore, it is worthwhile to
ote that the difference between the experimental and theoret-
cal amounts of released aluminum is more important as the
urrent density is lower (Fig. 14).

In order to examine these findings, complementary electrol-
ses have been envisaged to discriminate the contribution of the
athodic and anodic processes as well as the chemical phenom-
na on the amount of released aluminum. Therefore, electrolyses
ith different cell configurations were carried out.
.4.1. Configuration 1: uncompartmentalized cell with an
luminum anode and a platinized titanium cathode

The variation of the amount of anodically generated alu-
inum versus current density (Fig. 15) depicts no noticeable

F
o
(
c

ig. 14. Variation of the amount of aluminum generated as a function of
urrent density at constant charge loading (Q = 270 C). Electrolyte: Na2SO4

1 g/L) + 100 ppm NaCl, pHi 5.4, STE = 30 cm2, die = 4 cm, te = 30 min, alu-
inum electrodes.

ifference between theoretical and experimental quantities of
oagulant (Al3+) released. Thus, aluminum dissolves especially
ccording to reaction (1). Consequently, neither chemical dis-
olution of aluminum by the acidity produced at the interface
node/electrolyte (see Eq. (7)) [14,23,43,49,51] nor the pitting
orrosion of anode by Cl− ions [47,48,52] are significant to
xplain the excess of released aluminum observed previously.
ig. 15. Variation of the amount of anodically generated aluminum as a function
f current density at constant charge loading (Q = 270 C). Electrolyte: Na2SO4

1 g/L) + 100 ppm NaCl, pHi 5.4, STE = 30 cm2, die = 4 cm, anode: aluminum,
athode: platinized titanium.
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Fig. 16. Variation of the amount of released aluminum at the cathode as a
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Fig. 18 shows also that cathodic process is alkalizing.
This alkalinity resulted from hydrogen evolution reaction (see
Eq. (2)).
unction of current density at constant charge loading (Q = 270 C). Electrolyte:
a2SO4 (1 g/L) + 100 ppm NaCl, pHi 5.4, STE = 30 cm2, die = 4 cm, anode: pla-

inized titanium, cathode: aluminum.

s passive in the pH range of 4–8.5. Beyond this range, aluminum
orrosion occurs in aqueous solutions since its oxide is soluble
ither in acidic and alkaline media, yielding to Al3+ ions in the
ormer and [Al(OH)4]− ions in the latter. During electrolysis,
he significant increase of the local pH at the cathode vicinity
ue to hydrogen evolution (Eq. (2)) induces “chemical” attack of
luminum and its hydroxide film, according to Eqs. (8) and (9).
nlike the anodic dissolution process, the cathode undergoes a
eneralized dissolution as shown by SEM image taken after elec-
rolysis (Fig. 17). This implies that as OH− ion concentration
ises at the cathode vicinity, uniform thinning of the aluminum
lectrode overwhelms the pitting corrosion by Cl− ions attack.

his observation is in agreement with findings of some investi-
ations dealing with corrosion of aluminum in alkaline media
40,54].

ig. 17. SEM micrography of typical surface morphology of aluminum cathode
fter electrolysis test.

F
a
N
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Furthermore, as the current density decreases the amount of
luminum generated increases (Fig. 16). Since electrolyses were
arried out at constant charge loading, the duration time of elec-
rolysis is as long as current density is low. Consequently, the
ontact time of the cathode with the local alkalinity produced at
ts surface during H2 evolution is longer. This gives rise to the
hemically generated aluminum.

It is interesting to point out that the shape of the curve, show-
ng the amount of dissolved aluminum at the cathode (Fig. 16),
s similar to that previously observed for the global quantity of
eleased aluminum (see Fig. 14). Keeping in mind that the quan-
ity of aluminum produced by electro-oxidation of the anode is
ractically equal to that theoretical and almost insensitive to
urrent density (see Fig. 15), the increase of the total quantity
f aluminum released during electrolysis (see Fig. 14) could
e ascribed to that “chemically” dissolved at the cathode (see
ig. 16).

.4.3. Configuration 3: electrolyses in compartmentalized
ell with two aluminum electrodes

For this configuration, anolyte and catholyte were separated
y a cation exchange membrane. The results obtained (Fig. 18)
eveal that the anodic process is slightly “acidifying”. This acid-
ty is mainly due to the hydrolysis of the Al3+ ions produced at
he anode (see Eqs. (4)–(6))

Electro-oxidation of water (Eq. (3)) as acidifying anodic reac-
ion mentioned by earlier papers [13,14,18,21,23] cannot be
etained in regard to our results. In fact, since the aluminum
nodic dissolution efficiency is close to unity and does not
epend on the applied current density, this secondary reaction
annot take place or is at least negligible.
ig. 18. Final pH of the anolyte and catholyte as a function of current density
t constant charge loading (Q = 270 C). Electrolyte: Na2SO4 (1 g/L) + 100 ppm
aCl, pHi 5.4, STE = 30 cm2, die = 4 cm, aluminum electrodes.
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F etic wastewater with electrocoagulation time. J = 0.5 A/dm2, STE = 54 cm2, die = 4 cm,
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ig. 19. Dissolved aluminum concentration (a) and pH (b) evolutions of the synth
luminum electrodes.

At this stage, it can be concluded that during electrolysis, the
lobal amount of coagulant (Al3+) generated in the electrolyte
as two main origins: (i) electrochemical oxidation of the anode
nd (ii) “chemical” attack of the cathode due to local alkalinity
f the electrolyte.

.5. Electrocoagulation tests

Taking into account the pH increase during electrolyses with
luminum electrodes, potentiality of EC process for removing
oluble heavy metallic species is now tested considering a syn-
hetic wastewater containing Ni2+, Cu2+ and Zn2+ ions (see
omposition Section 2). Particular focus was given to removal
fficiency of metallic species.

Fig. 19 shows the dissolved aluminum concentration (a) and
he electrolyte pH (b) evolutions during electrocoagulation. The
mount of aluminum rises in the beginning of the treatment
nd reaches a maximum of 2 ppm at 20 min of electrolysis and
hen decreases (Fig. 19a). So, residual aluminum remains at low
evel owing to the precipitation of Al(OH)3 during electrocoag-
lation treatment. Consequently, residual Al3+ species do not

ontaminate the electrolyte. The pH of the medium remains
uasi-constant at the beginning of electrocoagulation and then
ncreases (Fig. 19b). The invariability of pH – in contrast with
ts increase observed in Fig. 9 – is due to the precipitation of

m
c

d

ig. 21. “Wastewater” pH (a) and removal efficiency of Cu(II) (b) evolutions with e
luminum electrodes.
ig. 20. Effect of electrocoagulation time on the removal efficiencies of Ni(II),
u(II) and Zn(II). J = 0.5 A/dm2, STE = 54 cm2, die = 4 cm, aluminum electrodes.

etallic species which consume the alkalinity produced at the
athode.
The time dependence of removal efficiency by EC process is
epicted in Fig. 20. The removal efficiency (%) was calculated

lectrocoagulation time at different current densities. STE = 54 cm2, die = 4 cm,
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ig. 22. Variation of copper removal efficiency as a function of charge loading
or different current densities, STE = 54 cm2, die = 4 cm, aluminum electrodes.

s follows:

E =
(

C0 − Cf

C0

)
× 100

The removal efficiencies of the different metallic ions (Ni2+,
u2+ and Zn2+) increase with electrocoagulation time. More-
ver, ionic species precipitate in the following order: Cu, Ni, Zn
ccording to their solubility constant value [55]. It can be seen
hat a removal efficiency (i) up to 40 and 60%, for Zn and Cu
pecies respectively, is obtained within 20 min of the process
nd (ii) around 100% is reached at approximately 75 min of EC
reatment.

The effect of current density on “wastewater” pH evolution
nd removal efficiencies were also studied. Electrocoagulation
ests were carried out at 0.5, 1 and 2 A/dm2. As shown in Fig. 21a,
he pH invariability duration during electrolysis decreases as cur-
ent density increases. In addition, the required EC time falls,
or all metallic ions, as the current density increases. Fig. 21b
llustrates this fact in the case of Cu2+ ions. The same trend
as observed for Ni2+ and Zn2+ species (not shown). In the

ase of copper (Fig. 21b), the electrocoagulation time needed
o achieve a residual concentration of 1 mg/L – equivalent to
8% of removal efficiency – is around 60, 34 and 18 min under
.5, 1 and 2 A/dm2, respectively. Consequently, an increase of
he current density notably reduces the EC required time with-
ut inducing a strong increase of the charge loading, however.
ndeed, a small charge loading difference is observed to access to
he same removal efficiency (98%) (Fig. 22). This charge load-
ng difference could not be attributed to electrochemical parasite
eactions as reported by others [21,56] but might be relied to
recipitation kinetics of metallic hydroxides. This is in agree-
ent with the results in Section 4.4 which shown the absence

f electrochemical parasite reactions in particular water oxida-

ion. At this stage, it is noteworthy that current density is not an
ppropriate parameter for assessing metallic ions removal from
astewater and thereby charge loading should be considered as
design parameter of the process. The above conclusion shows
us Materials 150 (2008) 124–135

he advantage of using relatively high current density in order
o reduce the EC processing time and thus the EC equipment.

. Conclusion

In this study, the behavior of aluminum as electrode material
n EC process has been investigated. The effect of different oper-
ting parameters (electrolyte composition, pH, current density,
tc.) on aluminum release and cell voltage during electrolysis
ave been studied. The wide range of experiments performed
rovided evidence that:

the electrolyte should contain a minimum Cl− concentration
of about 60 ppm to breakdown the anodic passive film and
remarkably reduce the cell voltage during EC;
the electrolysis with aluminum electrodes acted as pH neu-
tralization;
no secondary electrochemical reaction, specially oxygen evo-
lution, took place at the aluminum anode and then the anodic
dissolution efficiency was unit;
the cathodic electrochemical process (hydrogen evolution)
induced a chemical attack of aluminum cathode which con-
tributed significantly to the global amount of aluminum
released.

By using different reactor configurations, we were able to dis-
riminate the amount of aluminum produced at each electrode.

An electrocoagulation treatment of a synthetic wastewater
as successfully implemented from removal efficiency point of
iew. An increase of the current density notably reduced the elec-
rocoagulation required time for the treatment without inducing
strong increase of the charge loading.

In a subsequent work, more details on electrocoagulation pro-
ess as sedimentation kinetics of metallic sludge – in relation
ith the amount of aluminum released – will be reported.

cknowledgments

The authors wish to acknowledge financial support by the
unis International Center for Environmental Technologies
CITET). Authors also would like to thank Pr. Sami SAYEDI,
he scientific coordinator of this project: “PRF Eau 2: Petites
tations de traitement: Approches innovatrices “alternatives” ”.

Thanks are due to Dr. A. Vidonne (University of Franche-
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