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Abstract

Batch experiments with bipolar aluminum electrodes and potentiodynamic polarization tests with monopolar systems

were conducted to investigate the effects of the type and concentration of co-existing anions on defluoridation in

electrocoagulation (EC) process. The results demonstrate that the type of the dominant anion directs the EC

defluoridation reaction. The defluoridation efficiency was almost 100% and most of the fluoride removal reaction

occurred on the surface of the anode in the solution without the co-existing anions, due to the electro-condensation

effect. In the solutions with co-existing anions, most of the defluoridation took place in bulk solution. The residual

fluoride concentration is a function of the total mass of Al(III) liberation from anodes and the types of the functions in

the solutions with and without co-existing anions are different. The existence of sulfate ions inhibits the localized

corrosion of aluminum electrodes, leading to lower defluoridation efficiency because of lower current efficiency. The

presence of chloride or nitrate ions prevented the inhibition of sulfate ions, and the chloride ions were more efficient.

Different corrosion types occurred in different anion-containing solutions and the form of corrosion affected the kinetic

over-potential. The bypass flow causes the decrease of current efficiency and the proportion of the bypass flow of

current increased due to a rise of the kinetic over potential and the conductivity of the solution.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Treating fluoride-containing wastewater has been an

important issue following the development of the

semiconductor industry. Dental fluorosis or skeletal

damage may occur if the concentration of fluoride ions

in drinking water exceeds 1.5mg/L [1–4]. Currently, the

cheapest way to remove fluoride ions from wastewater is

to form calcium fluoride (CaF2) by adding excess lime or

other calcium salts [5,6]. This approach, however, raises

the problem of the hardness of the water and reduces the

reusability of wastewater. The theoretical fluoride

concentration calculated from the Ksp of CaF2

(4� 10�12M3) is 8–12mg/L, determined by adding

stoichiometric amounts of calcium salt [5,6]. The treated

water, however, frequently has a much higher concen-

tration of fluoride because of slow nucleation, high ionic

strength and a combination thereof [5–7]. Consequently,

another defluoridation process must be performed after

calcium precipitation to remove residual fluoride if

stoichiometric amounts of calcium salt have been added.

Aluminum salt is a useful absorbent or coagulant for

removing fluoride [5–8]. Coprecipitation (Eq. (1)) or

adsorption (Eq. (2)) reaction may occur when aluminum

salt is added to a fluoride-containing solution:

nAl3þðaqÞ þ 3n�mOH�
ðaqÞ þ mF�

ðaqÞ

-AlnFmðOHÞ3n�mðsÞ; ð1Þ
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AlnðOHÞ3nðsÞ þ mF�
ðaqÞ

-AlnFmðOHÞ3n�mðsÞ þ mOH�
ðaqÞ: ð2Þ

The fluoride removal efficiency of a fixed amount

aluminum salt depends on pH, alkalinity, the type of

the co-existing anions, and other characteristics of the

treated water. Hao et al. [9] stated that increase of the

concentration of sulfate and other anions, which have a

strong affinity with Al(III), decreases the adsorption

capacity of fluoride onto hydrous alumina. This

competition effect may also reduce the efficiency of

defluoridation in other process using Al(III).

An electrochemical technique (electrocoagulation,

EC) has been applied to produce Al(III) with an

aluminum anode [10,11] and a process with bipolar

electrodes has been used to reduce the consumption of

energy [12]. Liu et al. [10] reported that the defluorida-

tion efficiency in the EC system exceeded that of the

traditional process due to the electro-condensation

effect. As shown in Fig. 1, the fluoride ions are attracted

to the anode by the electric force and the fluoride

concentration near the anode is higher than in the bulk
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Nomenclature

A active anode surface (m2)

D distance between electrodes (m)

[F�]0 initial fluoride concentration (kgm�3)

[F�]f final fluoride concentration (kgm�3)

[F�]res residual fluoride concentration (kgm�3)

EAP applied potential (V)

DE reaction potential (V)

DE0 standard reaction potential (V)

F faraday constant, F ¼ 96487 (Cmol�1)

I current (A)

i current density (Am�2)

mAl(R) real mass of Al(III) liberation (kg)

mAl(T) theoretical mass of Al(III) liberation (kg)

MAl molecular weight of aluminum (kgmol�1)

n cells number (n ¼ 6 in all systems)

t reaction time (s)

Z valence (Z ¼ 3 for aluminum)

ec current efficiency (%)

eF defluoridation efficiency (%)

Zak anodic kinetic over potential (V)

Zam anodic mass-transfer over potential (V)

Zck cathodic kinetic over potential (V)

Zcm cathodic mass-transfer over potential (V)

Zs potential drop of solution (V)

Zk kinetic over potential of the electrode (V)

k specific conductivity (O�1m�1)

Cl-

Cl-

Cl-

Cl-

Cl-

Al3+

Na+

Na+

Cl-

F -

F -

F -

F -

F -

F -

Al3+

Al3+

Al3+

Al3+
Al3+

Al3+

Al3+

Cl -

Cl-

  Al  anode

-

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+

+

Cl-

-

Al3+

Al3+

Al3+

Cl

Cl-

F --

F --

F --

F --

Fig. 1. Diagram of the electro-condensation effect. Anions would be attracted to the anode due to the electric force, and the

concentration of anions near the anode would be higher than in bulk solution.
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solution. However, most of the fluoride ions attracted to

the anode are replaced by other anions, if fluoride is not

the dominant anion in solution. Therefore, the defluor-

idation efficiency may decline because of the present of

co-existing anions.

The existence of passive oxide films is one of the main

problems of the EC process [13,14]. Aluminum is a very

reactive metal and owes its stability in normal environ-

ments to a protective oxide film. The film, however,

increases the applied potential and leads to a waste of

energy in the EC process. Directly measuring the

composition of the passive film is difficult because it is

so thin that making chemical or electrochemical

measurements may change the structure and properties

of the film [15]. Most of the researchers are interested in

the passivity of the film, because it determines the

corrosion rate in a certain applied potential. The most

common way to characterize the passivity of a passive

film involves the potentiodynamic polarization test. This

method scans the rate of corrosion at various applied

potentials to determine the passivity of the layer in

various oxidation-reduction states by using a monopolar

system.

The types of anions in treated water affect the

passivity and other chemical properties of the film [16–

18]. Carroll et al. [17] employed potentiodynamic

polarization test to elucidate the corrosion behavior of

aluminum in solutions that contain both chloride and

fluoride. They observed that the presence of fluoride

ions modifies the oxide layer facilitating the localized

attack by chloride. However, their experiments were

conducted in a very strong Cl� concentration (0.5M),

which is much higher than the Cl� concentration usually

presented in EC defluoridation process, and the effects

of other anions were not considered.

In summary, the type and concentration of co-existing

anions play important roles in defluoridation in EC

process. This work aims to elucidate the effects of

various co-existing anions on defluoridation in EC

process. Three kinds of common anion were tested to

discern the effects of different co-existing anions.

Monopolar and bipolar systems were used in potentio-

dynamic polarization tests and defluoridation experi-

ments. The effects of co-exiting anions on the properties

of passive films were examined by potentiodynamic

polarization tests, and the effects on defluoridation

efficiency, current efficiency and applied potential were

quantified by bipolar defluoridation experiments.

2. Materials and methods

Table 1 shows the various experimental systems in this

research. The objectives of systems 1 and 2 are to

compare the effects of various types and concentrations

of co-existing anions, respectively. Because SO4
2� ion is

one of the major factors that affect fluoride removal in

the process that involves aluminum salts [9], the effects

of SO4
2� with other co-existing anions were investigated

particularly in system 3. The solutions of each system

were prepared by a serial dilution of co-existing anions

in 0.2M stock solutions and 1000mg/L stock solution

for F� ions. The stock solutions were prepared with

reagent-grade chemicals and Millipore-Q water follow-

ing standard methods.

2.1. Bipolar defluoridation experiment

The experiments were conducted in a bipolar batch

reactor (as shown in Fig. 2) with seven aluminum

electrodes connected in parallel, as used by Mameri et al.

[12]. Only the outer electrodes were connected to the

power source, and anodic and cathodic reactions

occurred on each surface of the inner electrode when

the current passed though the electrodes. The volume

(V ) of the solution of each batch was 1L. The active

area of each electrode, excluding the outer electrodes,

was 8 cm� 9 cm=72 cm2 and the dimensions of the

outer electrodes (7 cm� 7 cm) were reduced to prevent

the electric field dispersing. Thus, the area/volume ratio

of each batch was 40.9m�1, higher than the required

value reported by Mameri et al. [12]. The distance

between each electrode was 1 cm. A constant current

(0.4A) was maintained using a potentiostat in intensio-

stat mode. The current density was 8.16� 10�3A/cm2

for the outer electrode and 5.56� 10�3A/cm2 for the

inner electrodes. Magnetic stirring at 400 rpm main-

tained a homogeneous solution in the batch reactor. The

temperature in each system was maintained at 2571�C.
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Table 1

The experimental systems for investigation of co-exiting anion

effect

System Types and concentrations of anions in solution

1 F� (25mg/L)

F� (25mg/L)+Cl� (5mM)

F� (25mg/L)+NO3
� (5mM)

F� (25mg/L)+SO4
2� (5mM)

2 F� (25mg/L)+Cl� (1mM)

F� (25mg/L)+Cl� (10mM)

F� (25mg/L)+NO3
� (1mM)

F� (25mg/L)+NO3
� (10mM)

F� (25mg/L)+SO4
2� (1mM)

F� (25mg/L)+SO4
2� (10mM)

3 F� (25mg/L)+SO4
2� (10mM)+ Cl�(1mM)

F� (25mg/L)+SO4
2� (10mM)+Cl�(10mM)

F� (25mg/L)+SO4
2� (10mM)+NO3

�(1mM)

F� (25mg/L)+SO4
2� (10mM)+NO3

�(10mM)
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Each reaction proceeded for 9min. Samples were

extracted every minute and then immediately filtrated

through a 0.2mm mixed cellulose ester membrane. The

residual fluoride concentration ([F�]res) including the

finial fluoride concentration ([F�]f) in each sample was

determined by an ion chromatograph (Dionex, DX-

100). The initial fluoride concentration ([F�]0) in each

system was 25mg/L. Eq. (3) defines the defluoridation

efficiency (eF) in each batch:

eF ¼ 1� ½F�	f=½F
�	0: ð3Þ

After each reaction, the total concentration of Al(III)

(Al(III) dosage) obtained from a digested sample

(standard method, Section3030E) was measured using

an atomic absorption spectrophotometer (Perkin Elmer,

AAS 800) to determine the real mass of Al(III)

liberation (mAlðRÞ). The theoretical mass of Al(III)

liberation (mAlðTÞ) was calculated Faraday’s law

(Eq. (4)):

mAlðTÞ ¼
n � I � t � MAl

Z � F
: ð4Þ

Eq. (5) defines current efficiency as a ratio of the mass of

liberated aluminum over the theoretical mass of

liberated aluminum:

ec ¼ mAlðRÞ=mAlðTÞ: ð5Þ

2.2. Potentiodynamic polarization test

Potentiodynamic polarization tests were conducted on

aluminum specimens exposed to various electrolytes as

shown in Table 1 using a Galvanostat/ Potentiostat

(Solartron, SI 1280B). Only the influence of types of co-

existing anion was investigated because Carrol et al. [17]

reported that the properties of the oxy-fluoride film on

the anode surface seem to be independent on the

concentration of anion in bulk solution. An area of

2.0 cm2 of each electrode was exposed to the test

solution and the distance between the two electrodes

was 2 cm. A saturated calomel electrode (SCE) was used

as the reference electrode. All experiments were per-

formed at a scan rate of 0.5mV s�1 from �1.5VSCE to
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Fig. 2. Profile of the batch reactor.
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3.0VSCE, stirring at 400 rpm at 2570.1�C. The speci-

mens were washed in distilled water before reaction.

After each test, the specimen was rinsed with deionized

water and transferred to a SEM (Hitachi, S-2400) to

obtain a microscopic image.

3. Results and discussion

3.1. Effect on the defluoridation efficiency

Table 2 shows the defluoridation efficiencies (eF), real
mass of Al(III) liberation (mAl), current efficiencies (ec),
initial and final pH values and initial and final

conductivity in various experimental systems. The eF
was close to 100% in the absence of co-existing anions,

dropping to 80–90% in the solutions that contained

both F� and Cl� or NO3
� ions and dropping to 20–60%

in the solution that contained both F� and SO4
2� ions,

respectively. It can be found in Table 2 that eF did not

change very much with Cl� and NO3
� concentrations,

but decreased as the concentration of SO4
2� ions

increased. The concentrations of Cl� and NO3
� seemed

not to influence the defluoridation process but the

concentration of SO4
2� did. It might be due to the

competition effect stated by Hao et al. [9].

As shown in Table 2, the values of eF increased with

concentration of Cl� or NO3
� ions if there is a strong

SO4
2� concentration in solution. Moreover, the defluor-

idation efficiencies in solutions containing F�, SO4
2� and

Cl� ions were higher than in solutions containing F�,

SO4
2� and NO3

� ions. The lyotropic series of the anions

for Al(III) is F�>SO4
2�
bCl�>NO3

� [19–23]. There-

fore, the affinities of Cl� and NO3
� ions with Al(III) are

too small to replace F� ions coordinating with Al(III).

Sulfate ion, therefore, is the only possible species, which

is able to replace F� ions coordinating with aluminum in

system 3. The competition effect in the last solution of

system 2 and solutions of system 3 should be almost the

same because they have the same sulfate concentration.

The defluoridation efficiencies in system 3, however,

were greater than in the last solution of system 2, and

changed with concentration of Cl� and concentration of

NO3
�. Thus, the competition effect does not explain the

fall of eF in the solutions containing both F� and SO4
2�

ions.

Fig. 3 displays images of the anode surface before and

after EC defluoridation in the system without co-existing

anions. A gelatinous deposition layer is present on the

surface of the anode after EC reaction. Moreover, the

deposited contained over 70% of the mass of liberated

aluminum and the remnants may have been the parts of

the layer lost due to the sheer force. The layer, however,
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Table 2

The defluoridation efficiency (eF), real mass of Al( III) liberation (mAl), current efficiency (ec), initial and finial pH (pHi and pHf) values

and initial and finial conductivity (ei and ef ) in system 1

Types of co-existing anions Concentration (mM) eF (%) mAl (mg) ec (%) pHi pHf ei ef

System 1

None — 100.0 120.3 99.5 7.21 9.64 0.138 0.119

Cl� 5 87.1 146.8 125.4 5.23 8.98 0.725 0.713

NO3
� 5 85.0 141.9 117.4 5.78 9.16 0.697 0.679

SO4
2� 5 32.6 35.2 29.1 5.39 8.72 1.229 1.232

System 2

Cl� 1 88.7 146.8 121.4 5.39 8.99 0.255 0.245

10 86.5 154.9 128.2 5.31 9.03 1.303 1.289

NO3
� 1 86.8 144.5 119.5 5.42 9.28 0.248 0.229

10 80.1 130.9 108.3 5.40 9.03 1.226 1.223

SO4
2� 1 67.3 97.4 80.5 5.26 9.27 0.378 0.402

10 21.1 29.4 24.3 5.39 8.66 2.220 2.210

System 3

Cl� 1 46.4 69.6 57.5 5.53 8.95 2.29 2.28

10 64.7 116.4 96.3 5.59 9.05 3.24 3.22

NO3
� 1 32.9 40.1 33.2 5.73 8.87 2.26 2.26

10 39.4 67.9 56.2 5.72 8.99 3.19 3.17

[F�]0=25mg/L in all systems; [SO4
2�]=10mM in system 3.
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was not found in other solutions. This finding demon-

strates that most of the defluoridation takes place on the

surface of the anode in the solution without co-existing

anions, perhaps because of the electro-condense effect,

which induces the accumulation of fluoride ions near the

anode and leads to surface-coprecipitation on the anode.

Most of the defluoridation reactions in the other systems

occurred in bulk solution because most of the fluoride

ions were replaced by the co-existing anions.

3.2. Effect on the current efficiency and aluminum

liberation

As shown in Table 2, ec was almost unity in the

absence of co-existing anions, and exceeded 100% in the

solution that contained both F� and Cl� or NO3
� ions,

but was less than 100% in systems that contained both

F� and SO4
2� ions. Clearly, in the solution that

contained both F� and Cl� or NO3
� ions, some reactions

attributable to Al(III) liberation occurred, while in the

systems that contained both F� and SO4
2� ions, some

reactions that restrained Al(III) liberation occurred.

Mameri et al. [12] also observed a current efficiency in

excess of 100% in the EC defluoridation process.

They claimed that this efficiency could be explained

by the ‘‘Pitting corrosion’’ phenomenon, which is a

type of localized corrosion caused by a high chloride

concentration in the solution. Foley [16] suggested

that the localized corrosion of aluminum alloys

involved four steps—(1) the local adsorption of reactive

anions, such as Cl� ions, on the oxide film; (2) the

chemical reaction of adsorbed anions with the Al(III) in

the oxide film; (3) the thinning of the film by dissolution;

(4) the direct attack of the exposed metal by water or

anions (Eq. (6)).

2AlðsÞþ6H2OðlÞ-2AlðOHÞ3ðsÞ þ 3H2ðgÞ

DE0 ¼ 1:71 V: ð6Þ

Obviously, reaction 6 increases the mass of aluminum

liberated. Nitrate ions may lead to the same reactions as

Cl� ions [16, 24] but the fluoride and SO4
2� ions may not

[25].

Fig. 4 plots the relationship between the residual

fluoride concentration and the Al(III) dosage in the

solutions containing various kinds of co-existing anions.

The Al(III) dosage is equal to the real mass of Al(III)

liberation over the volume of solution in EC process. All

the data obtained from the solutions containing

different kinds of co-exiting anions were distributed

near to the line A. These results indicate that the residual

fluoride concentration is a function of Al(III) dosage in

all the solutions containing co-existing anions in the EC

defluoridation process, and the type of the function does

not change with the type and concentration of co-

existing anions. Therefore, the decrease of eF in the

solutions containing SO4
2� ions and the rise of eF in

system 3 were both due to the change of Al(III) dosage.

Fig. 4 also demonstrates that the data of the system

without co-existing anions can be fitted as another

function of Al(III) dosage (line B) and the slope of line B

exceeds that of line A, which fact can be explained by

the electro-condensation effect. Buffle et al. [5] pointed

that the [F�]/[Al3+] ratio of the hydro-fluoro-aluminum

precipitate at a high concentration of fluoride

exceeds that at a low concentration of fluoride. As

mentioned earlier, the fluoride concentration near the

anode in the solution without co-existing anions is much

higher than that in other solutions because of the
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Fig. 3. The image of the anode surface (a) before and (b) after EC process in the system only containing fluoride ions.
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electro-condensation effect. Consequently, the fluoride

removal rate per unit of Al(III) in the solution without

co-existing anions was much higher than in other

solutions.

3.3. Effect on applied potential

Fig. 5 shows the variation of applied potential with

time in the EC defluoridation without co-existing anions

and with various types of co-existing anions. The

applied potential rose in the solution without co-existing

anions and in the solution containing both F� and SO4
2�

ions but almost remained the same in the solutions that

contained both F� and Cl� or NO3
� ions. Eq. (7)

expresses the applied potential in the EC defluoridation:

EAP ¼ nð�DE þ Zck þ Zak þ Zcm þ Zam þ ZsÞ: ð7Þ

The term DE is the equilibrium reaction potential, which

can be calculated by Nernst equation and should not

change during such a short reaction (9min) in the EC

process. The terms Zcm and Zam are the cathodic and

anodic mass-transfer over potential and can be reduced

to zero by stirring [14]. Ohm’s law (Eq. (8)) determines

the potential drop of solution (Zs):

Zs ¼ Id=Ak: ð8Þ

The current (I), the distance between each electrode (d)

and the active electrode area (A) were maintained

constant in all systems. Table 2 presents the initial and
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final conductivity in all solutions; they were almost the

same. Accordingly, Zs in each solution can be regarded

as a constant. Thus, the kinetic over potential can be

determined by Eq. (9):

Zk ¼
EAP

n
þ ðDE � ZsÞ: ð9Þ

Fig. 6 plots the variation of the kinetic over potential

with time in system 1. The kinetic over potential in the

solution without co-existing anions rose gradually from

10 to 100V. This phenomenon may be explained by the

growth of the gelatinous, deposited layer on the surface

of the anode that increases the resistance. While the

kinetic over potential in the solution that contained both

F� and SO4
2� ions rose rapidly from 30 to 70V and after

reaching 70V, a nearly constant kinetic over-potential

was observed, indicating that the properties of the

passive film changed very fast then maintained during

the EC defluoridation process.

The above results explain why ec decreased as the

concentration of SO4
2� increased. Some of the current

flowed though the solution, bypassing the bipolar

electrodes and decreasing ec because the kinetic over

potential of anodes in the solutions that contained both

F� and SO4
2� ions was very high. The bypass flow as a

proportion of the total current depends on the resistance

of bipolar electrodes and the conductivity of the

solutions. If the conductivity of the solution increases,

then the bypass flow will also increase. As shown in

Table 2, increasing SO4
2� concentration increases the

conductivity of the solution. Therefore, ec drops as the

concentration of SO4
2� increases.

3.4. Potentiodynamic polarization test

Fig. 7 presents potentiodynamic polarization curves

for various solutions. The polarization curves can be

used to discriminate whether the pitting occurs. The

current density rises slowly before pitting occurs and

rises dramatically as the pitting initiates. The critical

potential at which pitting initiates can be defined as

pitting potential. In the absence of co-existing anions, no

obvious pitting was observed and a similar phenomenon

was observed in the solution that contained both F� and

SO4
2� ions. In contrast, in the presence of Cl� and NO3

�

ions, the current density appeared to be constant below

the pitting potential and rose remarkably as the applied

potential increased above the pitting potential. More-

over, the pitting potential in the solution that contained

both F� and NO3
� ions exceeded that in the solution that

contained both F� and Cl� ions. Therefore, a higher

applied potential is required to initiate rapid localized

corrosion in solutions that contain both F� and NO3
�

ions. This fact may be due to the greater affinity of

Cl� ions for Al(III). As mentioned earlier, the

lyotropic series of the anions for Al(III) is

F�>SO4
2�
bCl�>NO3

� [19–23]. Thus, a higher poten-

tial is needed to initiate local adsorption in the solution

containing both F� and NO3
� ions. Furthermore,

although the affinity of F� or SO4
2� ions for Al(III) is

greater than Cl� ions, perhaps because of the lower

solubility of the fluoro-hydro-aluminum and sulfa-

hydro-aluminum complex, there is no obvious pitting

occurred. Therefore, the over-potential were very high in

the solution without co-existing anions and the solution

containing both F� and SO4
2� ions. The same phenom-

enon occurs in the alkaline solution [18]. It should be
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due to the fluoride and hydroxyl ions have similar size

and affinity with Al(III).

The results of the potentiodynamic polarization test

agreed with the results in Fig. 6. The kinetic over

potential of each solution in Fig. 6 can be regarded as

the applied potential in Fig. 7 at the current density

(5.56� 10�3A/cm2) in the defluoridation experiments.

The kinetic over potential in the solution without pitting

was much greater than in the solutions with pitting.

Accordingly, the kinetic over potential was much higher

in the solution without co-existing anion and the

solution containing both F� and SO4
2� ions than in

solutions containing both F� and Cl� or NO3
� ions.

Furthermore, because the pitting potential in the

solution that contained both F� and Cl� ions was much

less than in the solution that contained both F� and

NO3
� ions (�0.5V for Cl� and 1.8V for NO3

�), the

kinetic over potential in solution containing both F�

and NO3
� ions was higher than that in solution

containing both F� and Cl� ions.

Fig. 8 displays the SEM images of the anode’s surface

before (Fig. 8a) and after potentiodynamic polarization

tests. The results were coincident with those of the

potentiodynamic polarization tests. Rare obvious loca-

lized pitting occurred on the anode’s surface in the

absence of coexisting anions (Fig. 8b) or in the presence

of SO4
2� ions (Fig. 8e). This phenomenon shows that the

rate of corrosion is almost the same on all parts of the

surface of the electrode. Therefore, the electrodes

corrode uniformly. Pitting corrosion occurred in the

presence of Cl� ions (Fig. 8c). Numerous pits were

distributed on the surface of the anode but other parts of

the surface were smooth, implying that the corrosion is

localized in the solution that contain both F� and Cl�

ions. Crevice corrosion occurred in the presence of NO3
�

ions (Fig. 8d). A film with many flaws covered the

anode’s surface. The corrosion types of the two

solutions (Cl� and NO3
�) were different because of the

different chemical reactions that occurred when the bare

metal was exposed to the different solutions. The pH of

the solution that contained both F� and Cl� ions in the

pits, was 3–4 [26] due to the hydrolysis of the Al(III)

(Eqs. (10) and (11)):

AlðsÞ-Al3þðaqÞ þ 3e� DE0 ¼ 1:71 V; ð10Þ

Al3þðaqÞ þH2OðlÞ-Hþ
ðaqÞ þAlOH2þ

ðaqÞ: ð11Þ

The oxide film is soluble at such a low pH value.

Therefore, the oxide film near the pits dissolved. In the

presence of NO3
� ions, however, the electrochemical

reduction of NO3
� ions (Eqs. (12)–(14)) occurred [24,27]:

3NO3�
ðaqÞ þ 3H2OðlÞ þ 2AlðsÞ-2Al3þðaqÞ

þ3NO�
2ðaqÞ þ 6OH�

ðaqÞ DE0 ¼ 1:72 V; ð12Þ

6NO3�
ðaqÞ þ 18H2OðlÞþ10AlðsÞ-10Al3þðaqÞ

þ 3N2ðgÞ þ 36OH�
ðaqÞ DE0 ¼ 1:97 V; ð13Þ

3NO3�
ðaqÞ þ 18H2OðlÞþ8AlðsÞ-8Al3þðaqÞ

þ 3NH3ðaqÞ þ 27OH�
ðaqÞ DE0 ¼ 1:59 V: ð14Þ

All of the above reactions produce OH� ions. Therefore,

the oxide film over the crevices did not dissolve but

sometimes became thick following the precipitation of

Al(OH)3 (Eq. (12)):

Al3þðaqÞþ3OH�
ðaqÞ-AlðOHÞ3ðsÞ: ð15Þ
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4. Conclusion

The types and concentrations of co-existing anions

play important roles in EC defluoridation system. The

defluoridation reaction occurs on the surface of the

anode in the solution without co-existing anions due to

the electro-condensation effect and the defluoridation

efficiency are near 100% in this system. In the system

with co-existing anions, the defluoridation reaction takes

place in bulk solution and the residual fluoride

concentration is controlled by Al(III) dosage. Different

types of corrosion of aluminum may occur in different

anion-containing solutions. The type of corrosion of

aluminum affects the kinetic over potential. A high

kinetic over potential leads to a bypass current in the

bipolar EC system and the bypass flow as a proportion

of total current is influenced by the kinetic over potential

and the conductivity of the solution.

Knowledge of the chemical properties of the passive

film is very important for applying the EC process.

Corrosion engineers have been devoted to this field for

many years. They are interested in preventing corrosion

but the information that required for performing the EC

process is how to initiate the corrosion efficiently and

steadily. Further research is needed to yield a more

complete understanding of the mechanism of the EC

process. The effects of pH, temperature, alkalinity and

pressure should be considered.
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