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a b s t r a c t

A combined electrocoagulation (EC) and electroflotation (EF) process was proposed to remove fluoride
from drinking water. Its efficacy was investigated under different conditions. Experimental results showed
that the combined process could remove fluoride effectively. The total hydraulic retention time required
was only 30 min. After treatment, the fluoride concentration was reduced from initial 4.0–6.0 mg/L to
eywords:
efluoridation
rinking water
lectrocoagulation

lower than 1.0 mg/L. The influent pH value was found to be a very important variable that affected fluoride
removal significantly. The optimal influent pH range is 6.0–7.0 at which not only can effective defluori-
dation be achieved, but also no pH readjustment is needed after treatment. In addition, it was found that
SO4

2− had negative effect; Ca2+ had positive effect; while Cl− had little effect on the fluoride removal.
The EC charge loading, EF charge loading and energy consumption were 3.0 Faradays/m3, 1.5 Faradays/m3,
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lectroflotation and 1.2 kWh/m3, respecti
0.87 mg/L.

. Introduction

Fluoride has beneficial and detrimental effects on human body.
t can help prevent dental cavities. However, long-term consump-
ion of water containing excessive amounts of fluoride can lead
o dental fluorosis and even to skeletal damage. According to the

orld Health Organization (WHO) guidelines for drinking water
uality, the fluoride concentration should be ≤1.5 mg/L. Unfortu-
ately, many countries in the world are suffering from the problem
hat the fluoride concentration in some groundwater is much
igher than the guidelines value. Such groundwater should be
efluorinated when used as drinking water. In China, the upper

imit of fluoride concentration in drinking water is only 1.0 mg/L.
herefore, more effective defluorination techniques should be used.

Nowadays, the most popular processes for drinking water deflu-
ridation are the adsorption using activated alumina [1–3], bone
har [4,5], activated carbon [6,7] and other adsorbents [8,9], and
he coagulation using aluminum salts [10]. Adsorption is effec-
ive in defluoridation, but its operation is complex. Coagulation is

imple in equipment and effective in defluoridation under proper
onditions, but large amounts of contaminants such as SO4

2− are
ntroduced to the water, especially when the fluoride concentration
s high. Other major processes for defluoridation include electro-

∗ Corresponding author. Tel.: +86 571 87951239; fax: +86 571 87952771.
E-mail address: chenxm@zju.edu.cn (X. Chen).
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under typical conditions where fluoride was reduced from initial 4.0 to

© 2008 Elsevier B.V. All rights reserved.

ialysis [11], reverse osmosis [12], and nanofiltration [13]. These
embrane processes are known to be effective means for defluori-

ation. However, a common problem is their poor selectivity. This
ot only removes the beneficial contents present in water during
efluoridation, but also increases the operational cost. Therefore,
embrane processes are only suitable for treatment of brackish
ater containing high content of fluoride, which needs both deflu-
ridation and desalination simultaneously.

In recent years, there is growing interest in EC. This technique
an be used to treat restaurant wastewater [14], textile wastew-
ter [15], electroplating wastewater [16], and fluoride-containing
astewater [17,18] effectively. It has also proven its good efficacy

or drinking water defluoridation [19,20]. EC is attractive in that no
ontaminants are introduced and beneficial contents present in raw
ater can be remained during defluoridation. The main reactions

nvolved are as following:

l → Al3+ + 3e at the anode (1)

l3+ + 3H2O → Al(OH)3 + 3H+ (2)

l(OH)3 + xF− → Al(OH)3−xFx + xOH− (3)

H2O + 2e → H2 + 2OH− at the cathode (4)
Defluoridation is achieved by forming Al(OH)3−xFx. The fine
ydrogen gas bubbles generated at the cathode can enhance F−

ass transfer and float the Al(OH)3−xFx flocs to the top of the
C unit. Since fluoride in the water is transferred to Al(OH)3−xFx,
l(OH)3−xFx must be separated effectively from the water in order

http://www.sciencedirect.com/science/journal/03043894
mailto:chenxm@zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.02.039
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Nomenclature

E energy consumption (kWh/m3 water)
EC electrocoagulation
EF electroflotation
HRT hydraulic retention time (min)
I current (A)
n number of electrodes for the bipolar electrodes sys-

tem
Q water flowrate (m3/h)
q charge loading (Faradays/m3 water)
qEC EC charge loading (Faradays/m3 water)
qEF EF charge loading (Faradays/m3 water)
UEC electrolysis voltage between two neighboring alu-

minum electrodes of EC (V)
UEF electrolysis voltage between an anode and a cathode
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of EF (V)
V total volume of the EC–EF apparatus (m3)

o achieve effective defluoridation. Nevertheless, we observed that
he hydrogen gas produced at the cathodes of an EC unit could
oat only about two-thirds of the total flocs [21]. Therefore, fur-
her effective separation of the residual flocs is very important. In
ur previous work [22], a combined EC and EF process was exam-
ned for removing fluoride from industrial wastewater. The results

ere encouraging. The fluoride concentration could be reduced
rom initial 15 to 2 mg/L without filtration.

In the present work, the combined EC and EF was proposed for
emoval of fluoride from drinking water. The major objectives of
his study are to examine the defluoridation efficacy under different
onditions, and to estimate the energy consumption required.

. Experimental

The experimental setup is schematically shown in Fig. 1.

he defluoridation apparatus consisted of an EC chamber, a
occulation-enhanced chamber and an EF chamber, with effective
olumes being 0.4, 0.5, and 0.85 L, respectively. The EC cham-
er had three aluminum electrodes, each with a dimension of
60 mm × 47 mm × 4 mm and an effective area of 64 cm2. The alu-

ig. 1. Diagram of the experimental setup ((1) EC cell, (2) flocculation-enhanced
hamber, (3) EF cell, (4) sludge chamber, and (5) DC power supply).
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inum electrodes were installed vertically, and connected in a
ipolar mode. The net spacing between the aluminum electrodes
as 4 mm. In order to enhance flocculation, four pieces of PVC
lates with holes were installed in the flocculation chamber. The
iameter of the holes varied from 1 mm at the bottom to 2 mm at
he top.

The EF chamber had two rod Ti/IrO2–SnO2–Sb2O5 anodes
nd three rod Ti cathodes with a diameter of 3 mm. These
lectrodes were installed horizontally. It should be noted that
i/IrO2–SnO2–SbO5 electrodes can only serve as anodes. When
sed as cathodes, they will fail very quickly. Therefore, the EF elec-
rode system was connected in a monopolar mode instead of a
ipolar mode. The net spacing between a Ti/IrO2–SnO2–SbO5 anode
nd a Ti cathode was 5 mm. The anodes were prepared using a
onventional thermal decomposition method. The detailed prepa-
ation procedure can been found elsewhere [23,24].

The testing water was prepared artificially by dissolving a proper
mount of NaF and other chemicals such as NaCl, Na2SO4 and CaCl2
nto deionized water. After aggregated and floated up to the sur-
ace of water in EF process, the Al(OH)3−xFx scum was removed

anually.
The pH values of water were measured with a pH meter (420A,

rion, MA). Fluoride concentrations were analyzed using a spec-
rophotometer (DR/2500, Hach, USA) at 620 nm according to the
tandard methods [25]. Total ionic strength adjustment buffer
TISAB) at pH 4.1 was used to maintain constant ionic strength and
o prevent the interference from other ions such as Al3+ and Ca2+.
esidual Al species in effluent were measured using inductively
oupled plasma (ICP, X Series II, Thermo, USA).

. Results and discussion

.1. Effect of Influent pH

It has been established that the influent pH is an important oper-
ting factor influencing the performance of the EC and EF processes
26,27]. To investigate its effect on defluoridation, the water was
djusted to the desired pH values using 0.1 M sodium hydroxide or
.1 M hydrochloric acid solution. The result is shown in Fig. 2. It was

ound that fluoride removal was highly dependent on the influent
H value. Low initial pH value was beneficial to fluoride removal.
he fluoride concentration could be reduced effectively from ini-
ial 4.0 to 0.55–0.87 mg/L in the influent pH range of 3.4–7.0. As
he influent pH value increased, the effluent fluoride concentration

ig. 2. Effect of influent pH on defluoridation (initial F− = 4.0 mg/L, EC charge
oading = 3.0 Faradays/m3, EF charge loading = 1.5 Faradays/m3, hydraulic retention
ime = 30 min).
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bubbles generated in EF because the ratio of the EC charge loading
ig. 3. Change of pH after treatment (initial F− = 4.0 mg/L, EC charge load-
ng = 3.0 Faradays/m3, EF charge loading = 1.5 Faradays/m3, hydraulic retention
ime = 30 min).

ncreased quickly. When the influent pH value reached about 7.4,
he effluent fluoride concentration increased to 1.25 mg/L. When
he influent pH increased further to about 8.0, the effluent fluoride
as beyond 1.60 mg/L.

Fluoride removal can be taken as the ion exchange of F− with
H− in Al(OH)3 as shown in Eq. (3). When OH− concentration
ecreases, the ion exchange equilibrium shifts toward the right side.
his explains why low pH value is beneficial to fluoride removal.

It is necessary to point out that the determination of the influent
H should be based not only on its effect on defluoridation, but also
n other considerations. Although low pH is beneficial to defluori-
ation, the effect trends to be small when the influent pH values
re lower than ∼6.0–7.0. In addition, if the influent pH is controlled
t a lower pH value, more acid will be added and readjustment of
H will be necessary. Therefore, it is believed that the optimum

nfluent pH is about 6.0–7.0.
Fig. 3 shows the variation of the effluent pH with the influent

H. Like the case for wastewater defluoridation [22], there was an
ncrease in pH value after treatment. When the influent pH value
as 3.4, the effluent pH value was 6.3. When the influent pH val-
es increased to 6.0–7.0, the effluent pH values were ∼7.0–8.0.
his indicates that as the influent pH is controlled at the opti-
al range recommended previously, no pH readjustment is needed

fter treatment.
The pH increase was mainly attributed to CO2 transfer [14]. At

cidic medium, CO2 was oversaturated in water and thus could
elease from water due to the disturbance of H2 and O2 bubbles
roduced at the electrodes, which caused a pH increase. In addi-
ion, fluoride ions exchanged partly with OH− in Al(OH)3 to free
H−, which also caused a pH increase [22].

.2. Effect of charge loading and initial fluoride concentration

Charge loading is defined as the charges transferred in electro-
hemical reactions for a given amount of water treated, and can be
alculated using Eq. (5) for a monopolar electrodes system, or using
q. (6) for a bipolar electrodes system:
= 3, 600I

96, 500Q
(5)

= 3, 600(n − 1)I
96, 500Q

(6)

t

t
c

ig. 4. Effects of charge loading and initial fluoride concentration on defluoridation
influent pH 7.0, hydraulic retention time = 30 min).

here q is the charge loading (Faradays/m3 water); n is the number
f electrodes for the bipolar electrodes system; I is the current (A);
nd Q is the water flowrate (m3/h). As mentioned before, EC elec-
rodes were connected in a bipolar mode, while EF electrodes were
onnected in a monopolar mode in the present work. In addition,
he EC electrodes system and the EF electrodes system shared a DC
ower supply together and were connected in series. Therefore, the
atio of the EC charge loading to the EF charge loading was fixed to
e (n − 1):1 = (3 − 1):1 = 2:1 in the present work.

Fig. 4 shows the variation of the effluent fluoride concentration
ith EC charge loading under different initial fluoride concen-

rations. As expected, the fluoride concentration in the effluent
epended strongly on the initial fluoride concentration and on the
harge loading. At the same charge loading, the effluent fluoride
oncentration increased when the influent fluoride concentration
ncreased. This is consistent with the batch result reported by
mamjomeh and Sivakumar [28]. High effluent fluoride level was
bserved for both cases at low charge loading. As the EC charge
oading increased to about 3.0 Faradays/m3, the effluent fluoride
oncentrations were reduced from 4.0 and 6.0 mg/L to 0.87 and
.35 mg/L, respectively. As the EC charge loading increased fur-
her to 3.4 Faradays/m3, the effluent fluoride concentrations were
educed to only 0.20 and 0.95 mg/L, respectively.

The importance of charge loading for fluoride removal is under-
tandable. According to Faraday’s law, the amount of the aluminum
issolved electrochemically is proportional to the charge loading.
hen the charge loading was low, the aluminum dose was not suf-

cient. In that case, only a small amount of Al(OH)3 flocs were
ormed, which could not adsorb the fluoride effectively. As the
harge loading increased, the aluminum dose increased accord-
ngly. In such a case, more Al(OH)3 flocs were formed, which could
dsorb more fluoride. As a result, the fluoride concentration in the
ffluent decreased.

The main role of EF is to separate the Al(OH)3−xFx flocs from
C. It was observed that the effluent was clear, indicating the high
eparation efficiency of EF. In addition, it was found that the effect
f charge loading to the separation efficiency was small. This was
ssentially attributed to the fact that the amount of Al(OH)3−xFx

ocs formed in EC was proportional to that of hydrogen and oxygen
o the EF charge loading was fixed to be 2:1 in the present work.
In addition to the solid–liquid separation, EF also plays an impor-

ant role in enhancing mass transfer. Usually, the residual fluoride
oncentration decreases fast initially, and then slowly as aluminum
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where HRT is the hydraulic retention time (min); V is the total
volume of the EC–EF apparatus including the EC chamber, the
flocculation-enhanced chamber and the EF chamber (m3); and Q
is the same as mentioned before. Since the charge loading can
ig. 5. Effects of coexisting ions on defluoridation (initial F− = 4.0 mg/L, influent
H 7.0, EC charge loading = 3.0 Faradays/m3, EF charge loading = 1.5 Faradays/m3,
ydraulic retention time = 30 min).

ose increases [28]. In the present work, it is found, however,
hat the fluoride concentration in effluent drops linearly as the
harge loading increases as shown in Fig. 4. This is attributed to
he mass transfer enhancement occurred in the EF chamber where
he small hydrogen and oxygen bubbles generated at the Ti and
i/IrO2–SnO2–SbO5 electrodes can cause a strong turbulence.

.3. Effect of coexisting ions

Hu and coworkers [17] reported that coexisting anions such as
O4

2− could affect wastewater defluoridation in the EC process.
ince some raw water, especially underground water, may contain
igh concentrations of coexisting ions, it is necessary to quantify
he effects of the coexisting ions on drinking water defluoridation
n the combined EC and EF process. Fig. 5 shows the dependence
f the effluent fluoride concentration on the concentrations of
hree typical coexisting ions. It was found that SO4

2− could affect
uoride removal dramatically. When no SO4

2− was present in
ater, the fluoride concentration in the effluent was 0.87 mg/L. But
hen the SO4

2− concentration increased to 250 mg/L, the fluoride
oncentration in the effluent rose to 1.85 mg/L. Hu and cowork-
rs [17] attribute the negative effect of SO4

2− on defluoridation
o the inhibition of the localized corrosion of aluminum elec-
rodes. When the corrosion of aluminum electrodes is inhibited, the
urrent efficiency decreases. This leads to a decrease in defluorida-
ion efficiency. Additionally, in our previous study for wastewater
efluoridation [22], we have analyzed the sludge produced in the
ombined EC–EF process using X-ray photoelectron spectroscopy
XPS), and found the atomic concentration of S in the dried sludge
as as high as 1.03% when the concentrations of F− and SO4

2− in the
nfluent were 15 and 96 mg/L, respectively. Therefore, we believe
hat the negative effect of SO4

2− on defluoridation is also associ-
ted with the ion exchange competition between SO4

2− and F−,
hat is:

l(OH)3−xFx + ySO4
2− = Al(OH)3−xFx−2y(SO4)y + 2y F− (7)

As the SO4
2− concentration increases, the ion exchange reaction

7) shifts to the right side, which causes a further increase in the

ffluent fluoride concentration.

It can be seen from Fig. 5 that the effect of Cl− on fluoride
emoval is small. Actually, Cl− can affect defluoridation in two dif-
erent ways. On one hand, Cl− is known to be able to rupture the
assive films of aluminum electrodes [17]. As Cl− concentration

F
i
i

aterials 159 (2008) 452–457 455

ncreased, the current efficiency of EC increased also, and there-
ore, more aluminum species were generated. This was beneficial to
efluoridation. On the other hand, there was an ion exchange com-
etition between Cl− and F− just like the case between SO4

2− and
−. As the Cl− concentration increased, defluoridation was inhib-
ted slightly. The positive role could be offset by the negative role,
nd therefore, Cl− had only little effect on the defluoridation.

It was found that Ca2+ could enhance defluorination. When no
a2+ was present in water, the fluoride concentration in the effluent
as 0.87 mg/L. But when Ca2+ concentration increased to 250 mg/L,

he fluoride concentration in the effluent was reduced to 0.23 mg/L.
he mechanisms of enhancement of fluoride removal by Ca2+ are
omplex. It is well known that fluoride is able to form the precipitate
f CaF2 with Ca2+:

a2+ + 2F− = CaF2 (8)

n fact, chemical precipitation with lime is the most common
pproach currently available for treatment of fluoride-laden indus-
rial wastewaters. Therefore, when a large amount of Ca2+ was
dded to the water, insoluble CaF2 formed, which caused an
nhancement in fluoride removal. However, it should be noted
hat the fluoride concentration in the influent was 4.0 mg/L in
xperiments, which corresponded to an equilibrium concentra-
ion of 150 mg/L for Ca2+ on the basis of the solubility product of
aF2 (1.7 × 10−10 at 25 ◦C). Apparently, no CaF2 was formed when
a2+ < 150 mg/L. In that case, the positive effect of Ca2+ on fluoride
emoval was probably associated with the coprecipitation of Al3+

nd Ca2+:

mAl3+ + nCa2+ + (3m + 2n) H2O = AlmCan(OH)3m+2n

+ (3m + 2n) H+ (9)

ince Ca2+ has strong affinity to F−, incorporation of Ca2+ into the
luminum hydroxide can enhance fluoride removal.

.4. Effect of hydraulic retention time

Hydraulic retention time is defined as below:

RT = 60V

Q
(10)
ig. 6. Effect of hydraulic retention time on defluoridation (initial F− = 4.0 mg/L,
nfluent pH 7.0, EC charge loading = 3.0 Faradays/m3, EF charge load-
ng = 1.5 Faradays/m3).
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Table 1
Residual Al in effluent (initial F− = 4.0 mg/L, influent pH 7.0, EC charge load-
ing = 3.0 Faradays/m3, EF charge loading = 1.5 Faradays/m3, hydraulic retention
time = 30 min)

Samples Residual Al in effluent (mg/L)
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ffect the fluoride removal significantly, the HRT effect was inves-
igated at a constant charge loading by varying the applied current
n proportion to the water flowrate. The result is shown in Fig. 6.
t was found that there was small effect of HRT on defluoridation.

hen HRT was 20 min, the fluoride concentration in the effluent
as 1.02 mg/L. When HRT increased to 30 min, the fluoride concen-

ration decreased to 0.87 mg/L. Beyond 30 min, the effect of HRT on
uoride removal was insignificant. Therefore, the optimal HRT was
bout 30 min.

The slight decrease in fluoride removal efficiency at short HRT
as mainly attributed to the relatively low mass transfer rate.

ssentially, the formation of Al(OH)3−xFx flocs involved a series of
teps, including the direct complex of Al3+ with F− during the initial
eriod of time, hydrolysis of the aluminum species, mass transfer
f F− from the bulk solution to the Al(OH)3 flocs, and ion exchange.
sually, most steps could be completed quickly. However, due to

he limited number of the Al(OH)3 flocs, the mass transfer of F−

rom the bulk solution to the Al(OH)3 flocs was relatively low. This
aused a decrease in fluoride removal at short HRT. In addition,
hort HRT was not beneficial to flocs separation either. In the EF
nit, water flowed downward, while the Al(OH)3−xFx flocs attached
y tiny hydrogen and oxygen bubbles moved upward. Obviously,
nly when the upward velocity of a floc exceeded the downward
elocity of the water flowrate, could the floc be separated from the
ater. When HRT was short, the velocity of some small flocs was

ower than that of the water flow. As a result, these flocs moved out
ogether with the water flow, and the effluent fluoride concentra-
ion increased.

.5. Energy consumption

The energy consumption of the combined EC and EF process can
e calculated according to Eq. (11):

= (n − 1)UECI + UEFI

1, 000Q
(11)

here E is energy consumption (kWh/m3 water); UEC is electrolysis
oltage between two neighboring aluminum electrodes of EC (V);
EF is electrolysis voltage between an anode and a cathode of EF

V). The other symbols are the same as mentioned before. Eq. (11)
an be rearranged as

= 96, 500
1, 000 × 3, 600

[
3, 600(n − 1)UECI

96, 500Q
+ 3, 600UEFI

96, 500Q

]

r E = 0.0268(UECqEC + UEFqEF) (12)

here qEC = (3,600(n−1)I)/96,500Q, the EC charge loading,
aradays/m3 water; qEF = (3,600I)/96,500Q, the EF charge loading,
aradays/m3 water.

Eq. (12) reveals that the energy consumption is determined
y charge loadings and electrolysis voltages. In the present work,
he charge loadings of EC and EF were 3.0 and 1.5 Faradays/m3,
espectively, and the voltages of EC and EF were measured to be
.6 and 14.0 V, respectively, under typical conditions where fluo-
ide was reduced from initial 4.0 to 0.87 mg/L at a conductivity
f 200 �s/cm, a CE current density of 22 A/m2, and an aver-
ge EF current density of 75 A/m2. Therefore, E = 0.0268(UECqEC +
EFqEF) = 0.0268(7.6 × 3.0 + 14.0 × 1.5) = 1.2 kWh/m3 water.

.6. Residual Al in effluent
For any drinking water treatment process using Al, residual Al is
n important consideration. In order to know the Al level in effluent,
hree samples were taken after the EC–EF apparatus run normally
or 1–2 h, and the measuring results are shown in Table 1. It can be

[

[

# 0.83
# 1.10
# 0.90

een that the residual Al in the effluent ranges from 0.83 to 1.1 mg/L,
igher than the permit value, 0.2 mg/L, of Chinese Standards for
rinking Water Quality. In industrial application, therefore, EC–EF

hould be followed by filtration, which can remove the residual Al
ffectively.

. Conclusions

The combined EC and EF process could remove fluoride from
rinking water effectively. The total hydraulic retention time
equired was only 30 min. After treatment, the fluoride concentra-
ion was reduced from initial 4.0–6.0 mg/L to lower than 1 mg/L. It
as found that the influent pH value could affect fluoride removal

ignificantly. The optimal influent pH is 6.0–7.0. In this influent
H range, not only can effective defluoridation be achieved, but
lso no pH readjustment is needed after treatment. In addition,
t was found that SO4

2− had negative effect; Ca2+ had positive
ffect; while Cl− had little effect on the fluoride removal. The EC
harge loading, EF charge loading and energy consumption were
bout 3.0 Faradays/m3, 1.5 Faradays/m3, and 1.2 kWh/m3, respec-
ively, under typical conditions where fluoride was reduced from
nitial 4.0 to 0.87 mg/L at a conductivity of about 200 �s/cm, a CE
urrent density of 22 A/m2, and an average EF current density of
5 A/m2.
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