
F
a

V
a

b

a

A
R
R
A
A

K
E
F
T
H
A

1

i
t
[
c
s
s
e
f
d
s
m
a
[
[

(
g

0
d

Journal of Hazardous Materials 179 (2010) 276–280

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

luoride removal from industrial wastewater using electrocoagulation and its
dsorption kinetics

ahid Khatibikamala,∗, Ali Torabiana,1, Fatemeh Janpoora,2, Gholamali Hoshyaripourb,3

Department of Civil and Environmental Engineering, Graduate Faculty of Environment, University of Tehran, Iran
Center for Marine and Atmospheric Sciences, Institute of Geophysics, University of Hamburg, Germany

r t i c l e i n f o

rticle history:
eceived 3 November 2009
eceived in revised form 25 February 2010
ccepted 28 February 2010
vailable online 6 March 2010

eywords:
lectrocoagulation

a b s t r a c t

Electrocoagulation (EC) process using aluminum electrodes is proposed for removing fluoride from
treated industrial wastewater originated from steel industry. Effects of different operating conditions
such as temperature, pH, voltage, hydraulic retention time (HRT) and number of aluminum plates
between anode and cathode plates on removal efficiency are investigated. Experimental results showed
that by increasing HRT, removal efficiency increases but after 5 min changes are negligible. Therefore, the
total HRT required is only 5 min. The more HRT, the more electrical current is needed in order to achieve
to constant voltage and temperature in system. In addition, it is found that pH value decreases from 6.91
to 4.6 during first 10 min but it increases up to 9.5 during 50 min. After treatment, the fluoride concen-
luoride removal

reated industrial wastewater
ydraulic retention time
dsorption kinetic

tration was reduced from initial 4.0–6.0 mg/L to lower than 0.5 mg/L. The pH of the influent is found as a
very important variable which affects fluoride removal significantly. The optimal range for the influent is
6.0–7.0 at which not only effective defluoridation can be achieved, but also no pH readjustment is needed
after treatment. Moreover, increasing number of aluminum plates between anode and cathode plates in
bipolar system does not significantly affect fluoride removal. Finally, the kinetic analysis is done for the

hat th
system which indicates t

. Introduction

Fluoride in the environment occurs through natural presence
n the earth’s crust and industrial activities, specially semiconduc-
or, electroplating, glass, steel, ceramic and fertilizers industries
1,2]. The discharge of such wastewaters lead to the fluoride
ontamination of surface and ground water. According to WHO
tandard, the optimum fluoride level in drinking water is con-
idered to be between 0.5 and 1.0 mg/L [3,4]. US EPA recently
stablished the effluent discharge standard of 4 mg/L for fluoride
rom wastewater treatment plant [5]. The effluent discharge stan-
ard of fluoride in Iran is 2 mg/L [6]. Depending on the discharge
tandards, a polishing step may be necessary. Various treat-

ent technologies based on precipitation [7], ion exchange [8,9],

dsorption [10,11], membrane process such as reverse osmosis
12,13], nanofiltration [14], Donnan dialysis [15] and electrodialysis
16,17] and electrochemical technology, including electrocoagu-
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e adsorption system obeys the second-order kinetic model.
© 2010 Elsevier B.V. All rights reserved.

lation, electroflotation and electrochemical oxidation [18], have
been proposed for removal of fluoride from wastewater. Some
researchers [19,20] have demonstrated that EC using aluminum
anodes is effective in defluorination. The combined electrocoagula-
tion and electroflotation process is successfully applied in treating
wastewater containing fluoride by Shen et al. [5]. The EC cell was a
bipolar electrode having three aluminum electrodes. They reported
that optimal retention time is 20 min. Moreover, higher charge
loading resulted in good fluoride removal efficiency. EC has been
used by Hu et al. [21] for fluoride removal wastewater from semi-
conductor manufacturers that contains large amounts of fluoride.
They reported that such wastewater can be effectively treated using
EC.

In previous studies on EC for fluoride removal, effects of using
different numbers of aluminum plates in EC cell is not conducted.
Moreover, polishing effluent of steel industrial wastewater for
fluoride removal, which is a concerning environmental issue, is
not evaluated. Besides, adsorption kinetic of the process is not
addressed, especially for bipolar reactors. The objective of the
present study is to examine the feasibility of using EC in fluoride

removal from treated steel industrial wastewater, to determine the
optimal operational conditions. In the first part, fundamentals of EC
process are presented. Second, experimental methods are reported.
Then, effects of different operational conditions consist of numbers
of aluminum plates in EC cell, pH, temperature and charges load-
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Table 1
The characteristics of treated steel industrial wastewater from Mobarake Steel
Complex.

Parameter F− Cl− SO4
2− Na+ K+ Mg2+ Ca2+ BOD COD

increases with time until fifth minute when the removal of fluo-
ride reached a plateau. Two stages can clearly be identified-namely,
a reactive and a stabilizing stage. The rate of fluoride reduction
decreases with time and eventually the fluoride becomes near zero.
V. Khatibikamal et al. / Journal of H

ng are evaluated. Finally the adsorption kinetics of the process is
nalyzed.

. Materials and methods

.1. Electrocoagulation process

Electrocoagulation (EC) has been widely used for treating urban
astewater [22], oil wastes [23], dyes [24], suspended particles

25], chemical and mechanical polishing waste [26], organic con-
aminants from landfill leachates [27], defluoridation [28] and
eavy metal containing solutions [29]. This process consists of
reating metallic hydroxide flocs within the wastewater by elec-
ro dissolution of soluble anodes, usually constituted by iron or
luminum. This method has been practiced for most of the 20th
entury with limited success. Recently, there has been renewed
nterest in the use of electrocoagulation owing to the increase in
nvironmental restrictions on effluent wastewater. It was found
hat anodized aluminum is more effective than the aluminum ion
ntroduced in the form of aluminum sulfate solution. However, pre-
iminary experience in laboratory showed that the hydrogen gas
roduced at the aluminum cathode in an electrocoagulation cell
as not so fine that could float only about 60% of the total solids.

In the electrocoagulation unit, some aluminum plates placed
etween two aluminum electrodes having opposite charges will
ndergo anodic reactions on the positive side while on the negative
ide cathodic reaction takes place. When current passes through an
lectrochemical reactor, cathodic overpotential and ohmic poten-
ial drop of the solution. The anode overpotential includes the
ctivation overpotential and concentration overpotential, as well
s the possible passive overpotential resulted from the passive film
t the anode surface, while the cathode overpotential is princi-
ally composed of the activation overpotential and concentration
verpotential. When aluminum is used as electrode material, three
ajor reactions occur in electrochemical reactor.
The oxidation reaction at the anode,

l–3e → Al3− (1)

he reduction reaction at the cathode,

H+ + 2e → H2 (2)

he hydrolysis reaction,

l3+ + 3H2O → Al(OH)3 + 3H+ (3)

he hydrolysis and polymerization of Al3+ under appropriate pH
onditions subsequently give rise to the formation of such species
s Al(OH)2+, Al2(OH)2

4+, Al(OH)3 and charged hydroxo cationic
omplexes which can effectively remove pollutants by adsorption
o produce charge neutralization, and by enmeshment in a precip-
tate. Other reactions could be observed at the cathode surface and
ring about the precipitation of the carbonate salt.

CO3
− + OH− → CO3

2− + H2O (4)

a2+ + CO3
2− → CaCO3 (5)

g2+ + CO3
2− → MgCO3 (6)

.2. Experimental method

Experiments are conducted in a bipolar batch reactor with 2
l electrodes and variable number of aluminum plates. A constant

urrent is maintained using a potentiostat in intensiostat mode.
agnetic stirring at 400 rpm is maintained a homogenous solution

n the batch reactor which contains 1.5 L of wastewater sample. In
his investigation, samples from treated steel industrial wastewater
re used, which is taken from the Mobarake Steel Complex (MSC)
Concentration
(mg/L)

5 219.6 180 135.4 4.9 16.6 56.1 8.5 35

located in Esfahan, Iran. Around 1500 m3/h of fluoride-containing
wastewater, with fluoride concentration of 5–35 mg/L is gener-
ated by the rinsing and cleaning operations in a found process.
Table 1 summarizes the characteristics of the treated industrial
wastewater. The concentration of fluoride is normally 5 mg/L and
the initial pH is 7. Experiments are carried out, at laboratory scale,
in cell equipped by 2 aluminum electrodes (anode and cathode
with 150 cm2 area) in addition with some extra aluminum plates
in order to improving coagulation. In other words, placing alu-
minum plates could result in producing more coagulant precursors
which improves the treatment process. In each run, 1.5 L treated
wastewater is fed to the electrolytic cell. At the end of the each
experiment, the solution is filtered before analysis. The membrane
filter used in this method is 0.2 �m. Fluoride is measured using
Diar 5000 (SPANDS reagent) and pH of each sample after each runs
is determined by a 720 A pH meter. The SPANDS method for flu-
oride determination involves the reaction of fluoride with a red
zirconium-dye solution. The fluoride combines with part of the zir-
conium to the fluoride concentration. This method is accepted by
the EPA for NPDES and NPDWR reporting purpose when the sam-
ples have been distilled [30]. The reported concentration for each
sample is the average of 3 times measurement.

3. Results and discussion

3.1. Effect of HRT on fluoride removal in monopolar reactor

Electrocoagulation test is first performed at fixed potential of
30 V and at difference electrolysis times. Experiments are carried
out in cell equipped with two Al electrodes (anode and cathode).
The variation of fluoride with electrolysis time is shown in Fig. 1.
Fluoride decreases with increasing electrolysis time and after 5 min
fluoride concentration decreases from 4.84 to 0.48 mg/L with a
removal efficiency of 90%. As shown in Fig. 1, fluoride removal
Fig. 1. Evaluation of fluoride removal with electrolysis time at E = 30 V.
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Fig. 2. Effect of varying number of extra plates on fluoride removal.

.2. Effect of HRT on fluoride removal in bipolar reactor

Experiments are carried out in cell equipped with two Al elec-
rodes (anode and cathode) and a variable number of Al plates
hat were located between two electrodes and performed at fixed
otential of 30 V and at difference electrolysis times. The distance of
etween each plate was 1.5 cm. The variation of fluoride with elec-
rolysis time and the effect of increasing number of plates between
lectrodes plates are shown in Fig. 2.

Fig. 2 shows that increasing number of aluminum plates in reac-
or increases the fluoride removal. When one extra plate is placed
etween electrodes, the final fluoride concentration after 5 min
eaches to 0.35 mg/L. While, in monopolar reactor the final fluo-
ide concentration after 5 min is 0.48 mg/L. Therefore, the fluoride
emoval efficiency increases from 90% to 93% by increasing num-
er of aluminum plates in reactor. But increasing number of extra
lates to 2 and 6 has negative effect on removal efficiency. After
lacing 2 and 6 plates in reactor, the final fluoride concentration
fter 5 min reaches to 0.87 and 1.06 mg/L, respectively. In other
ords, the fluoride removal efficiency decreases to 82.6% and 78.8%

fter placing 2 and 6 plates in reactor, respectively. Consequently,
n operation of EC reactors, a special attention should be pay to
ptimum number of extra aluminum plates in order to optimizing
emoval efficiency. Because adding more plates may has negative
ffect on fluoride removal. This phenomenon could be explained
egarding the fact that placing aluminum plates could result in pro-
ucing more coagulant precursors and therefore, more coagulant is
enerated. Adding more plates results in increasing in resistance of
olution and according to the Ohm rule, electric current is reduced.
herefore, although the active area increases, the concentration of
oagulant precursors decreases.

.3. Effect of electrocoagulation time on pH

The pH of a solution is one of the most important parameters
hat govern the removal of fluoride in electrocoagulation and in the
erformance of many electrochemical process and chemical coag-
lation operation [19]. Controlling the pH of the solution, however,

s very difficult during the electrocoagulation process because the
efluoridation reaction changes the pH. Moreover, controlling the

nitial pH in the electrocoagulation system is not very useful for
arying the final pH. Because of the buffer capacity of aluminum

ydroxide, the final pH and residual fluoride concentration did not
hange very much in the range of initial pH that is 4–8 in the
lectrocoagulation process [28]. Therefore, changes in pH value is
easured during the test in different times and also, with different

umber of plates which is shown in Fig. 3a. It could be seen that
Fig. 3. (a) Variations of pH in monopolar EC reactor. (b) Variations of pH in bipolar
EC reactor.

in both monopolar and bipolar cells, pH decreases from 7 to 4.68
in first 15 min and then increases until 40th minute. After 40 min
the pH reaches to 9.48 and remains relatively constant. Main rea-
sons of pH decreasing in first 15 min are alkalinity consumption by
coagulant precursors and also, H+ producing according to reactions
(1)–(3).

In acidic medium, CO2 is over saturated and released from the
wastewater due to H2 and O2 bubble ‘purge’, which causes a pH
increase. In addition, the chemical dissolution of Al (reaction (1))
will consume H+ and gives rise to the pH. As shown in Fig. 3b,
by increasing number of plates, the time of reaching to stable pH
decreases but more fluctuations occur.

3.4. Effect of voltage on fluoride removal

Operating voltage and electric current are critical in batch
electrocoagulation. According to Faraday’s law, the amount of
aluminum dissolved electrochemically is proportional to charge
loadings. When 1 F (26.8 Ah) passes through the electric cir-
cuit, 0.0224 N m3 hydrogen gas will be evolved, which is much
greater than the volume of gas released in traditional DAF. Con-
sequently, increasing current density will give rise to an increase
in charge loading and leading to increased removal of pollutants.
Furthermore, better collection efficiencies could be reached dur-
ing electroflotation by obtaining smaller bubbles with increasing
current density [18].

Voltage is the only operational parameter which can be con-

trolled directly because considering reactions (4)–(6), current will
change with time. In other word, due to increase of ohmic resistance
according to mentioned reactions, electric current would change.
Moreover, generation of salt sediments like carbonate salts on alu-
minum plate could affect the electrical current.



V. Khatibikamal et al. / Journal of Hazardous Materials 179 (2010) 276–280 279

t
a
s
o
v
a
r
b
l
o
t
a
i
r
c
F
a
o
r
3

3

g

w
t
a
i

l

T
t
f
w
t
d

Fig. 5. Second-order kinetic model plot of monopolar reactor with electrolysis time
at E = 30 V.

result obtained from the second-order kinetic model. These results
indicate that the adsorption system belongs to the second-order
kinetic model.

Table 2
Comparison between calculated qe for different reactors in second-order adsorption
isotherm at E = 30 V.

Kind of reactor qe calculated (mg) k2 (g/(mg min)) R2

Monopolar reactor 4.739 0.268 0.99
Fig. 4. Effect of voltage on fluoride removal.

In this system electrode spacing is fixed and voltage is a con-
inuous supply. Voltage directly determines both coagulant dosage
nd bubble generation rates, as well as strongly influencing both
olution mixing and mass transfer at the electrodes. Thus a set
f experiments is carried out to quantify the impact of operating
oltage on reactor performance. Fig. 4 shows the fluoride removal
s a function of voltage. It is found that the removal of fluo-
ide was increased with increasing voltage. In terms of evaluating
atch electrocoagulation as a candidate technology for providing

ow-cost, low maintenance local wastewater treatment, this set
f experiments clearly demonstrated two important results. First,
hat operating current density is the key operational parameter,
ffecting not only the system’s response time but also strongly
nfluencing the dominant pollutant separation mode. Second, these
esults indicate that running the reactor at the highest allowable
urrent density may not be the most efficient mode of operation.
or any specific application, the optimal current density will invari-
bly involve a trade-off between operational costs and efficient use
f the introduced coagulant. Moreover, changes in electrical cur-
ent with fixed voltage are evaluated. With voltage of 5, 10, 20 and
0 V, the current would be 0.15, 0.49, 0.81 and 1.32 A, respectively.

.5. Adsorption kinetics

The adsorption kinetic data of fluoride are analyzed using Lager-
ran rate equation. The first-order Lagergran model is [31]:

dq

dt
= k1(qe − q) (7)

here q is the amount of fluoride adsorbed on the adsorbent at
ime t (min), qe is the amount of fluoride adsorbed at equilibrium
nd k1 (min−1) is the rate constant of first-order adsorption. The
ntegrated form of the above equation is

og(qe − q) = log(qe) − k1t

2.303
(8)

he qe and rate constant (k1) were calculated from the slope of
he plots of log(qe − q) versus time (t). A straight line is obtained
rom the plots suggests the applicability of this kinetic model. It
as found that the calculated qe values are not compatible with

he experimental values (figure not shown here). So the adsorption
oes not obey the first-order kinetics adsorption [32].
The second-order kinetic model is expressed as:

dq

dt
= k1(qe − q) (9)
Fig. 6. Second-order kinetic model plot of bipolar reactor with electrolysis time at
E = 30 V.

where k2 is the rate constant of the second-order adsorption. The
integrated form of Eq. (7) is

1
qe − q

= 1
qe

+ k2t (10)

t

q
= 1

k2q2
e

+ t

qe
(11)

The plots t/q versus time (t) (Figs. 5 and 6) show the straight lines.
The second-order kinetic values of qe and k2 are calculated from
the slope and intercept of these plots. The correlation coefficient for
the second-order kinetic model obtained in monopolar and bipolar
reactor studies are above 0.99. Table 2 demonstrates the computed
Bipolar reactor
1 extra plate 4.878 0.396 1
2 extra plate 4.76 0.195 0.999
6 extra plate 4.76 0.161 0.999
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. Conclusion

In this research, performance of a parallel-plate electrocoag-
lation process with aluminum electrodes is investigated for the
emoval of fluoride from treated industrial wastewater originated
rom steel industry. Effect of various parameters like pH, voltage,
ydraulic retention time (HRT) and number of aluminum plates
etween anode and cathode are studied in detail. Electrocoagula-
ion is carried out for initial fluoride concentration 4.0–6.0 mg/L and
atisfactorily, after 5 min 93% removal is obtained. The adsorption
inetic data of fluoride are analyzed using Lagergran rate equation.
he adsorption process follows second-order kinetics.
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