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Abstract

A variable order kinetic (VOK) model derived from the Langmuir equation was applied to specify the kinetics of the fluoride removal reaction
for electrocoagulation (EC). Synthetic solutions were employed to elucidate the effects of the initial fluoride concentration, the applied current
and the initial acidity on the simulation results of the model. The proposed model successfully describes the fluoride removal reaction, except in a
system in which the initial concentration of the acid is less than the initial fluoride concentration. The violent change of pH companying with the
appearance of equivalence point in the titration curves should be the main reason the VOK model fails to simulate the defluoridation in the systems

with an initial acidity higher than initial fluoride concentration.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Exceeding 1.5 mg/L of fluoride in drinking water may cause
fluorosis that harms the bones and teeth [1]. Invertebrates and
fish in fresh water are also very sensitive to fluoride toxicity [2].
Over 0.5 mg/L fluoride in fresh water can detrimentally influ-
ence the upstream migration of salmon [3]. Fluorine compounds
are widely used in semiconductors, aluminum, fertilizers, glass-
manufacturing and nuclear applications [4—7]. The effluent of
those industries thus contains high levels of fluoride.

Several processes, including alum coagulation [8], adsorp-
tion with activated alumina [9], bone char or calcite [ 10], reverse
osmosis (RO), electrodialysis [11], and selective ion exchange
[12], can remove fluoride from water. Among these, coagula-
tion with aluminum salt is one of the best. An electrochemical
technique, electrocoagulation (EC), has been applied to yield
aluminum ions with aluminum anodes as a coagulant for remov-

* Corresponding author at: Graduate Institute of Environmental Engineering,
National Taiwan University, No.71 Chou-shan Road, Taipei 106, Taiwan.
Tel.: +886 2 33664377 fax: +886 2 23928821.
E-mail address: sllo@ntu.edu.tw (S.-L. Lo).

0304-3894/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2006.11.010

ing fluoride [13—15]. As the electric current passes through the
anodes, the aluminum metal is oxidized to aluminum ions. After-
ward, the aluminum ions are transformed to polymeric species
or AI(OH)3 flocs, which can co-precipitate or adsorb the fluoride
ions, as presented by the following reactions [13-19]:

(AI(OH)3-naq) + 1 TF ™~ (aqy = (AIFL(OH)3—r)nis), (1)

(AI(OH)3)u(s) + nFFi(aq)
— (AIF(OH)3-)u(s) + 171" OH™ (), (2)

where I" denotes the mole of removed fluoride ions per mole
AI(III) ions at a given equilibrium pH.

The kinetics of the EC defluoridation reaction needs to be
examined for estimating the time required for defluoridation.
Mameri et al. [14] and Emamjomeh et al. [20] reported that the
defluoridation rate of the EC process is first-order with respect
to fluoride concentration Eq. (3):

[F1(@®) = [F o exp(—Ki2), 3

where K represents the first-order rate constant and ¢ is the reac-
tion time. If the inference is true, then K should be independent
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Nomenclature
A active anode surface (m?)
[Allg  dissolved Al(III) concentration

[AllT  total aluminum dosage liberated from the anodes
(molL~1)
[AllTheo theoretical concentration of Al liberated from

anode (mol L~1)

B constant (A s)

F Faraday constant, F=96,487 (C mol! )

[F~]  fluoride concentration (molL~1)

[F"]e acceptable residual fluoride concentration
(molL~1)

[F~]o initial fluoride concentration (mol L™1)

i current density (A m~2)

1 current (A)

k Langmuir constant (L mol~!)

K first-order kinetic constant (min~1)

K pseudo-first-order rate constant (min™)

n cells number (n =6 in all systems)

pH; initial pH

pHs finial pH

t reaction time (s)

IN retention time required for [F~]¢

Vv volume (L)

Z valence (Z=3 for aluminum)

Greek letters

€Al efficiency of hydro-fluoro-aluminum formation
(%)

&c current efficiency (%)

r mole of removed fluoride ions per mole AI(III)

ions at a given equilibrium pH

Imax  maximum I”

upon the initial fluoride concentration. However, the experimen-
tal results of Mameri et al. [14] and Emamjomeh et al.’s [20]
demonstrated that K; declines as the initial fluoride concentra-
tionrise. The defluoridation of the EC process, therefore, should
be a pseudo-first-order reaction.

The defluoridation rate is related to the aluminum lib-
eration rate because AI(III) remove fluoride ions in the
EC process, as shown in Egs. (2) and (3). The fluoride
adsorption by aluminum compounds follows the Langmuir
adsorption isotherm model [8,19,21]. Therefore, a kinetic model
inferred from the Langmuir equation was developed herein to
describe EC defluoridation reaction. The effects of initial flu-
oride concentration, applied current and initial acidity on the
kinetics of the EC process with aluminum electrodes were
studied.

2. Model development

Defluoridation by aluminum flocs is ion exchange reaction
proceeds as shown in reaction 2 or 3. The ion exchange equilibria

can be specified by the Langmuir equation [8,19,21], as shown
in Eq. (4):

 Tnaxk[F7]
14 k[F]

where I'yax represents the maximum I” and & is the Langmuir
constant.

Sujana et al. [8] stated that the contact time for fluo-
ride ions and the (AI(OH)3), flocs to reach equilibrium is
approximately 2h in conventional coagulation process. How-
ever, Mameri et al. [14] found that the liberation of AI(III) is
the rate-determining step during EC defluoridation. They found
that the liberation rate of AI(III) is less than the formation
rate of hydro-fluoro-aluminum precipitate in EC defluorida-
tion, when the current density is below 200 A m~2. Therefore,
the reaction is instantaneous if the current density is less than
200 A m~2. Accordingly, if all of the A1(III) released form copre-
cipitate with fluoride, the fluoride removal rate is expressed as in

Eq. (5):
—d[F] Al
dr eal’ dr ©)

where ¢4 is the efficiency of hydro-fluoro-aluminum formation,
[Al]T represents the total aluminum dosage liberated from the
anodes. Combining Eqs. (4) and (5) yields Eq. (6).
—d[F7] . Dinaxk[F~]

diAlly M1+ kF1

: “

(6)

The rate of Al liberation from the anodes during EC can be
determined from Faraday’s law Eq. (7) [13,14,20,22,23]:

d[Al]r nl
= & s

dr ‘ZFV
where ¢. represents the current efficiency; n is the num-
ber of cells; I is the applied current; Z is the valence of

the metal of the electrode; F is Faraday’s constant; V is the
volume of the solution. Combining Egs. (6) and (7) yields

Eq. (8).
—d[F™] nl  Daxk[F]
= EA1E e ——
dr A ZFV 14 k[F]
According to Eq. (8), the defluoridation rate follows first-
order kinetics if 1/k>>[F~] and follows zero-order kinetics
if [F~]> 1/k. The order of reaction is variable. Therefore,

the above model is called the variable order kinetic (VOK)
model.

Z =3 for Al, @)

®)

3. Materials and methods
3.1. EC apparatus

Experiments were performed in a bipolar batch reactor with
seven aluminum electrodes, as displayed in the authors’ pervious
work [17]. Only the outer electrodes were connected to the elec-
tric power source to form a bipolar system. The volume (V) of
the solution in each batch was 1 L. The active area of each elec-
trode, excluding the outer electrodes, was 72 cm? (8cm x 9cm),
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and the dimensions of the outer electrodes (7cm x 7cm) were
reduced to prevent the dispersion of the electric field. Accord-
ingly, the area/volume ratio of each batch was 40.9 m~!, which
exceeded the required value reported by Mameri et al. [14]. A
constant current was maintained using a potentiostate in inten-
siostat mode. Magnetic stirring at 400 rpm helped to maintain a
homogeneous solution in the batch reactor. The temperature of
each system was controlled at 25 1 °C.

3.2. Experimental protocol

The solution used in each reaction was prepared by diluting
0.2 M chloride or 1000 mg/L of F~ stock solution. The chloride
concentration in each reaction was 5 mM to prevent the rise in
the voltage by the formation of a passive film [17]. Three dif-
ferent initial fluoride concentrations (25.0, 20.0, and 15.0 mg/L)
were used to test the influence of the initial fluoride concen-
tration. Six applied currents (4.00, 3.00, 2.00, 1.00, 0.50, and
0.25 A) were used to examine the effect of the applied current.
Controlling the pH during defluoridation in electrocoagulation is
very difficult because the defluoridation reaction releases OH™
ions, which alter pH, and the applied current may interfere with
the measurement of the pH by pH electrode. Because Al(III)
itself is a buffer and it released after the EC process starts, the
pH during EC should be closed to finial pH (pHy) rather than
initial pH (pH;). Controlling pH; in the electrocoagulation pro-
cess is not very effective in varying pHy [14,15]. Hence, the
initial acidity was varied to investigate the effect of so doing
on the kinetics of fluoride removal. A 0.1 M HCl stock solution
was used to adjust the set initial acidity (=0, 0.5, 1.0, 1.5, and
2.0 mM).

3.3. Analytical techniques

Samples were extracted each minute and then immediately
filtered through a 0.2 wm mixed cellulose ester membrane. The
concentrations of fluoride were measured using an ion chro-
matography (Dionex, DX-100). After each reaction, [Al]T and
the dissolved AI(III) concentration ([Al]g) were measured by
an atomic absorption spectrophotometer (Perkin-Elmer, AAS
800) from a digested (standard method, Section3030E) and fil-
trated sample, respectively. The theoretical concentration of Al
liberated from anode ([Al]Theo) is given by Faraday’s law Eq.
9):

nlT
[Al]Theo =

ZFV
where T is the retention time. The current efficiency (&) is
defined as follows:
[Allt
[Al]Theo ’

and the efficiency of hydro-fluoride-aluminum formation (ea1)

is defined as follows:

_ [Allq
[Allp’

Z =3 for Al, ©)]

Ec =

(10)

(1D

ear=1

157

& [Flo=25mg/L, K;=3.65x 107 5!

125
0 [Flo=20mg/L, K; =3 96x 107 5!

o075 o [Flo=15mgiL, K, = 4.83x 107 !
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Residual [F] (mM)

025

Time {min)

Fig. 1. Simulation results by FOK model in various initial fluoride concentration
systems (/=0.4 A, T=25°C, pH; =5.2).

All measurements herein in this work were undertaken in dupli-
cate to ensure the reproducibility of the data.

4. Results and discussion
4.1. Effect of the initial fluoride concentration

Fig. 1 shows the results of the simulations using the first order
kinetic (FOK) model with various initial fluoride concentrations.
The values of K| for systems with initial fluoride concentra-
tions of 25, 20 and 15mg/L, were 0.65 x 1073, 3.96 x 1073
and 4.83 x 1073 s~!, respectively. K; rose as the initial fluoride
concentration decreased, so defluoridation by EC is a pseudo-
first-order reaction. This phenomenon is in agreement with the
results obtained by Mameri et al. [14] and Emamjomeh et al.
[20].

Fig. 2 presents the results of the simulation using the VOK
model for various initial fluoride concentrations. The data were
correlated well (R2 >0.99) by VOK model, revealing the model
can successfully simulate the defluoridation in EC with vari-
ous initial fluoride concentrations. The parameters (I 'max and
k) for VOK model were not varied with initial fluoride. This
fact makes the VOK model more convenient for simulating EC
defluoridation kinetic.

0.75F

05

Residual [F-] (mM)

0.251

Time (min)

Fig.2. Simulation results by VOK model in various initial fluoride concentration
systems (I=0.4 A, I'pax =0.549, k=1520M~!, T=25°C, pH; =5.2).
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According to Eq. (8), the pseudo-first-order rate constant
(K1’) can be expressed as Eq. (12):
nl Taxk
K| =epe—-——, 12
L A Gy T k[F] (12)
The fluoride concentration ([F~]) increases with the rise of ini-
tial fluoride concentration. Therefore, K’ declines as the initial
fluoride concentration rise.

4.2. Effect of the current applied

Fig. 3 plots the simulation results obtained using the VOK
model for various applied currents applied systems. The same
parameters of the VOK model (I"max and k) were used in various
systems and the determination coefficients (R?) for all systems
exceeded 0.99. The results revealed that the VOK model can
accurately simulate the defluoridation of EC in systems with
various applied currents as long as the current efficiency can
accurately be predicated. The current efficiency, however, usu-
ally exceeds 100% due to the dissolution of Al metal from anodes
[14,17,24] and cathodes [25] and is various with current density
[14], distant between electrodes, types and concentrations of
ions in solution [17], pH and temperature, etc. It can only be
obtained by experiment.

The retention time required (#N) for an acceptable residual flu-
oride concentration ([~ ]¢) can be determined from the integral
form of Eq. (8), as follows:

il ([FJo—[F I+ : 1
= —-—----- —_ — n
N ea1€cn I Iiyax 0 ¢ k

[F o
[F~]e
Fig. 4 plots the variation of #y with current at various residual

fluoride concentrations. The results were very similar to those
obtained by Mameri et al. [14], which used Eq. (14) to estimate

IN:

. (13)

=, (14)

B
IN= —
l

where i represents the current density (i=1/A). Mameri et al.
[14] claimed that B is a constant. Comparing Eqgs. (13) and (14)

& 1=0.025A,

[ 1=0.05A,

Residual [F7] (mM)

0.5r O 1=0.14,
@ =027,
0.25F W =034,
@ =044,

0 1 1 1 1 1 L 1 L J

0o 2 4 6 8 10 12 14 16 18 20
Time (min)

Fig. 3. Simulation results using VOK model in various current applied systems
([F1o=25.0mg/L, I'pax =0.474, k=1520M~!, T=25°C, pH; =5.2).

150
1251
O [F].=1.00mM
- A [Fl.=0.75mM
= O [Fl.=0.50mM
= v F1le=0.25mM
€ 1| 1
=
50 ¢
251
O i 1
0 0.1 0.2 0.3 0.4
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Fig. 4. The variation of fy with various currents for various residual fluoride
concentration. The curves are simulation results by Eq. (13) and the dolts are
the experimental data ([F~]o=25mg/L, T=25°C).

yielded the constant B:
ZFV

1
B=—"" |(Flo—[F lo+-1
e AT ([Flo—1I ]e)+k n

[F 1o
[F7]e
Therefore, B is a function of the initial fluoride concentration
([F~]o), the ideal residual fluoride concentration ([F~ ]¢), the

number of cells (n), the area of the electrodes (A), the volume
of the solution (V) and the current efficiency (&.).

s)

4.3. Effect of initial acidity

Fig. 5 plots the results of the simulation obtained using the
VOK model for various initial acidities. Table 1 lists the param-
eters (I'max, k, &c, €a1) of the VOK model, initial and final pH
and R?. The results revealed that the VOK models could not
successfully simulate the data for systems with an initial acidity
of 0.5 or 1.0 mM.

During EC defluoridation, stoichiometrically equivalent
amounts of aluminum and hydroxyl ions were added by elec-
trolysis. If all of the hydroxyl ions react with aluminum ions to
generate (AI(OH)3), flocs, the pH of the solution should change
very little. However, as presented in Eq. (2), defluoridation lead
to the liberation of hydroxide ions, and the number of hydrox-

15-
%, ¢ [HCI]p=0.0mM
s O [HClJy=0.5mM
E 10} A [HCI]p=1.0mM
L x  [HCI]
C_:ﬂ o [HCI]
T 0.5F
[%2]
D
4
0.0 3
0 1 2 3 4 5 6 7 8 9

Time (min)

Fig. 5. Simulation results by VOK model in various initial acidity systems.
The blue, green, red, black and brown curves are the simulation curves in the
system with 0.0, 0.5, 1.0, 1.5 and 2.0 mM initial acidity, respectively (/=0.4 A,
[F~1o=25.0mg/L, T=25 °C, other operating conditions are shown in Table 1).
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Table 1
Variation of Ipax, k, R2, pHi, pHy, &c and €4 in the EC defluoridation system
with various initial acidities

Initial acidity ~ ~0.0 0.5 1.0 1.5 2.0
(mM)

I max 0.549 0.551 0.688 0.808 0.719
kM~ 1520 1520 1520 1520 1520

R? for VOK 0.992 0.917 0.926 0.995 0.995
model

pHi 5.2 33 3.0 2.6 2.4
pH¢ 9.0 8.4 8.0 6.9 5.0
& 1.25 1.42 1.53 1.46 1.47
EAl 0.863 0.970 0.992 0.993 0.763

Equivalence points

9 .
8 ;
7
.6
(=N
5 X " o
4 [HClJp=00mM O [HCl]o=0.5mM
| [HCIJo=1.0mM X [HCIJo=1.5mM
Z [HCl]o=2.0mM
2 ‘ . ) . A )
0 1 2 3 4 5 6 7 8 9

Time (min)

Fig. 6. Variation of pH with time in various initial acidity systems (/=0.4A,
[F~10=25.0mg/L, T=25°C).

ide ions liberated equals the number of fluoride ions removed.
Therefore, the defluoridation reaction in the EC process is an
antacid reaction.

Fig. 6 presents the variation of pH during EC with various
initial acidities. There was a clear equivalence point in the titra-
tion curves of the systems with an initial acidity of 0.5 and
1.0 mM, for which the simulation using the VOK model was
rather unsuccessful. The basic assumption of the VOK model
is that the parameters (I 'max, k, €A1 and &) are constants dur-
ing EC. If the equivalence point appears in the titration curve
during EC defluoridation, then the pH of solution changes very
violently and I'nax can not be regarded as a constant. Therefore,
the VOK model cannot be used for systems in which the initial
acidity is 0.5 or 1.0 mM.

The equivalence point appeared only if the concentration of
liberated OH™ ions exceeds the initial concentration of acid in
the solution. As stated above, the number of liberated hydroxyl
ions equals the number of fluoride ions removed. Therefore, the
VOK model can only be used for systems with very little acidity
or with an acidity exceeding the initial fluoride concentration.
Moreover, the pH change may also too violent if the fluoride
is too high because the defluoridation leads to the liberation
of hydroxyl ions. Therefore, VOK model may not be used for
systems with high initial fluoride concentration.

5. Conclusion

A variable order kinetic (VOK) model derived from the
Langmuir equation is developed to simulate the kinetic of the

defluoridation of EC using bipolar aluminum electrodes. The
results reveal good agreement between the predictive equation
and the experimental data. The critical parameters, I max and
k for VOK model are constants when the initial fluoride con-
centration and current vary. Another critical parameter, current
efficiency, is independent upon initial fluoride concentration
but varies with current density and needed to be obtained by
experiment.

The model cannot successfully simulate the defluoridation
in EC process if pH changes too violently and the indicator of
whether the pH changes too violently is whether the equiva-
lence point appears in the tradition curve. If the equivalence
point appears, it means pH changes too violently and the model
can not be used to simulate the defluoridation in EC process.
Furthermore, we can anticipate whether the equivalence point
appears by the difference between initial acidity and initial flu-
oride concentration. The equivalence point appears only if the
initial acidity is less than the initial fluoride concentration.
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