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a b s t r a c t

An innovative application of external-loop airlift reactors as electrocoagulation/electroflotation cells with
Al electrodes for defluoridation of drinking water was developed. Liquid overall recirculation and mix-
ing were induced only by hydrogen microbubbles electrochemically generated from the cathode. This
application was carried out in a 20 L external-loop airlift reactor both under semi-batch and continu-
ous flow conditions. Results showed that liquid recirculation could be correlated to current density and
gas–liquid dispersion height in the separator. Experimental data obtained at optimum conditions that
favored simultaneously mixing and flotation confirmed that concentrations lower than 1.5 mg/L could be
achieved when initial concentrations were between 10 and 20 mg/L. The effects of conductivity and pH
lectrocoagulation
lectroflotation

agreed with the literature. Conversely, the low electrode surface vs. reactor volume ratio merged the for-
mation of fluoroaluminum microflocs near the electrodes to fluoride adsorption on these particles in the
riser and the separator sections, which differed from conventional EC cells. Consequently, defluoridation
could be achieved at lower energy and electrode consumptions than in the literature. An optimum cur-
rent density was defined at j = 6 mA/cm2 for pH 5, accounting simultaneously for mixing, reaction time,
yield and operating costs. A promising attempt of transposition from batch to continuous process was
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. Introduction

In drinking water, a minimum fluoride anion concentration is
eeded to prevent dental cavities, typically higher than 0.5 mg/L,
ut fluoride content must also remain lower than 1.5 mg/L to avoid
ental and skeletal fluorosis [1,2]. The cheapest way to remove fluo-
ide anions consists of the addition of calcium salts (such as lime or
alcium chloride), which induces the precipitation of calcium flu-
rine CaF2 [3,4]. However, this technique increases the hardness of
he water effluents and their fluoride content remains between 10
nd 20 mg/L. Alternative methods for defluoridation consist mainly
f chemical coagulation using aluminum salts [5], ion exchange
6], adsorption [7–11] and membrane process [12–14]. However,
hemical coagulation generates large volumes of sludge and may

elease secondary pollutants; the adsorption and ion exchange
echniques are not able to remove fluoride from water at concen-
rations higher than 5 mg/L, and the regeneration of adsorbents is
ostly; the membrane processes are expensive, their efficiency is

∗ Corresponding author. Tel.: +212 22 23 15 60; fax: +212 22 25 22 45.
E-mail address: gourich@est-uh2c.ac.ma (B. Gourich).
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otation avoids the need for a downstream settling unit.
© 2008 Elsevier B.V. All rights reserved.

overned by membrane fouling and requires regular monitoring
nd maintenance [12–15].

Recent developments have shown that electrocoagulation (EC)
onstitutes an effective and versatile tool for fluoride removal, both
n drinking water and in industrial wastewaters after CaF2 precip-
tation [16–20]. It is a process involving the in situ generation of
oagulants by dissolving electrically either aluminum or iron ion
aterials at the anode. Electrolytic gases (typically H2) are released

t the cathode. For aluminum, the main reactions during EC are:

Anode:

Al(s)
0 → Al3+ + 3e−

Cathode:

2H2O + 2e− → H2(g) + 2OH−
Although the sacrificial anodes deliver Al or Fe cations, their
issolution produces hydroxides, oxyhydroxides or polymeric
ydroxides as a function of pH [21]. These can adsorb or precipitate

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:gourich@est-uh2c.ac.ma
dx.doi.org/10.1016/j.cej.2008.08.014
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Nomenclature

Ad cross-sectional area of the downcomer (m2)
Ar cross-sectional area of the riser (m2)
e electrode gap (m)
E specific energy consumption (kWh/kg fluoride

removed)
EC electrocoagulation
EF electroflotation
F Faraday’s constant (96,487 C/mol e−)
[F−] fluoride concentration (mol/m3)
[F−]0 initial fluoride concentration (mol/m3)
g acceleration of gravity (m2/s)
h liquid height in the separator section (m)
hD dispersion height in Fig. 1 (m)
hDmax maximum dispersion height (m)
H1 axial position of the electrodes in Fig. 1 (m)
H2, H3, HS geometrical characteristics of the reactor in Fig. 1

(m)
I current (A)
j current density (A/m2)
K constant (SI)
K′ kinetic constant (mol/m3/s)
KB, KT friction factors
L, l electrode length, electrode width (m)
�mexp experimental weight loss of Al electrode (kg)
�mth theoretical weight loss of Al electrode (kg)
MAl molar mass of aluminum (0.02698 kg/mol)
P pressure (Pa)
R ideal gas constant (J/mol/K)
R2 correlation coefficient
S electrode surface area (m2)
t time (h)
T temperature (K)
U measured potential (V)
UGr superficial gas velocity in the riser (cm/s)
ULd overall liquid recirculation in the downcomer (cm/s)
ULr overall liquid recirculation in the riser (cm/s)
V reactor volume (m3)
Y fluoride removal yield (%)

Greek letters
˛ exponent
εr gas hold-up in the riser
�Al faradic yield of Al dissolution
�F efficiency of fluoride adsorption
�H2 faradic yield of H2 generation
� wastewater conductivity (S/m)
�Al specific consumption of the anode (kg Al/kg fluoride

removed)
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� max maximum of removed fluoride anions per Al3+

cations (mol/mol)

oth soluble and colloidal polluting species and promote coagula-
ion. Flocs can be removed either by settling followed by filtration,
otation or a combination of these two techniques. In practice, set-
ling is the most common option, while flotation can be achieved
y hydrogen or by air injection. Although this technology is known

or the 19th Century, the renewed interest in EC stems mainly from
ts simplicity, environmental compatibility, cost-effectiveness and
igh efficiency [21]. Indeed, in situ generated coagulants are more
ffective for pollution removal than added chemicals because they
orm microflocs that are more likely to flocculate when an electric
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eld is applied, which avoids the use of excessive amounts of chemi-
al coagulants. EC also prevents the presence of co-anions in added
hemicals, for example sulphate anions in Al2(SO4)3·18H2O [18]
nd less sensitive than conventional chemical coagulation to the
osition of injection points and consequently on mixing conditions.
dditionally, EC has been proposed to replace the conventional
hemical coagulation because the electrocoagulation process does
ot require a substantial investment, produces less waste sludge
nd improves the process efficiency [22].

However, the main deficiency of EC is the lack of dominant
eactor design and modelling procedures. Indeed, any systematic
pproach for design and scale-up was proposed, probably because
f the complexity of the interactions between electrochemistry,
olloidal forces and hydrodynamics in EC cells. For example, Mol-
ah et al. [23] described six typical configurations for industrial
C cells, but the literature reveals that most EC studies were car-
ied out in laboratory-scale cells in which magnetic stirring was
djusted experimentally to achieve good mixing conditions and for
hich the separation step by flotation/sedimentation was often
isregarded. As a conclusion, the hydrodynamics of the three-
hase gas–liquid–solid flow was never investigated, the presence
f electrolytic gases being often considered as an unnecessary com-
lication [16].

Another key problem is that fluoride removal by EC is still not
ully understood. This stems mainly from the fact that at least three

echanisms compete [20]:

Adsorption on Al(OH)3 particles:

Aln(OH)3n + m·F− → AlnFm (OH)3n−m + m·OH−

Coprecipitation:

n·Al + (3n − m)·OH− + m·F− → AlnFm (OH)3n−m

Fluoride attachment to the electrodes.

The third mechanism is closely linked to coprecipitation because
t results simultaneously from the direct coprecipitation of fluo-
oaluminum compounds on the electrode surface and from the
dsorption of colloidal particles of fluoroaluminum complexes
ormed in the vicinity of the electrode [20]. Actually, the interplay
etween these three mechanisms depends on many factors, includ-

ng electrode surface area S, reactor volume V, current density j
nd water characteristics, which explains why it is still not fully
lucidated. In conventional EC cells, the S/V ratio is high, between
0 and 40 m2/m3 [16]. Zhu et al. [20] have demonstrated that for
/V = 18 m2/m3, attachment to electrodes was primarily responsi-
le for defluoridation efficiency, while other mechanisms exhibited
nly a secondary effect. Data from the literature showed that direct
emoval on Al electrodes was promoted by the increase of current
ensity at constant operation time and by higher operation time
t constant j, but it decreased with higher [F−]0 values and in the
resence of some co-existing anions [18]. Although Mameri et al.
16] did not discuss the direct attachment of fluoride on electrodes,
hese authors claimed that fluoride removal was improved when
he coprecipitation of fluoroaluminum compounds occurred in the
icinity of the electrodes, which was enhanced by increasing the
/V ratio.

The objective of this work is therefore to demonstrate that air-

ift reactors can be versatile EC units for defluoridation purpose,

hich is a key problem in Morocco. Airlift reactors constitute a
articular class of bubble columns in which the difference in gas
old-up between two sections (namely the riser and the down-
omer) induces an overall liquid circulation without mechanical
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gitation. They have been extensively applied in the process indus-
ry to carry out both chemical and biochemical slow reactions,
ut never as EC cells. Airlift reactors present two main designs:
xternal-loop and internal-loop configurations [24]. External-loop
irlift reactors offer the advantage to allow various designs of the
as–liquid separator section, which favors gas disengagement at the
op of the reactor and maximizes consequently the overall recircu-
ation velocity at the expense of more complex reactor geometries.
heir hydrodynamics has also been extensively studied in two-
hase gas–liquid and three-phase gas–liquid–solid flows [25]. In
his work, the aim is to demonstrate that such reactors can be
sed as EC cells for defluoridation of drinking water, using only
he hydrogen microbubbles electrochemically generated from the
athode (i.e. without air injection) in order to promote good mixing
onditions and complete flotation, although they are characterized
y low S/V ratios.

. Materials and methods

.1. Reactor design

An external-loop airlift made of transparent plexiglas was used
Fig. 1). The diameters of the riser and the downcomer were, respec-
ively, 94 and 50 mm. Both sections were 147 cm height (H2 + H3)
nd were connected at the bottom by a junction of 50 mm diameter
nd at the top by a rectangular gas separator (or gas disengagement
ection) of HS = 20 cm height. The distance between the vertical axes
f the riser and the downcomer was 675 mm, which limited the

ecirculation of bubbles and particles from the riser into the down-
omer. At the bottom, the curvature radius of the two elbows was
2.5 cm in order to minimize friction and avoid any dead zone. The
iquid volume (V) depended on the clear liquid height and could

ig. 1. External-loop airlift reactor (1: downcomer section; 2: riser section; 3:
onductivity probes; 4: conductimeter; 5: analog output/input terminal panel (UEI-
C-1585-1); 6: 50-way ribbon cable kit; 7: data acquisition system; 8: electrodes;
: separator; 10: electrochemically generated bubbles).
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e varied between 14 and 20 L, which corresponded to a clear liq-
id level (h) between 2 and 14 cm in the separator section. All
he experiments were conducted at room temperature (20 ± 1 ◦C)
nd atmospheric pressure in both semi-batch and continuous flow
odes. Contrary to conventional operation in airlift reactors, no

as phase was sparged at the bottom of the riser; only electrolytic
ases (H2 microbubbles) induced the overall liquid recirculation
esulting from the density difference between the fluids in the
iser and the downcomer. Two readily available aluminum flat elec-
rodes of rectangular shape (250 mm × 70 mm × 1 mm) were used
s the anode and the cathode, which corresponds to S = 175 cm2

lectrode surface area (Fig. 1). The distance between electrodes was
= 20 mm, which is a typical value in EC cells [16]. The electrodes
ere placed in the riser, parallel to the main flow direction to min-

mize pressure drop in the riser and maximize the recirculation
elocity. The axial position of the electrode could also be varied
n the column. The distance (H1) between the bottom of the elec-
rodes and the bottom of the riser ranged between 7 and 77 cm
Fig. 1). EC was conducted in the intensiostat mode, using a digital
C power supply (Didalab, France) and recording potential dur-

ng the experiments. The width of the electrodes was maximized
y taking into account riser diameter and electrode inter-distance.
lectrode length L should be maximized to enhance mixing of dis-
olved Al and to favor the formation of H2 microbubbles, but the
ondition L < H2/4 was retained to avoid limiting the possible H1
alues. As the distance between electrodes was e = 20 mm and the
iser diameter 94 mm, it is obvious that a fraction of the liquid phase
id not circulate between the electrodes, which did not matter pro-
ided residence time in the reactor was far longer than recirculation
ime and turbulent conditions prevailed in the downcomer. A sim-
le solution would consist in increasing e, but this would reduce
lectrode surface S at constant L and voltage (i.e. energy require-
ents) would increase steeply with electrode distance [26]. Current

ensity values (j) between 2.8 and 28 mA/cm2 were investigated,
hich corresponded to current (I = j·S) in the range 0.5–5 A.

.2. Chemicals and methods

The average liquid velocity in the downcomer (ULd) was mea-
ured using the conductivity tracer technique by means of two
onductivity probes placed in the downcomer section in order to
ecord the tracer concentration resulting from the injection of 5 mL
f a saturated NaCl solution at the top of the downcomer. The dis-
ance between the probes was 90 cm (Fig. 1). The superficial liquid
elocity in the riser (ULr) was deduced from a mass balance on the
iquid phase:

Lr = ULd
Ad

Ar
(1)

n which Ar and Ad are the cross-sectional area of the riser and the
owncomer, respectively.
Experiments were carried out using typical Casablanca drink-
ng water (Table 1) in which an initial fluoride concentration [F−]0
etween 10 and 20 mg/L was obtained by adding sodium fluo-
ide NaF (Carlo Erba Réactifs, France). Electrocoagulation time was
5 min, except when longer time was required to achieve the objec-

able 1
ap water properties

H 7.85
lkalinity (◦f) 15
otal hardness (◦f) 35
urbidity (NTU) 0.15
onductivity (�S) 1600 (20 ◦C)
hloride [Cl−] (mg/L) 392
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demonstrates that ULd seems nearly independent of the nature of
soluble polluting species, but that floc stability may strongly vary
with pollutants and other compounds in water, such as dissolved
salts or colloids. As a result, Al electrodes were placed at a distance
M. Bennajah et al. / Chemical En

ive of 1.5 mg/L fluoride. Water conductivity and pH were measured
n filtered samples using a CD810 conductimeter (Radiometer
nalytical, France) and a ProfilLine pH197i pHmeter (WTW, Ger-
any), respectively. Experimental values reported in this work

orrespond to the average of two samples. Fluoride concentration
F−] was measured by means of a fluoride-selective combined elec-
rode (ISEC301F−) and a PhM240 ion-meter (Radiometer Analytical,
rance), using the addition of a TISAB II buffer solution to prevent
nterference from other ions. The water conductivity � (2.1 mS/cm)
ould be increased up to 21 mS/cm by the addition of sodium chlo-
ide NaCl. This is quite common in EC processes, as NaCl plays the
ole of supporting electrolyte and prevents electrode passivation,
hile presenting the advantages to be non-toxic and of reason-

ble cost. This addition had a negligible effect on the initial pH
f the solutions and pH could be adjusted by minute addition of
ither HCl or NaOH aqueous solutions. The effectiveness of fluoride
emoval was quantified by the removal yield Y, defined as the ratio
f fluoride removed over the initial amount of fluoride in water:

(%) = [F−]0 − [F−]
[F−]0

× 100 (2)

he evolution of turbidity over time was measured on non-filtered
amples in order to follow whether the flocs floated or were
estroyed and driven by the liquid flow using a 550IR turbidimeter
WTW, Germany). As for pH, conductivity and fluoride concentra-
ion, samples were recovered in duplicate from the liquid drain in
atch process, and from and the effluent stream under steady state
peration. The specific electrical energy consumption (E) and the
pecific electrode consumption (�Al) to achieve the desired Y value
ere calculated as follows:

(kWh/kg F−) = UI · t

VY · [F−]0
(3)

Al (kg Al/kg F−) = �Al MAl · I · t

3F · VY · [F−]0
(4)

sing cell voltage U, electrolysis time t, molar weight of aluminum
Al, Faraday’s constant F and the faradic yield �Al of Al dissolution.

Al was estimated as the ratio of the experimental weight loss of
he Al electrodes �mexp and the amount of aluminum consumed
heoretically at the anode deduced from Faraday’s law �mth:

Al = �mexp

�mth
= 3F

MAl · I · t
· �mexp (5)

or weight loss measurements, electrodes were washed using a
ilute HCl solution in order to remove deposits and dried before
eighing in triplicate. The deviation of the weight loss from the

araday’s law was between 30 ± 5% and 60 ± 5%. At the end of EC,
ludge was recovered, dried and observed using scanning electron
icroscopy equipped with an EDX detector that gave access to the

hemical composition of sludge, especially to the F/Al ratio.

. Experimental results on hydrodynamics

Experimental results highlighted that reactor hydrodynamics
as governed by two key parameters: namely the current den-

ity (j) and the gas–liquid dispersion height (hD) where hD results
rom the axial position of the electrodes H1 in the riser and the
lear liquid height in the separator (h). Other parameters, such as
onductivity and pH, did not change significantly the overall liq-
id recirculation velocity. Bubble recirculation in the downcomer

as never observed, probably because of the low liquid velocities,

ven when h was 2 cm, which confirmed that gas flow rate due to
lectrochemically generated H2 microbubbles was far lower than in
onventional airlift applications. The same stands for bubble diam-
ters that ranged between 50 and 100 m, far smaller than sparged

F
(

ing Journal 148 (2009) 122–131 125

ir bubbles even in non-coalescing media, with a flotation speed
stimated from Stokes law between 1 and 5 mm/s. As a result, only
he gas hold-up in the riser εr will be considered. εr is defined as the
as volume fraction in the aerated region of the riser; however, εr

alues could not be estimated precisely in this work because they
ere too low to be measured experimentally. This means that the
ispersion height could not be distinguished from the clear liquid
eight. Indeed, using Faraday’s law, the superficial gas velocity in
he riser UGr could be estimated using:

Gr = 1
Ar

· �H2 I

2F
· RT

P
(6)

n which �H2 is the faradic yield of H2 generation, T is the operation
emperature and P is atmospheric pressure. Even using �H2 = 2.2,
he highest value reported by Khemis et al. [27], UGr values were
lways lower than 1 mm/s in this work. Using the correlations
rom the literature on airlift reactors [24], εr should be negligible.
evertheless, these correlations do not consider the case of electro-
hemically generated microbubbles with a low slip velocity, which
ncreased their residence time in the riser. As a result, εr was weak
n the riser, but far higher than predictions obtained from classical
orrelations available for airlift reactors [24].

Measurements of the liquid recirculation velocity in the down-
omer ULd for h = 14 cm are reported in Fig. 2 for two axial positions
f the electrodes that correspond roughly to the bottom (H1 = 7 cm)
nd the middle (H1 = 47 cm) of the riser as a function of j. For
1 > 77 cm, i.e. when the electrode position approached the top of

he riser, liquid recirculation vanished. Due to the low velocity val-
es and the high residence time in the gas–liquid separator section,
easurements of mixing time and circulation time were not precise

nough to be reported, although these quantities are directly linked
o the superficial liquid velocity. On the other hand, turbidity mea-
urements in the downcomer showed that complete flotation was
chieved only when H1 > 56 cm, regardless of j, in the range studied
hen h was 14 cm. This confirmed that flocs break-up or erosion did
ot occur when ULd was lower than 4–5 cm/s. A comparison with a
revious work on the decolorization of textile dye wastewater in the
ame setup [28] shows two interesting points: ULd vs. j values were
imilar for both waters, but floc erosion could be avoided when ULd
as lower than 8–9 cm/s in the presence of dispersive dyes, which
rovided a larger range of H values for Essadki et al. [28]. This
ig. 2. Influence of the axial position of the electrodes (H1) and of current density
j) on the overall liquid recirculation ULd (h = 14 cm; initial pH: 7; [F−]0 = 15 mg/L).
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1 = 58 cm from the bottom of the riser in this work, which max-
mized the overall liquid recirculation velocity. This ensured that
urbulent conditions just prevailed in the downcomer, which was
ecessary to achieve good mixing conditions, as the gap between
lectrodes was lower than riser diameter in order to reduce voltage
nd therefore energy supply.

A model based on Chisti’s equation [24,29] was developed to
orrelate ULd, hD and j. When gas hold-up in the downcomer is
egligible, the energy balance model reduces to:

Lr = ULd
Ad

Ar
= (2ghDεr)

0.5 ·
[

KT(1 − εr)
−2 + KB

(
Ar

Ad

)2
]−0.5

(7)

n which hD corresponds to the dispersion height, while KT and KB
ccount, respectively, for the effects of pressure drop in the riser
nd in the downcomer. This expression could be modified to take
nto account that only a fraction of the riser was aerated with εr � 1
nd that the friction factor was nearly constant:

Ld = K · (εrhD)0.5 (8)

here hD is the distance from the surface for which a gas phase
an be observed in the riser (Fig. 1) and K is a constant. As men-
ioned above, at constant H1, hD should be nearly independent of
as flow rate when εr � 1. On the basis of empirical correlations
rom the literature [25], εr should vary with superficial gas veloc-
ty UGr as U˛

Gr with ˛ between 0.5 and 0.6 in external-loop airlift
eactors. As gas flow rate should be proportional to current, this
ives ULd ∼ I˛/2. Experimental data was fitted for each H1 value as a
unction of j using the Levenberg–Marquardt algorithm. The opti-

ization procedure lead to ˛ = 0.4 ± 0.02. Using data at hDmax as a
eference (hDmax is the maximum dispersion height corresponding
o H1 = 7 cm), the influence of H1 was expressed through the ratio
D/hDmax . The optimization procedure using experimental data lead
o a simplified model with ULd ∼ (hD/hDmax )0.6±0.1 The small range
f hD values available in this work was probably responsible for the
arger error on the exponent estimation. One found finally:

Ld = 3.7 · 10−2 ·
(

hD

hDmax

)0.6

· j0.20 (9)

he good agreement between predictions and experiments is illus-
rated in Fig. 2. The fitted parameter ˛ = 0.40 was a bit lower than
xpected from theoretical considerations, but this result is how-
ver satisfactory if one considers that the correlations used for
omparison are based on UGr values far higher than those of this
ork.

Dispersion height hD could also be modified by varying the clear
iquid height in the gas–liquid separator section (h). Experimental
esults at constant H1 confirmed the validity of Eq. (9). The influence
f h on hD in the range studied (between 2 and 14 cm) was however
ar weaker than that of H1, about ±10% of ULd values. Nevertheless,
ow h values could lead to particle recirculation in the downcomer,

hich had to be avoided. For instance, when h was equal to 2 cm,
he sludge occupied almost the total volume of the disengagement
ection, allowing the flocs to be driven by the liquid flow. As far as h
as increased, the flotation layer thickness at the surface occupied
decreasing volume fraction of the disengagement section, which

imited floc break-up and erosion in the separator. Finally, complete
otation without floc recirculation was achieved when h was higher
han 6 cm, probably because of the large distance between the riser

nd the downcomer. Experimental data, not reported, is similar
o that of Essadki et al. [28] for decolorization in the same airlift
eactor.

As a conclusion, liquid recirculation with good mixing con-
itions and complete flotation could be achieved using only the
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lectrochemically generated microbubbles, provided the Al elec-
rodes were adequately placed in riser. The clear liquid height could
e used to adjust precisely the desired velocity, but h presents a
inimum value in order to obtain complete flotation conditions. In

his work, H1 = 58 cm and h = 14 cm were retained, which allowed to
ork with ULr about 1.5 cm/s. Using this value, a rough estimation of

he minimum circulation time that could be achieved was less than
min. As mixing time in external-loop airlift reactors is known to
e about five circulation times [30,31], the EC time retained, 35 min,
orresponded roughly to 12 circulation time and was high enough
o maintain adequate mixing conditions. The above results justify
lso the choice of an external-loop airlift reactor because its geom-
try permits large distances between riser and downcomer in order
o favor complete flotation, which is not possible in internal-loop
irlift reactors.

. Application to defluoridation

.1. Efficiency of batch treatment

The objective was to achieve final [F−] values lower than
.5 mg/L. Using the optimized position of the electrode defined in
ection 3 (H1 = 58 cm and h = 14 cm), the respective influences of the
perating conditions of EC (such as current density, operation time,
nitial fluoride concentration [F−]0) and of the physicochemical
roperties of water before treatment (such as initial pH and con-
uctivity) were investigated in order to achieve the objectives by
omplete flotation. For all the defluoridation experiments reported
elow, complete flotation was always observed with H1 = 58 cm
nd h = 14 cm. Indeed, turbidity values remained low in the down-
omer, which confirmed that the flocs were stable over time. �Al
as always between 1.3 and 1.6; it decreased when operation time

nd current density were increased, which is in agreement with the
iterature [27,28]. This mass overconsumption of aluminum elec-
rodes has often been attributed to the chemical hydrolysis of the
athode that is increased by corrosion pitting phenomenon in the
resence of chloride anions.

In the airlift reactor of this work, the S/V ratio was far lower
0.875 m2/m3) than in a conventional EC cell, which should favor
he mechanisms that involve the bulk, i.e. purely chemical copre-
ipitation or, more likely, adsorption, according to Mameri et al.
16]. Indeed, EC in the airlift reactor differs significantly from con-
entional EC cells:

Experimental results show that increasing j at constant [F−]0
values modified only slightly defluoridation above 5.7 mA/cm2

and the effect became negligible above 8.6 mA/cm2 during the
first 15 min. Such a phenomenon had already been reported by
Mameri et al. [16], but for current density above 20 mA/cm2 for
S/V = 6.9 m2/m3, and it was reported to stem from the fact that
adsorption in the bulk became the limiting step.
At constant current density (j = 17 mA/cm2) and various [F−]0
values, a zero-order kinetics was observed in the airlift reac-
tor (Fig. 4), whereas conventional EC follows usually first-order
kinetics [16,32]. Additionally, the slope corresponding to the zero-
order mechanism in Fig. 4 was nearly independent of [F−]0.

However, if a purely chemical coprecipitation mechanism fol-
owed by adsorption played the key role, the results of Figs. 3 and 4
ould be similar to a chemical coagulation operation. This assump-
ion must be rejected, first because EC has always been reported to
e more efficient than chemical coagulation for defluoridation (see
ection 1), but also because the airlift reactor is more efficient than
onventional EC cells to carry out fluoride removal. For example,
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Fig. 3. Influence of j on F− rem

comparison with the data of Emamjomeh and Sivakumar [32]
hows that the need for dissolved Al cations was far lower in the
irlift reactor: 25 min operation at 50 A/m3 water were required in
his work for j = 5.7 mA/cm2, while these authors needed between
0 and 60 min and between 273 and 683 A/m3 for similar initial
H and initial fluoride concentration to achieve 1.5 mg/L. Similarly,
comparison with the data of Shen et al. [19] shows that they

equired 5–6 Faradays/m3 to achieve 1.5 mg/L with [F−]0 between
0 and 15 mg/L, while this work needed 1.5–3 F/m3 for the same
bjective. Finally, a comparison of the F/Al mass ratio of the sludge
n this work with the data of Hu et al. [18] for the closest operating
onditions (pH, fluoride initial concentration and co-anions) shows
hat their value was about 0.15, while it was about 0.2 in the airlift
eactor after 35 min operation for nearly the same fluoride removal
fficiency. As a result, the above-mentioned considerations demon-
trate clearly that EC in the airlift reactor is neither limited by the
ormation of fluoroaluminum complexes near the electrodes, as in
onventional EC cells [16,18], nor by the purely chemical coprecipi-
ation of Aln(OH)3n followed by adsorption in classical coagulation
peration.
Actually, defluoridation in the airlift reactor seems to take bene-
ts from the electrogeneration of fluoroaluminum complexes, as in
onventional EC cells. Indeed, in situ generated coagulants are more
ffective for pollution removal than added chemicals because they

i
[
m
z

Fig. 4. Influence of [F−]0 on F− removal (initia
(initial pH 7; [F−]0 = 15 mg/L).

orm microflocs that are more likely to flocculate when an elec-
ric field is applied. In the airlift reactor, electrodes generate highly
ctive fluoroaluminum microflocs, but locally. Then, in the riser
nd the separator sections, these microflocs can adsorb additional
uoride anions without energy and Al requirements. The fact that
dsorption may be the limiting step near the electrodes is counter-
alanced by the long residence time of the particles in the riser and
he separator. Finally, the low S/V ratio enhances fluoride removal in
he bulk on already formed fluoroaluminum solid particles, which
equires no additional current and consequently less power than
he electrochemically driven coprecipitation of fluoroaluminum
ompounds on or at the vicinity of the electrode surface in conven-
ional EC cells. Additionally, no mechanical mixing is required in
he airlift reactor. As a result, power requirements should be lower
n the airlift reactor. This will be confirmed quantitatively in the
ext section.

The role of adsorption far from the electrodes as a mecha-
ism complementary to the electrogeneration of fluoroaluminum
omplexes for fluoride removal is particularly corroborated by the
ero-order kinetics of Fig. 4. In the literature, this kind of kinet-

cs may be analyzed in relation to a model developed by Hu et al.
33]. This assumes a F− adsorption mechanism based on a Lang-

uir isotherm and corresponds to a variable-order kinetics that is
ero-order at high fluoride concentration with a kinetic constant K′

l pH 7; current density: j = 17 mA/cm2).
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Fig. 5. Influence of initial pH on F− removal (a) and pH evolut

qual to:

′ = �Al�F
I

3FV
�max (10)

n which �F is the efficiency of fluoride adsorption and � max

he maximum of removed fluoride anions per Al3+ cations
mol/mol). Conversely, the kinetics tends to be first-order at low
F−] values. In Fig. 4, the slope of the linear region is about
.75 ± 0.05 mg L−1 min−1 for I = 3 A, regardless of [F−]0. A com-
arison with the theoretical values of Hu et al. [33] cannot be
traightforward because the range of initial pH used by these
uthors differs from that of this work, but it gives K′ between
.4 and 0.7 mg L−1 min−1 using � max between 0.55 and 0.81 and
F between 0.86 and 1, which is in fair agreement with our
ata.

As a result, the decrease of removal efficiency due to the small
/V ratio that could be expected in the airlift reactor is overshad-
wed by two main mechanisms:

The above-mentioned zero-order kinetics that maintains the
minimum necessary time for F− removal in order to achieve
1.5 mg L−1 or less residual fluoride in the effluents.
The recirculation in the loop with a circulation time a bit lower
than 3 min (which means that water is treated about 12 times in
35 min) and the complete separation of the flocs by flotation in
the separator section at each recirculation.

Finally, all these results and analyses confirm that EC reac-
ors with low S/V ratios are adequate tools for defluoridation
ecause they favor F− removal in the bulk on electrogenerated
uoroaluminum complexes, which is less mass- and energy-
onsuming than the direct electrochemical fluoride removal
n or in the vicinity of electrodes located everywhere in the
eactor.

Conversely, fluoride removal by direct attachment on electrodes
hould play only a secondary role in the airlift reactor due to the
ow S/V ratio. The reduction of the influence of this mechanism
an be roughly quantified. For Zhu et al. [20], it could contribute
p to 80% of the efficiency of fluoride removal in conventional EC

ells. Although electrode material is not exactly the same, the max-
mum fluoride anion adsorbed on electrodes in the work of [20]
as 0.05 mg/m2 electrode. Using the S, V and initial concentration

alues of our work, electrodes could remove only 0.5 mg/L fluoride
nion for [F−]0 between 10 and 20 mg/L in the airlift reactor. Direct

t
c
c
s
t

ith time (b) ([F−]0 = 15 mg/L; current density: j = 17 mA/cm2).

ttachment on electrodes and coprecipitation near the electrodes
an however explain the change of the kinetics of fluoride removal
n the airlift reactor observed for j > 6 mA/cm2 when [F−] was lower
han 3 mg/L (Fig. 3). Similarly, defluoridation is probably limited
y the coprecipitation of fluoroaluminum complexes near the elec-
rodes when j < 6 mA/cm2 (Fig. 3). These behaviors may therefore be
nterpreted as transitions characterizing a change of the mechanism
overning defluoridation.

Contrary to current and [F−]0, the effects of pH and conduc-
ivity agreed with the literature on EC. The influence of the initial
H is reported in Fig. 5a. pH varied also with time during EC and
ould either increase or decrease as a function of the initial pH value
Fig. 5b). Experiments up to initial pH 7 lead to a pH increase, but
hen initial pH higher than 8, pH exhibited a decrease vs. time.

his confirms the results of Mameri et al. [16] who found that EC
xhibited a buffering effect and that pH tended towards 7.6, where
he fluoroaluminum complexes present the maximum stability. In
his work, the optimum initial pH was between 4 and 5.2, which
greed qualitatively with the data of Hu et al. [33]. Similarly, Mameri
t al. [16] found that optimum initial pH was around 5. The influ-
nce of water conductivity is illustrated by Fig. 6a. An increase of �
y NaCl addition favored F− removal. This behavior has been often
bserved in the literature on EC and can be attributed to the effect
f chloride anions that prevent electrode passivation and avoid the
recipitation of carbonates [16]. Another advantage is that voltage,

.e. power requirements, decrease when � increases at fixed j. Volt-
ge is linked to current density by the model developed by Chen et
l. [26] for non-passivated flat electrode (Eq. (11)) that fits very well
xperimental data up to 20 mA/cm2 (Fig. 6b), regardless of [F−]0 and
H.

= −0.76 + e

�
j + 0.20 · ln(j) (11)

ne should note that this equation takes also into account the effect
f electrode gap e. However, an excessive amount of NaCl (higher
han 3 g/L) is known to induce overconsumption of the aluminum
lectrodes due to corrosion pitting and Al dissolution may become
rregular [34]. Additionally, high chloride content exceeds usually

he maximum concentration tolerated in waters destined to human
onsumption. As a conclusion, � about 5 mS/cm seems a reasonable
ompromise because it offers a moderate value of electrical con-
umption by Joule effect, while preventing a rapid degradation of
he electrode surface.
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Fig. 6. Influence of � on F− removal (a) at pH 7 and

.2. Energy consumption and cost

In order to optimize EC, two parameters must be taken into
ccount: the cost of the sacrificial anode and that of energy sup-
ly. The E and �Al specific parameters (Eqs. (3) and (4)) calculated
t the minimum time required to achieve the objective of 1.5 mg/L
an be used to estimate both. They are illustrated in Fig. 7 for
F−]0 = 15 mg/L without NaCl addition, both as a function of ini-
ial pH and j. Energy costs increased continuously as a function of
urrent density (Fig. 7a) because the decrease of the time neces-
ary to achieve fluoride removal (Fig. 3) did not compensate the
ncrease of power supply that varied roughly as j1.5. On the other
and, �Al was nearly constant between 2 and 6 mA/cm2. This could
e attributed to a decrease of EC effectiveness at low j values, but
lso to the reduction of the overall liquid velocity and of the mixing
fficiency in the reactor (Eq. (9)). Power requirements could also
e reduced by increasing water conductivity, which varied roughly
s 1/�, but this increase is limited and the additional cost of NaCl
hould also be taken into account. pH adjustment around 5 seems
herefore cheaper and more effective (Fig. 7b). As 1 kg electrode

aterial is about 30 times more expensive than 1 kWh electric-
ty, one can consider that pH 5 and j = 6 mA/cm2 correspond to the

ptimum conditions. Indeed, the need for initial pH change is min-
mum and this current density gives reasonable reaction times and
Ld values around 4–5 cm/s (Fig. 2), which is enough to maintain
dequate mixing conditions in the reactor. Additionally, the adjust-
ent of initial pH is easy because the amount of buffering species

T
p
s
c
w

ig. 7. Evolutions of specific energy (E) and electrode (�Al) consumptions vs. j and pH ([F−
mA/cm2, and of current density j on voltage U (b).

n drinking water is usually weak and final pH is above 6 (Fig. 5b)
ue to the buffering effect of EC process, which avoids the need for
ownstream pH adjustment. As a rule of thumb, EC requires 1 kg
luminum per kg fluoride to achieve the objective in 10 min at ini-
ial pH between 4 and 5, which is not much if one considers both
he toxicity of fluoride and the low fluoride content to remove from
ater (lower than 20 mg/L). This value agrees with the F/Al mass

atio in the flocs recovered for the conditions at the end of EC time,
5 min, which is about 0.32. Indeed, additional Al released from the
lectrodes should first eliminate the residual fluoride concentration
Fig. 5) and then dilute fluoride in the flocs: calculations based on
F−] = 1.5 mg/L and F/Al ≈ 1 after 10 min EC give an estimated F/Al
alue about 0.3 with the assumption [F−] = 0 after 35 min EC, which
atches perfectly the experimental value.

.3. Transposition to continuous operation

For water distribution, the batch mode operation is usually of lit-
le usage. However, it constituted a necessary step, as defluoridation
n airlift reactors had never been reported up to now. As ULd was a

eak function of j (Eq. (9)), circulation and mixing times could be
ssumed to be nearly constant, with a circulation time about 3 min.

he net liquid flow rate was fixed at 1 L/min with a liquid injection
oint in the junction at the bottom of the riser, while the effluent
tream was recovered from the junction at the bottom of the down-
omer. The net flow rate corresponded to a residence time of 20 min,
hich is higher than five circulation times. Additionally, this value

]0 = 15 mg/L) based on the minimum time to achieve the objective ([F−] = 1.5 mg/L).
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ig. 8. Experimental results of continuous defluoridation process (pH 7, [F−]0 = 20 m
ensity on removal yield under steady state conditions.

id not modify significantly the liquid recirculation velocity mea-
ured in batch conditions, about 0.2 cm/s in the riser. We used the
ssumption that the operation could be transposed to continuous
ow condition if the residence time was higher than the operation
ime needed for batch conditions. To reach more rapidly steady
tate conditions, the reactor was filled with water with the same
uoride content as the inlet stream. To test the robustness of this
ssumption, drastic conditions were studied: a high initial fluoride
ontent stream [F−]0 = 20 mg/L and pH 7 that is not the optimum
alue.

Experimental results using the same geometry as in batch con-
itions (H1 = 58, h = 14 cm) showed that complete flotation was
btained, as expected. Fig. 8a confirms that [F−] tended to a plateau
alue beyond 17 min, this value being nearly independent of j, as
xpected for a circulation time of about 3 min. Using the zero-order
onstant defined by Eq. (10), the kinetic model deduced from batch
rocess predicts a minimum current density of 20 mA/cm2 for a res-

dence time of 20 min to achieve the objective. Although this kinetic
odel did not apply for low [F−] values (Fig. 4), Fig. 8b shows that

his rough estimation is in good agreement with experimental data
nder continuous flow conditions, which is promising for future
pplications to treatment of drinking water. Fig. 8b highlights also
he key role of current density as a control parameter of the EC
rocess.

Now, further research is still required. First, it seems necessary
o better analyze the influence of other parts of the geometry of the
irlift reactor (especially the separator section). Then, the kinetic
odel must be refined in order to optimize the defluoridation pro-

ess and to establish a robust procedure to transpose EC from batch
o continuous operation.

. Conclusions

As a conclusion, this work has demonstrated that external-loop
irlift reactors can be suitable EC cells in which complete flotation
an be achieved using only electrochemically generated hydro-
en microbubbles without the need for surfactants to induce the
verall liquid recirculation. A fluoride concentration lower than
.5 mg/L could always be achieved when initial F− concentration
as between 10 and 20 mg/L. The effects of conductivity and pH

ere in accordance with those reported in the literature. Con-

ersely, the low electrode surface vs. reactor volume ratio that
haracterized the airlift reactor combined the advantages of con-
entional EC cells and chemical coagulation units: i.e. the formation
f fluoroaluminum microflocs easy to flocculate near the elec-

[

[

(a) study of the establishment of steady state conditions; (b) influence of current

rodes to fluoride adsorption on these particles in the riser and
he separator sections. This resulted in higher F/Al ratio in sludge
t the expense of direct F− attachment on the electrodes, which
iffered widely from conventional EC cells. As a result, fluoride
emoval could be achieved both at lower energy and lower elec-
rode consumptions than in the literature on EC. The methodology
sed in this work allowed the definition of optimum EC condi-
ions, j = 6 mA/cm2 at pH 5, that accounted simultaneously for

ixing, removal yield, reaction time and operating costs. Another
dvantage of the airlift reactor is that flocs were recovered only
y flotation, which avoids the need for a downstream settling
tep. Exploratory experiments using continuous EC operation were
lso promising for future application to drinking water treatment:
teady state conditions could be predicted using data from batch
xperiments, which shows that the transposition from batch to
ontinuous operation seems easy.
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