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ABSTRACT

Continuous and batch electrocoagulation processes (CEC and BEC) for treating fluoride-con-
taining solution were investigated and compared. The poor mixture and uneven distribu-
tion of flocs during BEC lead to a lower removal efficiency, when compared with CEC.
Under whole range of current densities, the superiority of CEC is obvious. However, at high
residence time, CEC process, which has intense back mixing has a lower removal efficiency
when compared with BEC. Also it was found that even at same charge loading, the CEC
differ a lot with BEC. The influences of charge loading and initial pH on CEC process were
investigated with the consideration of utilization rate of electro-generated Al element. The
molar ratio of F/Al in sludge presents a trend of gradual decline with the increment of
charge loading. The molar ratio of (OH + F) to Al element in sludge conforms the fact that
the F− is removed not only by Al(OH)3-xFx(s) precipitation but also by the absorption of alu-
minum flocs. The influent at the condition of weak acid leads to a maximum production of
aluminum hydroxide flocs along the whole electrolysis channel from inlet to outlet. This
leads to the maximum removal efficiency. This was also proved by the fact that the utiliza-
tion rate of Al element in sludge reaches its maximum under weak acid condition.
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1. Introduction

The emission of industrial wastewaters containing
fluorides increases with the development of semicon-
ductor, electroplating, glass-manufacturing, and fertil-
izer industries [1]. These wastewaters containing
fluorides without careful treatment will pollute surface
and ground water. The excessive fluorides in drinking
water will cause dental fluorosis, neurological dam-
age, and even skeletal damage [2]. There are several

treatment options to remove fluorides from wastewa-
ter, such as chemical precipitation [3,4], selective ion
exchange [5], reverse osmosis [6], and electrochemical
methods [7] (electrodialysis [8]). However, these meth-
ods can’t be widely used because of some disadvan-
tages such as the generation of large volumes of
sludge, secondary pollution, and high cost. Electroco-
agulation (EC) which has the advantages of in situ for-
mation of coagulants, high efficiency, low sludge
generation, and easy operation [9], has been studied
by more and more researchers.
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In EC with aluminum electrode, the electro-gener-
ated Al3+ will react with OH− (originated from cath-
ode surface) to form various aluminum hydroxide
products such as Al(OH)2+, Al(OH)þ2 , Al(OH)4þ2 ,
Al7(OH)4þ17 , Al8(OH)4þ20 , Al13(OH)5þ34 , which will finally
transform into amorphous Al(OH)3(s) [10]. The amor-
phous Al(OH)3(s) which has abundant surface hydro-
xyl groups could have complexation reaction with
fluoride ions (through ligand exchange complexation).
In addition, the amorphous Al(OH)3(s) with high sur-
face area could also absorb fluoride ions directly. The
fluoride removal is mainly attributed to the above two
removal mechanisms, which was also proved by other
researchers [11].

During the past years, EC has been used for treat-
ing various kinds of wastewaters [12–16]. For fluoride
removal, EC with aluminum anode shows high
removal efficiency [17–19]. Emamjomeh and Sivaku-
mar studied batch experiments with monopolar alu-
minum electrode for fluoride removal [20]. It was
found that the fluoride removal efficiency increases
steadily with the increment of current density and
reaction time. Many researchers discussed the effect of
other factors such as charge loading, solution pH, flu-
oride concentration, and electrolyte concentration on
the energy consumption and fluoride removal
efficiency [21–23].

A batch EC process combined with chemical coag-
ulation was proposed to remove fluoride from drink-
ing water [24]. It was found that the highest efficiency
would be obtained when the molar ratio of alkalinity
and fluoride to Al(III) of the initial solution was con-
trolled at 3.0. Emamjomeh et al. [25] analyzed the dry
sludge of EC process for separating F− and found that
the residual fluoride occurs in various dissolved forms
(F−, AlFþ2 , AlF�4 ) or finally formed to solid (cryolite, Al
(OH)3-xFx). The mechanism of the fluoride removal
was confirmed to be not only the competitive adsorp-
tion between OH− and F− but also the formation of
solid cryolite. Although EC technology was used for
defluoridation widely with batch process, researchers
gradually turned their attentions to continuous EC
process to treat wastewater [26,27]. With advantage of
easy operation, continuous EC is more suitable for
industrial application. However, there are few discus-
sions about the continuous EC process.

The objective of this work was to investigate the
difference between BEC and CEC process. The influ-
ences of current density, charge loading, residence,
and reaction time on BEC and CEC were discussed.
The advantage and disadvantage of CEC and BEC
were studied. The influences of back mixing and
uneven distribution of hydroxide flocs on CEC and
BEC performance were discussed, respectively. The

continuous EC process for treating fluoride wastewa-
ter was investigated. The effects of charge loading and
initial pH on CEC process were investigated with the
consideration of utilization rate of electro-generated Al
element.

2. Experimental

2.1. Materials and methods

The electrocoagulation reactor was made of Pyrex
glass. The effective volume is 220 mL. Two alu-
minum (Al) plates (305 mm × 46 mm × 2 mm) with
effective surface area of 120 cm2 were used as
anode/cathode pair. The electrodes were installed
parallelly. The distance between the anode and cath-
ode was 10 mm. The electrode plates were con-
nected to a DC power supply (APS3005DM, Atten,
China) at constant current mode (2.5–12.5 A/m2). In
CEC process, the model wastewater was continu-
ously pumped into the EC cell by peristaltic pump
(BT100-1F, Longer, China). In BEC process, in order
to mix the solutions in EC channel, the fluent is
externally circulated from outlet to inlet. The process
was shown in Fig. 1.

2.2. Model wastewater and analytical techniques

The model water containing F− (10 mg/L) was
used as the wastewater. The fluoride solution was pre-
pared by dissolving NaF (AR) in tap water. Solution
conductivity was adjusted to 1 ms/cm by adding
anhydrous sodium sulfate (Na2SO4, AR). The conduc-
tivity was measured by conductivity meter (DDS-11A,
LIDA, China). Sodium hydroxide and hydrochloric
acid solutions with different concentration were added
for pH adjustment. The pH value was measured by
pH meter (pHS-3C, Shanghai REX Instrument, China).

In continuous EC process, four samples were taken
from the bulk solution in the direction of streamline at
X = 0, 100, 200, and 300 mm (from inlet to outlet).
Samples were taken from the reactor after the process
reached steady state. Four parallel experiments were
taken to get the error bar. Fluoride concentration was
determined using the ionometric standard method
with a fluoride selective electrode (PF-1-01, Shanghai
REX Instrument, China). TISAB II buffer solution was
prepared to prevent the interference by other ions
(Al3+, Fe3+, etc.) [29]. The sludge of the effluent was
dissolved by chlorhydric acid. The concentration of
aluminum element of the effluent and the dissolved
solution (EC’s sludge) was measured by ICP-AES
(VISTA-MPX, Varian).
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3. Results and discussion

3.1. The comparison between CEC and BEC process

The continuous and batch EC processes for
fluoride removal were investigated and compared.

3.1.1. The comparison based on current densities

It can be found from Fig. 2 that the performance of
CEC is superior to that of BEC on the whole range of
current densities. The aluminum hydroxide flocs could
absorb the H2 which is generated from the cathode
reaction. The flocs with bubbles will slowly rise up to
the top of the channel by buoyancy [30]. Therefore, in
BEC process a large proportion of flocs will distribute
at the top of the channel. The flocs with abundant sur-
face hydroxyl groups and high specific surface area
could remove the F− through adsorption and specific
adsorption (ligand exchange complexation reaction
with F−), which are the main mechanisms of F−

removal. Thus at the top of the channel, large amount

of flocs will lead to higher removal efficiency. There
are fewer flocs in the middle and the bottom of the

Fig. 1. Schematic diagram of EC reactor (a) and bench-scale EC process (b).
Notes: (1) constant-current power supply, (2) wire, (3) aluminum electrodes, (4) outlet, (5) treated water tank, (6) drainage
valve, (7) inlet, (8) peristaltic pump, and (9) raw water tank [28].

Fig. 2. Removal efficiency of CEC and BEC at different
current densities (residence and reaction time: 20 min; ini-
tial pH of influent: 6).

J. Lu et al. / Desalination and Water Treatment 57 (2016) 28417–28425 28419



channel. The fewer flocs will lead to lower adsorption
effect. The result is that the poor mixture and the
uneven distribution of flocs lead to lower removal effi-
ciency in BEC process. In addition, although the solu-
tion of BEC process is externally circulated, the flocs
with H2 bubbles are accumulated at the top of EC
channel. However, in CEC process, the flocs with H2

bubbles transport in the direction of streamline. The
flocs are distributed along the channel and removed
out of the channel at the outlet. Thus, compared with
the CEC, BEC has lower removal efficiency.

3.1.2. The comparison based on residence time and
reaction time

At short residence time, the removal efficiency of
CEC is also larger than that of BEC (Fig. 3). It is attrib-
uted to the uneven distribution of flocs, which is dis-
cussed above. However, the difference of removal
efficiency between CEC and BEC gradually decreases
with the increment of residence and reaction time,
respectively. At long residence time, the removal effi-
ciency of CEC becomes lower than that of BEC
(Fig. 3). This could be explained by two facts. For one
thing, in CEC system, the back mixing could lead to
the decrement of removal efficiency. In BEC and CEC
process, there are three phases in electrolysis channel:
floc phase, solution phase, and gas phase. In CEC, the
mutual movement between these phases causes
intense fluid turbulence and this in turn will lead to
back mixing. The back mixing will cause the mixture
of fluorides which have different residence times.
Therefore, the removal efficiency of F− at the outlet
will decrease. The proportion of volume fraction of

floc phase and gas phase will increase with the incre-
ment of residence time. Thus, at long residence time
(CEC) and reaction time (BEC), the removal efficiency
of CEC will be lower than that of BEC with the same
residence and reaction time. For another, at long resi-
dence time, the flow velocity is low. Thus compared
with the forced convection flux, the ionic diffusion
flux is relatively high. This will improve the intensity
of back mixing. It could also be explained by the Pec-
let number, which is the ratio of convection to diffu-
sion. With the increment of residence time, high
diffusion flux and low forced convection will lead to a
low Peclet number, which means high intensity of
back mixing [28] (i.e. high residence time will lead to
back mixing). This will cause the degradation of the
CEC’s performance a lot.

3.1.3. The comparison based on the same charge loading

The energy consumption is proportional to the
charge loading. In order to study the energy consump-
tion of continuous and batch operation, the continuous
and batch EC, the removal efficiency of CEC and BEC
under same charge loading was studied. Fig. 4 is the
variation of removal efficiency of CEC and BEC with
different residence and reaction times under same
charge loading. The charge loading (Qe, C/m3) is
defined as the charge applied per cubic meter of solu-
tion. The Qe equation for BEC and CEC can be written
as follows [31]:

QeBEC ¼ n � I � t
V

(1)

Fig. 3. Removal efficiency of CEC and BEC at different res-
idence and reaction times (current density j: 7.5 A/m2; ini-
tial pH of influent: 6).

Fig. 4. Variation of removal efficiency of CEC and BEC
under same charge loadings (charge loading Qe:
4.9 × 105 C/m3; initial pH of influent: 6).
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QeCEC ¼ n � I
qv

(2)

where n refers to the number of cells; I is the total cur-
rent applied to EC process; V represents the effective
volume of BEC process; qv is influent flow rate of CEC
process.

The charge loading of both CEC and BEC is set as
4.9 × 105 C/m3. As Fig. 4 displays, under the same
charge loading, the removal efficiency of BEC varies
slightly with the reaction time. The removal efficiency
of CEC shows a different tendency. It decreases signif-
icantly with the increment of residence time. At short
residence time, the back mixing in CEC is negligible.
Thus, the CEC shows a higher removal efficiency. At
long residence time, the high intense back mixing in
CEC leads to a lower removal efficiency. According to
Faraday’s law, BEC or CEC with same charge loading
will produce approximately same amount of
coagulants and flocs. However, the performance of
BEC and CEC under same charge loading differs a lot.
It is attributed to the back mixing and uneven distri-
bution of flocs in continuous and batch operations,
respectively.

3.2. CEC process for fluoride removal

3.2.1. Influence of charge loading

The charge loading determines the generation of
coagulants and flocs during CEC. Thus, it will be the
most important factor that determines the removal
efficiency. The removal efficiency of fluoride ions
along the streamline was measured and illustrated in
Fig. 5. As can be seen from Fig. 5, an increase in the
charge loading from 1.6 × 105 to 8.2 × 105 C/m3 yields
an increment of fluoride removal (from 72.13 to
92.74%). At charge loading (1.6 × 105 C/m3), the
removal efficiency increases linearly along the stream-
line from inlet to outlet (from X = 0 to X = 300). How-
ever, at charge loading larger than 3.3 × 105 C/m3, the
increment of removal efficiency slows down along the
streamline. Especially after X = 100, the removal effi-
ciency increases more slightly. At the rear part of the
channel, the residence time of F− and aluminum
hydroxides is high. As discussed above, the high resi-
dence time will improve the degree of back mixing.
Thus, in the direction of streamline, the degree of back
mixing gets intense from inlet to the outlet. In addi-
tion, the accumulation of flocs and bubbles at the rear
part of the channel also improves the degree of back

mixing. The result is that back mixing at the rear part
leads to the mixture of F− and an even distribution of
removal efficiency.

The pollutant removal by EC process consists of
many complicated processes, such as complexation
reaction, sweep coagulation, co-precipitation, and elec-
trical neutralization. The fluoride ions are mainly
removed through ligand exchange complexation reac-
tion with flocs and direct adsorption by flocs [25]. It
could be considered that defluorination efficiency is
proportional to the amount of aluminum hydroxide
flocs. Meanwhile, the amount of electro-generated
coagulants Al3+ is approximately proportional to the
charge loading, which is related to the energy con-
sumption. Thus, the utilization rate of electro-gener-
ated coagulants should be considered as an important
parameter during EC process. A universal parameter
named as molar ratio of F to Al element was intro-
duced to quantify the utilization rate of in situ electro-
generated Al ions in previous paper [28]. The ratio of
F/Al was calculated and shown in Fig. 6. The utiliza-
tion rate of electro-generated Al ions could be consid-
ered as the amount of F element absorbed by per Al
element [28]. In this work, the molar ratio differs with
the previous work by Hu [32]. Hu defined an initial
molar ratio of OH− and F− to the total electro-gener-
ated Al3+, the amount of which is calculated from the
applied current. However, in actual CEC and BEC,
only parts of electro-generated Al3+ could be hydro-
lyzed to aluminum hydroxide flocs.

It could be found from Fig. 6 that the molar ratio
of F/Al decreases with the increment of charge

Fig. 5. Distribution of the removal efficiency of F− in the
direction of streamline at different charge loadings (initial
pH of influent: 6).
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loading. The molar ratio decreases from 0.4 to 0.1. The
amount of flocs increases with the charge loading
proportionally. The concentration of residual fluoride
ions reduces at the same time. This will lead to the
competitive adsorption effect among aluminum
hydroxide flocs [28]. The mechanism of the fluoride
removal was confirmed to be the competitive adsorp-
tion between OH− and F− [25]. Thus, the F/Al ratio
presents a trend of gradual decline and the curve
becomes relatively smoother.

The removal mechanism of fluoride is the forma-
tion of complexes and co-precipitation reaction with
aluminum hydroxides as Al(OH)3-xFx. Thus, the
sludge is mainly composed of flocs and Al(OH)3-xFx(s).
The molar ratio of (OH + F) to Al was calculated and
shown in Fig. 7. This ratio could be considered as the
ratio of the average amount of OH− and F− combined
by per Al element. As seen in the Fig. 7, with the
increment of charge loading, the molar ratio of
(OH + F) to Al decreases from 3.45 to 3.10. This proves
the fact that the F− is removed not only by the forma-
tion of Al(OH)3-xFx(s) precipitation but also by the
absorption of aluminum flocs. Also, it could be specu-
lated from Fig. 7 that at high charge loading, the ratio
approaches to 3.0, which is the composition of amor-
phous Al(OH)3(s). With the increment of charge load-
ing, the amount of generated aluminum hydroxide
flocs increases proportionally, but the absorbed F−

increases much slowly.

3.2.2. Influence of initial pH

It has been proved that initial pH has a sensitive
effect on the efficiency of the EC process [33,34]. The

influence of initial pH on CEC process was investi-
gated. EC processes with a reasonable initial pH range
(3–8) were studied. It can be found in Fig. 8 that the
removal efficiency is low when influent’s initial pHs
are 4, 7, and 8. The removal efficiency is high at weak
acid initial pH (5 and 6). The reason could be
explained by the relationship between pH condition
and the hydrolysis behavior of aluminum ions [34].
During CEC process, the pH value of the channel in
steady sate was measured in the direction of stream-
line. In Fig. 9, it was found that in the direction of
streamline, the pH value of the solution increases from

Fig. 6. Removal efficiency of F− at the exit and F/Al ratio
in the sludge at different charge loadings (initial pH of
influent: 6).

Fig. 7. The (OH + F)/Al ratio of flocs at different charge
loadings (initial pH of influent: 6).

Fig. 8. Distribution of the removal efficiency of F− in the
direction of streamline under different initial pH condi-
tions (current density j: 7.5 A/m2; Residence time RT:
20 min; Charge loading Qe: 4.9 × 105 C/m3).
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inlet to outlet. For the weak acid initial pH (5 and 6),
the pH condition at the outlet is close to neutral. In
addition, for the whole channel from inlet to outlet,
the pH value of the solution is between 6 and 7. The
whole channel is in weak acid condition. This pH
range is necessarily favorable for the formation of alu-
minum flocs [35]. Thus for the whole channel from
inlet to outlet, the pH condition is favorable for forma-
tion of aluminum flocs. Thus, the amount of flocs will
increase to maximum at weak acid initial pH value (5
and 6).

The effect of influent’s initial pH on the F/Al
ratio was shown in Fig. 10. It was concluded that
initial pH determines the generation and transporta-
tion of the flocs and there are more flocs when the
initial pH of influent is weak acid (initial pH 5–6).
Thus, the adsorption and complexation effects of
flocs under weak acid initial pH condition are more
intense than that in other initial pH condition. The
result is that the utilization rate of electro-generated
Al element reaches its maximum under weak acid
initial pH condition.

The weak acid initial pH condition leads to maxi-
mum utilization rate of electro-generated Al3+. The
molar ratio of (OH + F) to Al under different initial
pH conditions was shown in Fig. 11. The ratio of ini-
tial weak acid condition (initial pH 6) reaches its max-
imum (about 3.3). It is higher than that under acid
and alkaline conditions. CEC with initial pH 6 has a
higher flocs and complex formation rate. The electro-
generated Al element could combine more hydroxyl
group and F−.

4. Conclusions

The continuous and batch electrocoagulation
processes were investigated and compared. The poor
mixture and the uneven distribution of flocs in BEC
lead to a lower removal efficiency. Under whole range
of current densities, the superiority of CEC is obvious.
High residence time is not suitable for continuous oper-
ation. High residence time will lead to intense back
mixing in CEC process. At the direction of streamline,
the degree of back mixing gets intense from inlet to the
outlet. The performance of BEC and CEC under same
charge loading differs a lot. It is attributed to the back
mixing and uneven distribution of flocs in continuous
and batch operations, respectively.

Fig. 9. Distribution of pH value in the direction of stream-
line at different initial pH conditions (current density j:
7.5 A/m2; residence time RT: 20 min; charge loading Qe:
4.9 × 105 C/m3).

Fig. 10. Removal efficiency of F− and F/Al ratio in the
sludge at different initial pH conditions (current density j:
7.5 A/m2; residence time RT: 20 min; charge loading Qe:
4.9 × 105 C/m3).

Fig. 11. The (OH + F)/Al ratio of flocs under different ini-
tial pH conditions (current density j: 7.5 A/m2; residence
time RT: 20 min; charge loading Qe: 4.9 × 105 C/m3).
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The influences of charge loading and initial pH on
CEC process were investigated with the consideration
of utilization rate of electro-generated Al element. The
molar ratio of F/Al in sludge gradually decreases with
the increment of charge loading. The ratio of
(OH + F)/Al decreases from 3.45 to 3.10. This con-
forms the fact that the F- is removed not only by Al
(OH)3-xFx(s) precipitation but also by the absorption of
aluminum flocs. Under weak acid initial pH condition,
the solution of the whole channel from inlet to outlet
is also under weak acid pH condition. The production
of aluminum hydroxide flocs will reach its maximum.
This is proved by the utilization rate of F/Al and
(OH + F)/Al in sludge.

The comparison between pilot-scale BEC and CEC
process should be studied in future works. Also more
works are required elucidating the influence of types
and concentrations of pollutants and electrolyte on the
utilization rate of electro-generated Al ions.
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