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Abstract

A continuous electrocoagulation—flotation (ECF) system was employed to treat synthetic high fluoride-content wastewater following calcium
precipitation. The dose of sodium dodecyl sulfate (SDS) in a continuous ECF system was higher than that in the batch system indicating the SDS
acted not only as frother, but also as collector in the continuous system. The removal of suspended solids (SS) in the continuous system was less
than that in the batch system because the scum was disturbed by the flow of wastewater in the flotation tank. It decreased with the increase in flow
rate when the flow rate reaches higher than 800 mL/min, yet it increased with the increase in flow rate when the flow rate falls under 200 mL/min.
Two parameters, gas/liquid ratio (") and gas/solid ratio (I"g/s), were determined to indicate the discontinuity of the flow and flotation ability,
respectively, in order to explain the phenomenon. The result indicates that the flotation ability was insufficient when I"g;s was under 0.1 L/g and
the flow of wastewater became discontinuous when I"g;. was over 0.4. Both of these situations would lead to the increase of SS.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Fluoride concentration in drinking water ranging from 0.5
to 0.8 mg/L prevents people from getting dental cavities, but
long-term intake of water that contains more than 1.5 mg/L of
fluoride may cause bone disease and mottling of the teeth [1-4].
Treating high fluoride-content wastewater efficiently has been
an important issue for environmental engineers because of the
dramatic development of the semiconductor industry which uses
a large amount of hydrofluoric acid in etching and quartz clean-
ing operations [5,6]. Several methods such as alum coagulation
[7-11], adsorption [12-16], reverse osmosis (RO) [17], electro-
dialysis [18], calcite filters [19,20], selective ion exchange [21],
and electrochemical methods [22-25] have been employed or
tested for defluoridation. The method of fluoride removal from
high fluoride-content industrial wastewater generally involves
a chemical precipitation process [5—10]. This process produces
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calcium fluoride (CaF;) particles through the addition of lime
or another calcium salt, such as CaCl, (Eq. (1)):

Ca(aq)2+ +2F g — CaFy) (1)

Moreover CaF; particles are too tiny to be removed without
coagulation. Therefore, alternative process is needed to lower the
suspended solids (SS) and fluoride concentration after calcium
precipitation.

The wastewater after calcium precipitation with addition of a
stoichiometric amount of calcium salt contains both SS and sol-
uble fluoride ions. Our previous study [26] has shown that the
electrocoagulation—flotation (ECF) process with the addition of
an anodic surfactant, sodium dodecyl sulfate (SDS), can effec-
tively remove the SS and soluble fluoride ions simultaneously
in a batch experiment [26]. In ECF cells, AI(IIT) and hydrogen
gas are produced stoichiometrically when electric current passes
through the aluminum electrodes (Eqgs. (2) and (3)):

Al — Alpg®t +3e” 2)
2H,0() +2e™ — 20Haq)” +Ha(e) 3)
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The CaF; particles can be removed by coagulation of Al(III)
ions, flotation of hydrogen gas, or a combination of these, and the
fluoride ions can be removed by coprecipitation of Al(IIT) ions.

Most plants use continuous systems to treat wastewater to
save on operation costs [27-29]. The physical and chemical phe-
nomena may be different between continuous and batch ECF
systems [29]. A continuous electrocoagulation—flotation (ECF)
system, therefore, was established to evaluate the feasibility
of implementing an ECF system to treat high fluoride-content
wastewater in this study.

2. Materials and methods

Synthetic wastewater was prepared by mixing stoichiometric
amounts of sodium fluoride (10 g F) and calcium chloride (42.6 g
CaCl,-2H,0) with D.I. water (20L) to simulate the semicon-
ductor wastewater after calcium precipitation. The initial pH,
fluoride concentration and SS in the synthetic solution were 5.6,
27.8 mg/L and 832 mg/L, respectively. Various amounts of SDS
stock solution were added to the synthetic solution to investi-
gate the influence of SDS concentration on the performance of
the ECF process. All chemicals used in this study were reagent
grade.

Fig. 1 demonstrates the layout of the continuous ECF sys-
tem. Mechanical stirring at 100 rpm maintained a homogeneous
solution and prevented the sedimentation of CaF, particles in
the storage tank. The synthetic high fluoride-content wastew-
ater after calcium precipitation was fed to the ECF reactor
with a pump. The electrolysis cell comprised nine aluminum
electrodes (100 mm x 40 mm, 99% purity). Only the outer elec-
trodes were connected to the power source. The distance between
each electrode was 10 mm. The volume (V) of the reactor is
320mL. A constant current was maintained using a potentiostat
in intensiostat mode. This work used aluminum as the sacrifi-
cial anode, rather than iron, because the residual ferrous ions are
easily oxidized by air, which may color the effluent water. Scum
was separated out using a flotation apparatus, and flotation was
achieved by hydrogen gas bubbles generated from the cathode,
allowing the top layer to be skimmed and clean water regularly
tapped.
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Fig. 1. Schematic diagram of the continuous ECF system; the blue and red lines
represent the wastewater and electric flows, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of the article.)

A 100 mL volume of treated solution was sampled after five
times the hydraulic retention time of the flotation tank. SS was
measured by a modified method described by Huang and Liu [5].
A 0.2 pm membrane filter was used to prevent the fine CaF, par-
ticles from flowing through. The concentration of fluoride was
measured using a specific fluoride electrode (Orion Research
Inc., ion plus fluoride 9609BN, USA). A TISAB II buffer solu-
tion containing CDTA (frans-1,2-diaminocyclo-hexane-N,N,N/,
N -tetra-acetic acid, Orion Research Inc.) was added to the sam-
ple to prevent interference from other ions (A13+, Fe3+, etc.)
during the measurement of the fluoride concentration [12].

3. Results and discussions
3.1. Effect of the concentration of SDS

Fig. 2 shows the variations of SS removal and residual [F™]
with the concentration of SDS. The finial pH in all systems is
around 9.0. The SS removal rose with the increase in the con-
centration of SDS. In the batch system, only 5 mg/L of SDS is
needed to achieve over 95% of SS removal [26]. In the continu-
ous system, however, over 30 mg/L of SDS is needed. This fact
may be the consequent effect of a much shorter retention time
in the continuous system. In the batch experiment, the reten-
tion time was over 9 min. Therefore, there was enough time
for aluminum hydroxide flocs to grow and act as a collector to
catch most of the CaF, particles. In the continuous system, how-
ever, the hydraulic retention time in ECF reactor was only about
1 min. There was not enough time for aluminum hydroxide flocs
to grow and catch all the CaF; particles. The SDS concentration,
therefore, needed to be increased to act not only as frother but
also as collector. The SDS concentration needed for the contin-
uous ECF system, thus, is higher than that for the batch system,
but is still lower than that (50 mg/L) of a dispersed air flotation
system [5], because some CaF, particles can still be caught by
aluminum hydroxide flocs.

It is notable that the residual fluoride concentration also rose
with the increase of the concentration of SDS. This phenomenon
should be due to the inhibitory effect of anodic surfactant on
the crystallization process of CaF,. Researchers stated that the
electrostatic adsorption of anodic surfactant on lateral crystal
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Fig. 2. Variations of SS removal and residual [F~] with the concentration of SDS
(initial SS=832mg/L, [F~]p =27.4 mg/L, O, =300 mL/min, /=1.0 A, final pH
9.0).
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Fig. 3. Vartiations of finial pH with Q. in batch and continuous systems (initial
SS=832mg/L, [F~]p =27.4 mg/L, Or, =300 mL/min, [SDS]=30 mg/L).

faces inhibited crystal growth of calcium hydrogen phosphate
dehydrate precipitate and changed crystal morphology [30]. The
kinetics of the precipitation of calcium carbonate is also inferred
by SDS which is an anodic surfactant [31]. The crystallization
of CaF; may also be influenced by SDS.

3.2. The effect of charge loading

Charge loading (Q.) was defined as Eq. (4) in the batch exper-
iment to examine the influence of current on SS removal and
residual [F~]:

nlt

0.=" @)

where 7 is the cells number, / is the current (A), ¢ is the reaction
time and V is the volume of reactor. Both aluminum dosage
released from anodes (which can remove fluoride ions) and the
amounts of hydrogen gas generated from the cathode (which can
remove SS) are proportional to Q. [25,26]. In the continuous
system, the equation can be rewritten as follows:
0.= 2 5)
T oL

where Qy is the flow rate.

Figs. 3-5 compare the vartiations of the finial pH, SS removal
and residual [F~] with Qc in the batch and continuous systems.
Similar tendencies were observed in the two systems. The finial
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Fig. 4. Vartiations of residual [F~] with Q. in batch and continuous systems
(initial SS =832 mg/L, [F~]o =27.4 mg/L, Q1. =300 mL/min, [SDS] =30 mg/L).
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Fig.5. Vartiations of SS removal with Q. in batch and continuous systems (initial
SS=832mg/L, [F~]o=27.4 mg/L, Or =300 mL/min, [SDS]=30mg/L).

pH rose slightly from 8.0 to 9.0 with the increase of Q. in both
systems because the defluoridation leads to the liberation of
OH™ ions [22-26] (Eq. (6)):

Al,(OH)3ps) +mFug ™ — Al Fu(OH)3,—p(s) + mOHag)
(6)

The dissolved aluminum concentrations in all systems were
around 10 mg/L. This should be due to the dissolution of alu-
minum hydroxide in alkaline solution as following reaction:

Al(OH)3(5) + OH(aq)~ = AlOH)4(aq) ™

The SS removal remained at 95 and 80% in the batch and con-
tinuous systems, respectively, and the residual [F~] were under
10 mg/L in both systems when Q. exceeded 500 C/L. Itis notable
that the SS removal in the batch system was higher than that in
the continuous system. This fact should be due to the scum being
disturbed by the flow current and skimming in the flotation tank.
The CaF; particles may have been released from the scum as it
was disturbed.

3.3. The effect of flow rate
Fig. 6 shows the variations of SS removal and residual [F~]

with Q1 . The removal of both SS and fluoride ions were accept-
able within the range of Q1. from 200 to 800 mL/min. Itis rational
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Fig. 6. Variations of SS removal and residual [F~] with Qp (initial
SS=832mg/L, [F"Jo=27.4mg/L, I=1.0 A, [SDS]=30mg/L, finial pH values
were ranged from 8.5 to 9.0).
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that the removal of SS and fluoride ions decreased with the
increase of Qr, because the increase of Qr decreases Q. as
shown in Eq. (5). However, it is unexplainable why the removal
of SS dropped with the decrease of Q..

It was observed that the flow became unsteady and big bub-
bles spouted casually from the inlet to the flotation tank when
Q1. was lower than 200 mL/min. The spurting flow agitated the
scum and released the CaF, particles. It seems too much hydro-
gen gas was produced during the ECF reaction which broke the
continuity of the flow. This could be the reason as to why the
removal of SS and fluoride ions dropped with the decrease of
QL. The electrolysis cell is a closed system. The hydrogen gas
could not escape from the cell and had to mix with the water
flow. It is reasonable that some of the hydrogen bubbles could
not mix with the water if the gas was too much. Big bubbles,
therefore, appeared and the water flow became unsteady.

It seems that the drop of SS removal was due to too little
or too much hydrogen being produced. Combining Faraday’s
Law (Eq. (8)) and the ideal gas law (Eq. (9)), the hydrogen gas
produced during ECF (Vg,) can be calculated by Eq. (10):

N = QeeH (8)
ZF
NRT
Vg, = — 9
H» P ( )
and
RTQ. 01
Vg, = —— 10
m="7Fp (10)

where N is the mole of hydrogen gas produced during ECF, 6y
is the hydraulic retention time in ECF cell, R is the ideal gas
constant, 7 is the Kelvin temperature, Z is the valence (Z=2
for hydrogen gas) and P is the pressure. To prove above infer-
ence, two parameters, gas/liquid ratio (I"g,,) and gas/solid ratio
(I'gss), were determined as follows:

Vi IRT
oL = YH, MRS (11)
V ~ ZFPOL
and
Vu nIRT
IG/s = - (12)

VISSlo _ ZFPOL[SSIo

where [SS]p is the initial SS, "/, the volume ratio of the hydro-
gen gas produced to the solution indicating the discontinuity
of the flow, and I'G/s is the volume of hydrogen gas per unit
weight of SS indicating the flotation ability. Fig. 7 shows the
variation of SS removal with I"gy and I'g/s. The SS removal
rose when I"g/s was under 0.1 L/g and I"g/, was over 0.4. This
result reveals that the flotation ability was not enough to float
the flocs as I'g/s was under 0.1 L/g, and the continuity of the
flow was broken as I"g;, was over 0.4. The lower limit of I'g/s
may vary with the change of the nature of particles and types
of frother or collector. So, it may not be applicable in other sys-
tems used to remove other pollutants. However, the upper limit
of I'g/, should be independent from the nature of pollutants. It
should be applicable in other ECF systems as long as the ECF
reactor is a closed system.
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Fig. 7. Variation of SS removal with I'gy, and I'gss (initial SS =832 mg/L,
[F7lo=27.4mg/L, I=1.0A, [SDS]=30mg/L, finial pH values were ranged
from 8.5 t0 9.0).

4. Conclusion

A continuous bipolar electrocoagulation—flotation system
was developed for the treatment of high fluoride-content wastew-
ater following calcium precipitation with SDS. Wastewater
could be effectively treated by the system, but a higher dose of
SDS than batch system was needed. The tendency of SS removal
and residual [F~] with Qe in the batch and continuous ECF sys-
tems were similar, but SS removal in the continuous system was
less than that in the batch system. SS removal dropped when
too much or too little hydrogen gas was produced during ECF.
The continuity of flow broke when I'g;, was over 0.4, and the
flotation ability was not enough to float all of the SS when I'g/s
was under 0.1 L/g in the continuous ECF system.
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