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Abstract

This work employs an anodic surfactant, sodium dodecyl sulfate (SDS), to improve the flotation performance of the
electrocoagulation—flotation (ECF) process to treated fluoride containing semiconductor wastewater following calcium
precipitation. The dissolved fluoride ions and CaF, particles in the wastewater after calcium precipitation were
effectively removed in the ECF process simultaneously. The dosage of SDS required for ECF was much less than those
for dispersed air flotation (DiAF) or dissolved air flotation (DAF) processes because the CaF, particles can be collected
by hydro—fluoro—aluminum flocs in ECF. Thus, SDS only served as a frother to make the bubbles tiny and stable in the
ECF defluoridation process. The interference of co-existing anions can be overcome by increasing the dosage of calcium
ions and SDS. The optimum initial acidity for ECF is close to the initial fluoride concentration after calcium
precipitation; the amount of SS removed dropped rapidly if the initial acidity exceeded the optimal value because the
surface charge of the hydro—fluoro—aluminum particles increased. The initial acidity of the wastewater after calcium
precipitation can be modified by changing the [Ca(OH),]/[Ca® " ]r ratio and the appropriate ratio is approximately given
by the acid dissociation constant of hydrofluoric acid and the initial pH of the wastewater before calcium precipitation.
© 2005 Elsevier Ltd. All rights reserved.
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drinking water specified by the World Health Organiza-
tion (WHO) is 1.5mgL~" (Mansson and Withford,
1990). The discharge standard of fluoride in industrial
wastewater is 15mg L™" in Taiwan.

Treatment of fluoride-containing wastewater effi-
ciently has been important for environmental engineers

1. Introduction

An appropriate concentration of fluoride in drinking
water is required to prevent dental cavities, but long-
term ingestion of water that contains more than a
suitable level of fluoride causes bone disease and

mottling of the teeth (Brown et al., 1977; Lynch, 1987,
Nell and Livanos, 1988). The suitable level of fluoride in
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in Taiwan, following the fast development of the
semiconductor industry. Around 350-700m>day~' of
fluoride-containing wastewater, with fluoride concen-
trations from 500 to 2000mgL~" is generated by the
rinsing and cleaning operations in a typical 8-in
semiconductor fabrication facility (Huang and Liu,
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Nomenclature

[F7]o initial fluoride concentration (kgm ™)

[Flees residual fluoride concentration (kgm™>)

F faraday constant, F = 96487 (Cmol™")

1 current (A)

Kur dissociation constant of hydrofluoric acid
(molm™%)

n cells number (n = 6 in all systems)

P atmosphere pressure (N m™2)

[OR charge loading (Cm™?)

R ideal gas constant (R = 8.14J°K~'mol™")
t reaction time (s)

T temperature (°K)

V volume of the solution (m?)

Vu, volume of the hydrogen gas (m?)

Z valence

eF treatment efficiency of fluoride (%)

&ss treatment efficiency of suspended solids (%)

Ytheo estimated appropriate [Ca(OH),]/[Ca’" I+
ratio (%)

1999; Chuang et al., 2002). Presently, the cheapest way
to remove fluoride from semiconductor wastewater is to
produce calcium fluoride (CaF,) by adding lime or
another calcium salt, such as CaCl,.

Call) +2Fg, — CaFyy. (1)

However, this process causes the problem of hardness of
the effluent water. The theoretical concentration of
fluoride is 8-12mgL~" when stoichiometric amount of
calcium salt is added (Huang and Liu, 1999; Chuang et
al., 2002; Buffle et al., 1985; Parthasarathy et al., 1986).
Unfortunately, this result is not obtained in practice
because of high ionic strength, slow nucleation and low
pH (Buffle et al.,, 1985; Parthasarathy et al., 1986).
Hence, the amount of calcium salt added often exceeds
the stoichiometric amount and the hardness of the
effluent water may exceed 1000mg L~ as CaCO;.

Another problem associated with calcium precipita-
tion is that the particles of CaF, are too fine to be
sedimented without coagulation. Aluminum salts are
typically used as a coagulant following calcium pre-
cipitation. The aluminum salts are also useful absor-
bents or coagulants for removing fluoride (Huang and
Liu, 1999; Chuang et al., 2002; Buffle et al., 1985;
Parthasarathy et al., 1986). Co-precipitation (Eq. (2)) or
adsorption reactions (Eq. (3)) may occur when an
appropriate quantity of aluminum salt is added to a
fluoride-containing solution.

3 - _
nAliy) +3n —mOH,,) +mF)

i AlnFn1(OH)3n—m(s), (2)

Al,(OH);,) + mF(_aq)
g AlnF/rl(OH)3n—m(s) + MOH(;q)- (3)

If the quantity of fluoride removed by co-precipitation
or adsorption with AI(III) salts after calcium precipita-
tion can be determined, then the amount of calcium salt
added can be reduced.

An electrochemical method (electrocoagulation, EC)
has been employed to perform defluoridation (Lui et al.,
1983; Mameri et al., 1998; Mollah et al., 2001; Hu et al.,

2003; Shen et al., 2003). AI(III) ions and hydrogen gas
are produced stoichiometrically and simultaneously
when electric current passes through the aluminum
electrodes.

Alg — Alf,:;) +3e, 4)

2H20(1) +2e — ZOH(;q) + Hg(g). ®)

The semiconductor wastewater after calcium precipita-
tion contains both suspended solid (SS) and soluble
fluoride ions. Both of the pollutants can be removed
simultaneously in the EC process. The CaF, particles
can be removed by coagulation of AI(III) ions, flotation
of hydrogen gas or a combination thereof (Lui et al.,
1983; Mollah et al., 2001), and the fluoride ions can be
removed by coagulation of Al(III) ions.

Some researchers call the EC process the electro-
coagulation—flotation (ECF) process because they em-
phasize the flotation performance of EC (Jiang et al.,
2002; Murugananthan et al., 2004). The duration of the
flotation is much shorter than that of sedimentation.
Less land, therefore, is needed for the treatment plant.
The particles of CaF,, however, cannot be completely
removed by flotation in a conventional ECF process.
Most of the hydrogen bubbles generated from the
cathodes combine together because hydrogen gas is
hydrophobic. The flotation efficiency decreases with the
increase of bubble size because the total surface area and
retention time of large bubbles are less than those of
small bubbles.

Surfactants are employed as a frother to reduce the
surface tension of solutions and thus make gas bubbles
finer and more stable during dispersed air flotation
(DIAF) and dissolved air flotation (DAF) (Huang and
Liu, 1999; Chuang et al., 2002). Furthermore, they are
also employed as a collector to increase the collec-
tive efficiency of the bubbles. Huang and Liu (1999)
successfully applied an anodic surfactant, sodium
dodecyl sulfate (SDS), to improve the treatment
efficiency of the CaF, particles in DiAF. They noted
that adsorption of SDS onto the CaF, surface through
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electrostatic interaction enhances the hydrophobicity of
the CaF, surface.

This study attempted to employ SDS to enhance the
flotation capacity of ECF to remove the dissolved
fluoride ions and CaF, particles simultaneously in the
semiconductor wastewater following calcium precipita-
tion. The semiconductor wastewater is first treated by
the conventional precipitation process with calcium salts
and then polished by the proposed ECF process. The
effects of four parameters—the concentration of SDS,
the charge loading, the initial acidity of the solution and
the species and concentrations of co-existing anions on
the efficiency of treatment of the fluoride ions and CaF,
particles were investigated with synthetic solution.
Finally, wastewater with a high fluoride concentration
from a semiconductor manufacturer was used to
elucidate the performance of treatment using ECF.

2. Materials and methods

Experiments were conducted in a bipolar batch
reactor with seven aluminum electrodes connected in
parallel, as in the authors’ previous work (Hu et al.,
2003). A constant current was maintained using a
potentiostat in intensiostat mode. The volume (V) of
the solution in each batch was 11. Magnetic stirring at
400 rpm maintained a homogeneous solution in the
batch reactor.

Synthetic solutions were prepared by mixing stoichio-
metric amounts of sodium fluoride (500 mg as F) and
calcium chloride (2.13g as CaCl,-2H,0) with D.I.
water (11) to simulate the semiconductor wastewater
after calcium precipitation. The initial fluoride concen-
tration and SS in the synthetic solution were 27.8 and
832mgL~", respectively. Various amounts of SDS stock
solution were added to the synthetic solution to
investigate the influence of SDS concentration on the
performance of ECF process. The charge loading (Q.) is
defined as the charge applied per liter of solution

_nli

Q= (6)

The effect of Q. on the performance of ECF process was
examined by changing the electric current. After the
suitable SDS and Q. were specified, various quantities of
Na,SO4 (Merck, 99%), NaHCO; (Merck, 99%) or

NaH,PO, (Acros, 99%) were added to the solutions to
investigate the interference of co-existing anions. The
effect of acidity on the ECF process was tested by
adding a different amount of 1.0 M stock solution of
HCI to the synthetic solution.

Wastewater was taken from a semiconductor manu-
facturer in Taiwan. The quality parameters of waste-
water are shown in Table 1. The concentration of
suspended solid was very low (<2mgL™"), so CaF, was
presumed to be the only source of suspended solid after
precipitation. The initial pH of the wastewater was 2.52.
Measured amounts of CaCl, and Ca(OH), salts were
added to the wastewater to precipitate the fluoride
ions and adjust the pH. The total fluoride ([F]t) and
total calcium dosage ([Ca’']y) were stoichiometric
(2[Ca” " ]r = [Fly).

A 100ml volume of treated solution was sampled
Smin after the reaction was complete. SS was measured
by a modified method described by Huang and Liu
(1999). The membrane filter used in this method is
0.2um to prevent the fine CaF, particles from flowing
through the filter. The concentration of fluoride and the
pH were measured using a specific fluoride electrode
(Orion Research Inc., ion plus fluoride 9609BN, USA)
and pH electrode, respectively. The TISAB II buffer
solution containing CDTA (trans-1,2-Diaminocyclo-
hexane-N, N, N, N'-tetra-acetic acid, Orion Research
Inc.) was added to the samples to prevent interference
from other ions (A", Fe’", etc.) during the mea-
surement of the fluoride concentration (Hao and
Huang, 1986) . Zeta potential of the hydro—fluoro—
aluminum precipitate was analyzed by a zeta meter
(Photo ELS-600).

3. Results and discussion
3.1. Effect of SDS concentration

Fig. 1 presents the effect of SDS concentration on the
treatment efficiency of SS and fluoride. The residual
fluoride concentration ranged from 5.0 to 6.0mgL™"'
and was unaffected by SDS concentration. The residual
fluoride concentration herein is less than the one
reported in the DIAF (12mgL~") (Huang and Liu,
1999) or DAF (10.3-10.9mgL~") process (Chuang

Table 1

Quality parameters of wastewater

Parameter F~ Cl- Na* K+ Mg>*+ Ca®"
Concentration (mgL™") 806 13 328 5.03 3.93 13.9

Anions were measured by an ion chromatograph (Dionex, DX-100). Cations were measured by an inductively coupled plasma atomic

emission spectrophotometer (ICP-AEC, Model JY24, Jobinyvon).
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Fig. 1. The variation of the treatment efficiency of SS (&)
and residual fluoride concentration with the concentra-
tion of SDS (initial SS=832mgL~!, [F—]y=27.4mgL™",
Q.=720CL™h.

et al., 2002), when stoichiometric amounts of calcium
salt were added, probably because of the adsorption or
co-precipitation of fluoride with aluminum ions (Eqgs. (1)
and (2)).

The concentration of SDS considerably influenced the
efficiency of SS removal (ess). The g without SDS was
47.1%. It rose drastically to 74.6% when 0.2mgL~" of
SDS was added and reached 97.6% when 1.0mgL ™" of
SDS was added. Notably, the concentration of SDS
required to remove SS herein was much less than that
required for DIAF (50 mg L") (Huang and Liu, 1999),
because the AI** ions cause coagulation. In the ECF
system, however, the AP ions, which were released
from the anodes, hydrolyzed to form aluminum hydro-
xide flocs. The flocs aggregated the CaF, particles and
the hydrogen gas bubbles. Hence, SDS is only a frother
not a collector in the ECF system. Therefore, the SDS
dosage does not need to be as high as in the DiAF
process.

3.2. Effect of charge loading

Fig. 2 plots the effect of Q. on the 55 and the residual
concentration of fluoride ions. The removal of SS and
fluoride both increased with Q.. According to Faraday’s
Law, the concentration of AI(IIl) ions released from
anodes can be calculated by

= L
AP = =

Combining Faraday’s Law and the ideal gas law, the
volume of hydrogen gas generated (Vy,) is given by

Z = 3for AI(II). (7)

. _VRTQ,

T TzEP
The AI’" jons form aluminum hydroxide flocs to
remove fluoride ions and hydrogen gas bubbles remove
SS in ECF, so naturally, the residual fluoride concen-
tration and SS both decline as Q. increases.

Z = 2forH,. ®)
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Fig. 2. The variation of the treatment efficiency of SS (&s) and
residual fluoride concentration with charge loading (initial
SS =832mgL~", [SDS] = 5mgL™h).

Notably, when Q. exceeded 500CL™", the &g
remained at 95%, but the residual fluoride concentra-
tion was still reducing as Q. was increasing. This
phenomenon indicates that only the relationship be-

tween Q. and &r needs to be considered if Q. exceeds
500CL™".

3.3. Effect of initial acidity

The pH of a solution is one of the most important
parameters that govern the removal of fluoride in both
the electrocoagulation and flotation processes (Lui et al.,
1983; Mameri et al., 1998; Mollah et al., 2001; Shen et
al., 2003; Matis and Mavros, 1991; Lin and Liu, 1996).
Controlling the pH of the solutions, however, is very
difficult during the ECF process because the defluorida-
tion reaction (Egs. (1) and (2)) changes the pH and the
applied current may interfere with the measurement of
pH. Moreover, controlling the initial pH in the ECF
system is not very useful to vary the final pH. The final
pH and residual fluoride concentration did not change
very much in the range of initial pH = 4-8 in the EC
defluoridation process because of the buffer capacity of
aluminum hydroxide (Mameri et al., 1998; Shen et al.,
2003). Therefore, the initial acidity was varied to
investigate the effect of so doing on the final pH and
the treatment efficiency of SS and fluoride. Table 2
presents the variation of final pH with the initial acidity
of the solution. The final pH fell from 8.6 to 6.3 as the
initial acidity rose from near 0 to 2.5mM as H'.
Although the final pH did not change very much, the
treatment efficiency of SS did. Fig. 3 plots the variation
of ess and the residual fluoride concentration with the
final pH of the solution. The ess decreased significantly
as the final pH of the solution dropped to 6.3. This
phenomenon occurred probably because CaF, electro-
statically repels the hydro—fluoro—aluminum particles.
Fig. 4 shows the zeta potential of the hydro—fluoro-a-
luminum particles against pH. The surface charge of the
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Table 2
The variation of initial and final pH with the initial acidity of
solution

Initial acidity mM as[H™]) =0 05 1.0 1.5 2.0 2.5

Initial pH 51 33 31 28 27 26
Final pH 86 83 75 72 69 63
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Fig. 3. The variation of the treatment efficiency of SS (&) and
residual fluoride concentration with the final pH
(Q. =864CL™" [SDS] = 5mgL™").
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Fig. 4. The variation of zeta potential of the hydro—fluoro-a-
luminum with the final pH.

hydro—fluoro—aluminum precipitate increased as pH
declined. As stated above, the surface charge of CaF,
particles is strongly positive. Hence, the hydro—fluor-
o—aluminum precipitate could not aggregate the CaF,
particles to form stable flocs if they were also strongly
positive.

The residual fluoride concentration also increased
as the final pH dropped to 6.3 because the solubility
of the hydro—fluoro—aluminum precipitate increased.
The same result was also observed elsewhere
(Shen et al., 2003). Notably, the treatment efficiency
of fluoride was optimal when the initial acidity was
very close to the initial fluoride concentration

(H"Jo~[Flp =27.8mgL™~" = 1.46mM) and the final
pH was around seven. Combining Eqgs. (3)—(5) yields

nAl(s) + 3}’1H20(1) + mF(_aq)
— ALF,(OH)30 o + MmO + LSnHog.  (9)

Eq. (9) reveals that the hydroxide ions liberated from the
defluoridation reaction can be completely neutralized if
the initial acidity equals the initial concentration of the
fluoride. The solution was therefore neutral and the
treatment efficiency of fluoride was optimal when the
initial acidity equaled the initial concentration of the
fluoride.

3.4. Effect of co-existing anions

Some co-existing anions may be present in the
fluoride-containing wastewater. Among these co-exist-
ing anions, SO3~, HCO3 and H,PO; should be
considered carefully because competition between fluor-
ide and these anions for calcium may reduce e&f.
Additionally, the competition between SDS and these
anions for adsorption sites on CaF, may also decrease
the ess (Huang and Liu, 1999; Chuang et al., 2002).

Table 3 presents the effect of the concentration
of SO3~, HCO; and H,PO; on &s and residual
concentration of fluoride. Clearly, all three co-existing
anions reduced ess and ep. The residual concentration
of fluoride increased from 56 to 82mgL~' and the
residual SS rose from 204 to 129mgL~' as the
sulfate concentration increased from 0.001 to 0.01 M.
A similar effect was observed as the other two anions
were added.

Increasing the concentrations of SDS and calcium
increased the treatment efficiencies of SS and fluoride.
Fig. 5 show the variation of esg and residual fluoride
concentration with the concentration of SDS under
interference among various co-existing anions after the
calcium concentration is increased to the stoichiometric
value (ex. [Ca®"] = 0.5[F ]+[SO37]). The amounts of
SS and fluoride removed both increased with the
concentration of SDS in every solution and esg was
over 90% as the concentration of SDS rose to 20mg L™
in the solution containing SO~ and HCO5.. It is notable
that the esg was not favorable until the concentration of
SDS rose to 50mgL~' in the solution under the
interference of phosphate. This phenomenon should be
due to the liberation of H" ions as the H,PO; and F~
precipitated with calcium ions to form the insoluble
fluorapatite (Cas(PO,4);F), Ksp = 1073 (Morel and
Hering, 1993)), as specified in Eq. (10), caused the low
pH (5.5).

3H,PO; (aq) + Fiy) + 5Cal)

— Cas(PO4);F (o + 6Hf,,. (10)
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Table 3
Effects of the concentration of SO3~, HCO3, and H,PO7 on
the residual SS and fluoride concentration

Concentration (M) SO;~ HCO3 HPO;~

SS [F] SS [F] SS [F]

0 4.0 10.1 4.0 10.1 40 10.1
0.001 204 56 104  22.6 456 41.3
0.01 129 82 484 364 560 115

The units of SS and [F] are mgL™".
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Fig. 5. (a) The variation of the treatment efficiency of SS (&)
and residual fluoride concentration with the concentration of
SDS in the presence of 0.01 M SO3 ™~ ions (Q. = 864 CL™"). (b)
The variation of the treatment efficiency of SS (&) and residual
fluoride concentration with the concentration of SDS in the
presence of 0.01M HCO3 ions (Q.=864CL™"). (c) The
variation of the treatment efficiency of SS (&) and residual
fluoride concentration with the concentration of SDS in the
presence of 0.01 M H,POj ions (Q. = 864 CL ™).

As mentioned above, the decrease of pH raises the zeta
potential of particles and causes low &ss. Huang and Liu
(1999) reported that the positive zeta potential is
reduced by increasing the concentration of SDS. There-
fore, raising the concentration of SDS also makes the
hydro—fluoro—aluminum particles form stable flocs.

3.5. Treatment of real semiconductor wastewater

The wastewater from the etching process is very acidic
because a large quantity of hydrofluoric acid (HF) is
used to etch wafers and clean quartz. Ca(OH), was
employed herein to neutralize the solution. The appro-
priate dosage of lime should be close to half of the
concentration of hydrofluoric acid ((HF]~2[Ca(OH),)),
because hydrofluoric acid is the primary source of
acidity in the semiconductor wastewater. The appro-
priate [Ca(OH),]/[Ca® " ]y ratio (Viheo) should be close to
the [HF]/[F]t ratio (Eq. (11)), because the total fluoride
([F}r) and total calcium ([Ca®*]1) concentrations added
were stoichiometric in this study—(2[Ca®" 1+ = [Fly).

_ [Ca(OHy)lo , [HF]

Ytheo = [Ca2+]T [F]T . (1 1)

The dissociation constant of hydrofluoric acid (Kyp) is
7.2x 107" M.

(H][F~]
(HF]

HFuq) > Hig)+Fqq), = Kur. (12)

The total fluoride concentration ([F]t) equals the sum of
the concentrations of hydrofluoric acid and fluoride ions

[Flr = [HF]+ [F7]. (13)

Combining Eqs. (12) and (13) yields

HF H*
[(HF] _  [H7] _ (14)
[Flr  Kur+[H']
1600 80
1200 g
- £
> -
£ 800 w
& E
400 2
o
0 . . .
05 06 0.7 08 0.9 1

[Ca(OH),)/[Ca?*]; ratio

Fig. 6. The variation of the treatment efficiency of SS (&s) and
residual fluoride concentration with the [Ca(OH),]/[Ca’" It
ratio (Q. = 864CL™', [SDS] = 5mgL™").
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Combining Eqgs. (11) and (14) gives

[H']
Vtheo ~ 9
Kyur + [H]

The ye0 15 0.807 as the initial pH of the wastewater is
2.52. Fig. 6 presents the variations of the residual SS and
fluoride concentrations with the [Ca(OH),]/[Ca’" ]+
ratio. The range of suitable [Ca(OH),]/[Ca®" ]t ratios
was 0.73-0.82, and the estimated value was in this range.
Hence, the amount of lime required to neutralize the
wastewater was given by Eq. (15).

The operating current was 0.6 A and the voltage was
35V for the semiconductor wastewater, so the energy
consumption was 21 WL,

(15)

4. Conclusions

Wastewater from semiconductor manufacturers that
contains large amounts of fluoride can be effectively
treated by ECF with SDS. SDS can improve the
treatment efficiency of the SS. The dosage of SDS in
EFC is much lower than that in the DAF or DiAF
process, because the A" ions generated from the
aluminum electrodes form hydro—fluoro—aluminum flocs
in appropriate pH. The flocs were employed as a
collector, which can aggregate the CaF, particles and
hydrogen bubbles. The treatment efficiency of SS remains
constant while the charge loading exceeds 500 CL™".
Interference among co-existing anions—sulfate, carbo-
nate and phosphate—can be mitigated by increasing the
dosages of calcium and SDS. The optimal initial acidity is
close to that associated with the fluoride concentration
following calcium precipitation. The efficiency of the
treatment of fluoride and SS falls rapidly when the initial
acidity exceeds the optimum value because the hydro—
fluoro—aluminum precipitate cannot form stable flocs due
to high acidity. The initial acidity of the wastewater can
be modified by addition of a suitable amount of
Ca(OH),, which can be estimated from Eq. (15).
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