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Abstract

The effect of the molar ratio of hydroxide and fluoride ions to Al(lll) iopg; andyg) on coagulation and electrocoagulation (EC) was
studied to solve the problem of the over addition of acid or base. The efficiency of defluoridation was approximately 100% when the sum
of yon andyr (Yon+r) Was close to 3. This finding reveals that the fluoride ions and the hydroxide ions can co-precipitate with Al(lIl)
ions and the formula of the precipitate is, &}, (OH)3, _,,- However, whenygy was less than 2.4, the defluoridation efficiency, given
that yoq+E = 3, dropped agon fell, because the amount of aluminum polymer formed dropped. The efficiency of defluoridation of EC
exceeded that of coagulation for eqyaly andyon.+r, Whenyopyr > 3, proving the existence of an electrocondensation effect.
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1. Introduction AIl(II) or are absorbed by aluminum hydroxide, the pH of
the solution changes because hydroxide ions are liberated
The removal of fluoride has been very important to en- ffom the aluminum hydroxide. Therefore, the pH measured
vironmental engineers because large amounts of hydrogeri@y not be the pH when the reaction is complete. Thus, acid
fluoride are used in the semiconductor indugtry3]. Coag-  ©OF base is frequently overadded in practice.
ulation with aluminum salts has been employed for a long "€ initial concentration of hydroxide ions and the
time to remove fluoride ionf4—7]. Coprecipitation or ad-  @mount of Al(lll) affect the pH of the solution. If the
sorption may occur when Al(111) ions are added to fluoride- "elationship for the efficiency of defluoridation is deter-
containing water. The efficiency of removal of fluoride by mined in terms oithe 'gfal molar ratio of OHto Al(IlI)
a fixed amount of aluminum salt depends on pH, alkalinity, (von. yon = [OH™]/[AI™]), then the problem of over-
the coexisting anions, and other characteristics of the soly-2dding acid and base can be solved. Moreover, since de-
tion [6]. The pH that is most appropriate for defluoridation quondatlo.n by aluminum hydrox!de causes the I|b§r§1t|0n
by coagulation is 5.5-6.,8]. Predetermining the amount of hydrox.|de lons, the rella.t|.onsh|p betvyeen the efficiency
of acid or base added to the solution in the defluoridation of deﬂuf”ge_molgﬁd th?tlr?mal :nglar r?]tlo I?erlto AtI)(III) )
process to determine the ideal pH is difficult because the pH ()./F’ ve=[F"V/1 1) of the solution should also be con
in this range is very sensitive to the concentration of the acid sidered.

S . . Electrocoagulation using aluminum electrodes is a new
or base. Furthermore, as the fluoride ions coordinate with L .
method for defluoridation. When an electric current passes

through the aluminum electrodes, an anodic reaction re-
" Corresponding author. Fax: +886-2-29081914. leases Al(Ill) ions which then react with the hydroxide ions
E-mail address: whkuan@ccsun.mit.edu.tW.H. Kuan). produced on the cathode and with the fluoride ions:
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Al) — Al ?;]) + 3e7, (2) the current passed through the electrodes. The volime
- _ of the solution of each batch was 1 I. The active area of each
2H20¢) + 2¢~ — 20H,,) Ha(g). ) electrode, except the outer electrodes, wasBcm and the

Liu et al. [9] stated that the defluoridation efficiency of the dimensions of the outer electrodes were reduced to prevent
EC system may exceed that of the traditional coagulation dispersion of the electric field. Thus, the area/volume ratio
process because of the electrocondensation. Fluoride ion®f each batch was 40.9h—higher than the required value
are attracted to the anode, so the fluoride concentration neareported by Mameri et a[10]. The distance between each
the anode exceeds that in the bulk solution. Consequently,pair of electrodes was 1 cm. A constant current was main-
the defluoridation efficiency of EC should be higher than that tained using a potentiostat in intensiostat mode. The current
of coagulation. However, Liu et al. did not conduct any ex- density was 86 x 10-3 A/cn for the outer electrodes and
periment to compare EC with traditional coagulation. There- 5.56 x 102 A/cn for the inner electrodes. Magnetic stir-
fore, this inference has not been proven. ring at 400 rpm maintained a homogeneous solution in the

A lower initial pH has been reported to improve the ef- batch reactor. The temperature of each system was main-
ficiency of defluoridation in the EC proce§s0], but the  tained at 25t 1°C.
improvement is not significant because the final pH of the ~ Samples were extracted every minute and then immedi-
system changes very little, since the Al(lll) ion is a buffer ately filtered through a 0.2-um mixed cellulose ester mem-
species. Shen et a3] demonstrated that the optimal fi- brane. The residual fluoride concentration [fs), includ-
nal pH in EC is about 6. The problem of overloading may ing the final fluoride concentration (fff) in each sample,
also occur in EC if the effects of the initigby and yr on was determined using an ion chromatograph (Dionex, DX-
defluoridation are not quantified. Controlling the defluorida- 100). The initial fluoride concentration (fffo) in each sys-
tion efficiency by controlling the initiajoy is more conve-  tem was 25 mgl. The following equation defines the effi-
nient than doing so by controlling the initial pH because the ciency of defluoridation in each batch:
amount of acid or base added can be predetermined. _ _

This study investigates the effects)@f; andyg on deflu- er=1—[F"1/[F lo. @)
oridation in coagulation and EC systems and compares the After each reaction, the total concentration of Al(Ill) ob-
defluoridation efficiencies of the two systems to prove the tained from a digested sample was measured using an atomic
existence of the electrocondensation effect. absorption spectrophotometer (standard method, Section

3030E). The Al(Ill) dosage ([A]1) was thus determined.
According to Faraday’s law, the theoretical Al(lll) dosage
2. Materialsand methods ([AI**]iheo) can be calculated as

2.1. Coagulation [AI* ltheo=nIT/VZF, Z=3for Al(lll), (4)

) e . . wheren is the number of celld] is the electric current is
Stock solutions of A", OH™, and F* ions were pre- e retention time of reaction/ is the volume of solution,

pared using NaF, NaOH, and Al(NJ3 salts, respectively, 7 iq the valence of aluminum, anfdis the Faraday constant
dissolved in distilled water. Predetermined amounts of stock (F = 96487).

SO't't,io][:s Okf AP; a:ndkF* ilor;'s Wefrgi‘svded godadio'ml vtohlu- The ratio of the Al(lIl) dosage obtained from the digested
Metric flask and stock solution o asaddedloanotner — sample after electrocoagulation to the theoretical Al(lIl)
50 ml volumetric flask. Then b(_)th of the _solutlons were di- dosage, is defined as the electric efficiency,(

luted to 50 ml and combined in a plastic bottle. The bot-

tle was shaken constantly on a shaker (Yihder, BT-350R) &¢ = [AI*T 1 /[A*F liheo (5)

at 150 rpm and 25C. Samples were extracted after 24 h I .

and filterped through a MiIIipF:)re filter (MES, 25 mm diam., The AI(III) dosage "?u a certain time ([Af];) during the EC
0.2 um pore size). The pH and fluoride concentration in reaction can be estimated as follows:
the fi_It_ered water were determined_ by a pH elect_ro_de and aja13+t), = eenit/VZF, Z=3for Al(lll). (6)
specific fluoride electrode, respectively. The precipitate was o o ) o
analyzed by solid state nuclear magnetic resonance (Bruker,]heyoH is 3 if no base or acid is present in the initial solu-

DSX-300 NMR) at a frequency of 8 kHz. tion during EC because the amounts of Al(lll) and hydrox-
ide ions produced are stoichiometrically equivalent (Ejs.
2.2. Electrocoagulation and (2) when the electric current passes through the elec-

trodes. The initial acidity ([Fi]o) or alkalinity ((OH]o) can
Experiments were performed in a bipolar batch reactor be varied to adjust the fingby in the EC system, as follows:
with seven aluminum electrodes connected in parallel, as _ _ 341t 34
was used by Hu et aJ11]. Only the outer electrodes were vor =3+ [OHJo/TAI™, — HTo/TAI™ ;. (7)
connected to the power source, and anodic and cathodic re- The aluminum dosages in the coagulation experiments
actions occurred on each surface of the inner electrode wherin this study ranged from 1 to 5 mM. Thg of Eqg. (6) in
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this study ranged from 1.2 to 1.3 owing to the change of the minum dosage was greater than 1 nfhiy. 2also shows that

corrosion conditions in the electrodes. According to .
when [Al] is 5 mM andsc is 1.2,T is 8.34 min. To compare
the results of EC with the results of the coagulation experi-
ment, a reaction time of 9 min was chosen.

All analyses were conducted in duplicate for repro-
ducibility of data, and all of the data in the figures and tables
were the average ones.

3. Resultsand discussion
3.1. Coagulation

Fig. 1 plots the residual fluoride concentration against
yon for various initial aluminum dosages. The optimum
yoHn fell asyr increased. The sum of the optimurgy and
vE (yon+r) seemed to be constant. Therefore, the varia-
tion of residual fluoride concentration withonF Was in-
vestigated with various initial Al(Ill) dosages, as shown in
Fig. 2 The optimumyon+k Was close to 3 if the initial alu-
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Fig. 1. Variation of residual fluoride concentration withyy with differ-

ent aluminum dosages. The optimumy declined with the decrease of
[AlI3+],. Because the initial fluoride concentrations in all systems were con-
stant (F~]o = 25 mg/l), the y increases with the decrease of:fAﬂ.

24 ¢

1
1
20 | '
1
1
1

— o A"=1mM
—F— AF=2mM
— & [AP"]p=3mM
——@—— [AP)p=4mM
— Ml [A*")y=5mM

Residual [F] (mg/L)

3.2 3.4 3.6 3.8 4

Yonsr

Fig. 2. Variation of residual fluoride concentration with thgn,g with
different aluminum dosages ([Hg = 25 mg/l).

the residual fluoride concentration rose rapidly with+r
when your exceeded 3. The molar ratio of hydroxide to
Al(ll) ions in the AI(OH)3 precipitate is 3. Accordingly,
the fluoride ions and the hydroxide ions can clearly co-
precipitate with Al(ll1) ions to form A} F,,,(OH)3,,_,.:

3+
nAl @9

(a9 — Al,F, (OH)3,—m (9)-

(8)
However, the fluoride ions in the precipitate are very easily
substituted for hydroxide ions whefynr exceeds 3:

+3n — mOH(_aq) +mF

Aln Fm (OH)3n_m(s) + OH(;q)
— AlFy-1(OH)3,_m 19 + Fiag- (9)

The hydroxide ions have a greater affinity than fluoride
ions for Al(Ill). Hence, fluoride ions are only substituted
for hydroxide ions in coordination with Al(lll) ions if the
amount of hydroxide does not suffice to neutralize the posi-
tive charge of Al(lII).

Fig. 3 plots pH againsyon, with and without the pres-
ence of fluoride in the coagulation process. The pH val-
ues measured in the two systems differ only in the range
yon = 2.5-3. Except in that range, the pH values of the two
systems were almost the same. The pH increased rapidly at
yoH = 2.5 in the system with the fluoride, but gy = 2.8
in the system without the fluoride, verifying the inference
that the fluoride is a substitutive ion for hydroxide. Further-
more, optimum pH for defluoridation was at the inflection
point of curve with fluoride, which explains why the opti-
mum pH in the system is so difficult to reach.

The concentration of OFcan be regarded as the alkalin-
ity of the water in these experiments. However, the alkalinity
of natural water is primarily caused by the dissolution of the
salts of weak acids, such as carbonate or bicarbonate. Ac-
cordingly, carbonate was used to examine the effect of the
molar ratio of Al(lll) and alkalinity on the removal of flu-
oride from natural water. Double the molar ratio of Al(lII)
to carbonate is defined agk (yak = 2[CO§‘] /TAl 3+])
and the sum ofax andyk is defined ag/ak+r. As shown

—— without fluoride
——@—— withfluoride

pH

2 22 24 26 32 3.4 3.6

Fig. 3. Variation of pH with theyoy with and without fluoride ions
([AI3t] =3 mM, [F]o = 25 mg/l).
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Fig. 6. Variation of defluoridation efficiency with they in EC and coag-

Fig. 4. Variation of residual fluoride concentration wi#, ¢ in coag- ulation processes agyp. ¢ = 3 (IF~lo = 25 mg/l)
+E= = .

ulation process as the NaO3 was used as alkalinity ([&I"] = 3 mM,
[F~]o = 25 mg/l).
From Eq.(7), the yon+r in EC system can be calculated
as follows:

er —O—— withEC - VOH+F=3+[OH_]0/[A|S+]I _ [H+]O/[AI3+]t
14 — — @~ — with coagulation ’ + [F_]O/[AI 3+]t. (10)

If the initial alkalinity is zero and the initial acidity
equals the initial fluoride concentratiaqiH™ 1o = [F~]o),
thenyon+k is independent of the Al(lll) dosage and always
equals 3 during the EC reaction. As mentioned earlier, the
Al(Il1) dosage is proportional to the reaction time in the EC,
as indicated in Eq(8). Therefore, the relationship between
the residual fluoride concentration and the Al(lll) dosage
at yon+F = 3 can be established by measuring the fluoride
concentration at different retention times in the EC system.
Fig. 2 reveals that when the initial aluminum dosage was
Fig. 5. Variation of residual fluoride concentration with then.r in EC 1 mM, the optimumyon.F exceeded 3 and the optimum effi-
process and coagulation systems. §i#J = 3 mM, [F~]o = 25 mg/l). ciency of defluoridation in that system was much less than in

other systems. Accordingly, a minimum Al(lll) dosage is re-
o ) quired to maintain a highg in coagulation whefronr = 3.
in Fig. 4, the optimumyaikr was also close t0 3, but  gjnce theer in EC and coagulation are very close when
the residual concentration of fluoride rose more slowly as vorsF = 3, EC can be employed to find the minimyroy

vak-+F increased than it did in the system in which hy- i, coagulation. The use of EC by environmental engineers to
droxide was used, because of the formation of bicarbonateyetermine the minimunyoy is more convenient and faster

(HCO;3) rather than hydroxide whepni .+ exceeds 3. The  1han the use of coagulation. They varies with reaction

affinity of bicarbonate for Al(lll) is less than that of fluo-  time in EC. so only one EC process is required to deter-
ride. Therefore, the residual fluoride concentration rose very mined the optimunyon. However, if the optimumyo is

Residual [F] (mg/L)

VomsF

slowly with yaik+F. determined by coagulation, then many experiments must be
_ conducted.
3.2. Electrocoagulation (EC) Fig. 6 plots residual fluoride concentration agaimnsi

of coagulation and EC wheypn+r = 3. Whenyoy > 2.4,

Fig. 5 compares the variations of residual fluoride con- theneg was nearly 100% anek fell asyon declined in both
centration, in EC with that in coagulation. The results of the systems. This phenomenon implies that the molar ratio of
coagulation experiment demonstrate that the defluoridation hydroxide ions to Al(lll) ions in the hydrofluoroaluminum
efficiency is almost zero if theoy exceeds 3. Therefore, precipitate should exceed a limit to keep the precipitate sta-
only variation in the rangeon < 3 was considered. The  ble. Accordingly, the first step of the co-precipitation of the
optimumyon of the EC system was also close to 3. More- Al(lll) ions with hydroxide and fluoride ions should be the
over, the residual fluoride concentrations in the EC system formation of the hydroaluminum polymer. The hydroalu-
were less than those in the coagulation systeppif, F > 3, minum polymer forms if the/oy is less than 2.46 and the ra-
proving the existence of electrocondensation effect. tio of the hydroaluminum polymer to total aluminum dosage
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aging time in this study was less then 5 min. Therefore, other
The peak of Al aluminum hydroxide polymer species could be present in the
13 polymer precipitate prepared at an OH/Al ratio of 2.4.

/

4, Conclusions

Theyon andyg govern defluoridation by aluminum salts.
The optimumyong for defluoridation in coagulation and
electrocoagulation are both close to 3y exceeds 2.4.

You=2.4

Aluminum

hydroxide
, ‘ . , ‘ ‘ . . ‘ The efficiency of defluoridation drops rapidly asy in-
240 180 120 60 0 60 120 180 240 creases wheponr is over 3. Ifyon is less than 2.4, the de-
3 (ZAlfppm) fluoridation efficiency drops agon falls, whenyonr is 3,

because the amount of aluminum polymer formed decreases.
The efficiency of defluoridation by electrocoagulation ex-
ceeds that by coagulation for the sapgF andyoy when
yoH+F IS over 3, because of the electrocondensation effect.
The use ofyon Or yaik andyr is more convenient than
[Alp]/[AI* )1 = yon/2.46,  for you < 2.46. (11) the use of pH to maximize the- in coagulation or EC sys-
tem. The problem of overadding acid or base can be solved

Adding anions with a high affinity for Al(lll), such as sul- by precisely measuring the alkalinity, acidity, and fluoride
fate, phosphate, and silicate, would cause the polymer tocgncentration in treated water.

aggregate rapidly because of the reduction in electrostatic
repulsion between the polymef$3-18] Buffle et al.[5]
reported that adding fluoride ions also leads to the rapid pre-Acknowledgment
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