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The Adsorbing Colloid Flotation of Fluoride lon by
Aluminum Hydroxide in Aqueous Media

ANN N. CLARKE and DAVID J. WILSON

DEPARTMENT OF CHEMISTRY
VANDERBILT UNIVERSITY
NASHVILLE, TENNESSEE 37235

Abstract

Up to 15.7 ppm fluoride can be removed from solution, pH 7.3 to 7.8, by
adsorption onto colloidal aluminum hydroxide at a concentration of 40 ppm Al.
This adsorbing colloid-adsorbed ion combination is then removed by foaming
with 40 ppm sodium lauryl sulfate. After 30 min the concentration of fluoride is
0.0 ppm. The concentration of aluminum is also 0 ppm. Efficiency of removal
slowly decreases with increasing ionic strength. Chloride ion interference is
minimal.

INTRODUCTION

The removal of trace metals and other contaminants from aqueous sys-
tems is readily achieved using foam separation methods. The extensive
literature in this field is reviewed by Lemlich (I, 2), Somasundaran (3), and
others. However, there is relatively little in the literature concerning the
removal of inorganic anions. Grieves et al. (4) discussed the removal of I~
from water by foam separation using the cationic surfactant ethylhexa-
decycldimethylammonium bromide (EHDA) as the collector-frother.
Primiani et al. (5) used EHDA to remove phosphate from aqueous media
by continuous foam fractionation. Chaine and Zeitlin (6) used adsorption
colloid flotation to separate arsenate and phosphate from seawater. The
collector was Fe(OH); and the anionic surfactant was sodium dodecyl
sulfate (NLS).
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Fluoride ion, F ™, is toxic to humans. Concentrations as lowas 1 ppm F~
have been seen to cause mottling of teeth and dental defects (7). Soluble
fluorides are readily and completely absorbed from the gastrointestinal
tract. The main site of fluoride storage is in the bones (8) where the F~
ions substitute for the OH ™ ions in the hydroxyapatite of bones and teeth.
This substitution can lead to sclerosis of the bones, calcification of liga-
ments, and general wasting (9). The fluoride ion has been implicated with
varying degrees of substantiation in allergies, kidney and heart disease, and
mongoloidism (/0, 117). It has recently been demonstrated (1.2) that fluoro-
aluminum complexes as well as free F~ are utilized significantly by the
body. Aluminum is used in treating drinking water.

The concentration of F~ in the worlds’ lakes and rivers is usually less
than 1 ppm. Seawater has a concentration of 1.3 ppm (Z/3). The mining of
cryolite (3NaF - AlF;) and its use as a solvent in the production of alumi-
num and the use of fluorapatite (CaF,-3Ca;(P0,),) as a fertilizer can in-
crease localized concentrations to a dangerous level. Table 1 lists acceptable
fluoride concentrations under various conditions.

For the aluminum industry the cost of reducing the discharge of pol-
lutants from primary smelting plants is directly proportional to the cost of
removing fluoride (74). The best available technology (BAT), a dry scrub-
ber system, requires high capital outlays in plant conversions and the
highest cost per ton of aluminum in new plants. Wet scrubbers, while less
expensive, are less efficient. They are, however, considered by EPA the
“best practicable control technology available’” (BPT).

More recently developed techniques for the removal of fluorides from
waste waters appear to leave too high a concentration in the water (15) to
meet requirements or involve electrical energy consumption, heating,
reduced pressure, or chemicals (e.g., HF) which would require special
handling (16, 17).

The ability of the mineral fluorite, CaF,, to adsorb oleic acid has been
known for a long time. In a recent paper by Sorensen (/8), various minerals
with and without fluoride present and their adsorption of various anionic
collectors were investigated. The results indicate that adsorption of anionic
collectors onto simple salt minerals is only in part determined by the ca-
tions of the lattice. Obvious similarities between various fluoride minerals
necessitate a theory assigning a specific role to the fluorine.

We here report on a study which was undertaken to effect the removal of
fluoride from aqueous systems at industrial waste concentrations down to
legal values by adsorbing colloid flotation. Three colloids at various pH’s
were investigated: Fe(OH),;, CaCO;, and Al(OH);. Since the nature of
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TABLE 1

Permissible Fluoride Concentrations

System Description Agency F~ (ppm) Ref.

Drinking water Daily air temp

50-54°F PHS* 1.2 21

64-71°F PHS* 0.9 21

79-90°F PHS* 0.7 21

Industrial process water Petroleum industry 1.2 4

Effluent-primary BPT, daily max EPA 2000° 14

aluminum smelting  BPT, daily max EPA 1000° 14

(monthly av)
Existing plant

BAT, daily max EPA 100° 14
BAT, daily max EPA 50° 14
(monthly av)
New plant
BAT, daily max EPA 50° 14
BAT, daily max EPA 25° 4

(monthly av)

2Public Health Service.

®This figure reflects fluoride concentrations as, for example, b F~ per 1000 1b
finished product. For conversion to aqueous concentration the plant’s flow and total
weight of product must be used.

the adsorbing colloid-adsorbed ion combination was not known, each was
foamed with both NLS, an anionic surfactant, and hexadecyltrimethyl-
ammonium bromide (HTA), a catonic surfactant.

EXPERIMENTAL

The experiments were carried out using a glass column 90 cm in length
with an inside diameter of 3.5 cm. There was a side arm near the bottom
to accommodate a microcombination pH electrode. The rubber stopper
plug in the bottom of the column held the gas inlet tubing to the fritted
glass sparger and a septum and a stopcock for small and large sample
capabilities, respectively. A lipped side-arm near the top of the column
served as a foam outlet.

House air was employed. Its flow was controlled by a pressure regulator
followed by a microvalve with vernier control. The air was then passed
through concentrated sulfuric acid and indicating silica gel to remove oils,
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moisture, etc; ascarite to remove acid; deionized water for controlled
rehumidification; and glass wool to remove any remaining particulates.
Flow rates were taken with a soap film flow meter connected into the sys-
tem directly after the column. The flow rate averaged 35 ml/min.

Stock solutions of AI3*, Fe**, and Ca®* were prepared and kept at an
acid pH with HNO; in polyethylene containers. Stock solutions of CO;2~
and of 100 ppm F~ were also prepared and stored in polyethylene con-
tainers. The appropriate amount of the cation of the collector (and anion
in the case of CaCQ;) was added to a 250 ml flask. The appropriate amount
of F~ was also added. The solution was brought to volume. The pH was
then adjusted to the desired level with I N NaOH. The solution was then
poured in from the top of the column. The sides were rinsed with a mini-
mum of deionized water, less than 3 ml. The appropriate surfactant was in-
jected with a syringe through the septum in the rubber stopper plug.
Samples were removed by syringe through the same septum at timed in-
tervals,

To keep volume changes minimal, highly concentrated surfactant
solutions were prepared. To facilitate the preparation of HTA at high
concentrations, the cationic surfactant was first dissoived in 1 or 2 ml of
ethanol (for a final volume of 1 liter). The NLS dissolved readily in water;
it was first washed with ether in a Soxhlet apparatus for 8 hr at a rate of a
cycle per 6 min to remove possible lauryl alcohol contamination.

The column was scrubbed in siru with a long handled brush after each
run. It was then rinsed thoroughly with deionized water and drained.

The analyses for fluoride were performed by the SPADNS method (19).
The quantitative analysis of the residual aluminum concentration was
performed by an adaptation of the Aluminon test (20). To the sample, 1 ml
of 3 M ammonium acetate was added, followed by 1 ml of 1% aluminon
reagent. The solution was mixed thoroughly and heated on an electric hot
plate. The solution was then cooled to room temperature and 1 ml of 3 M
ammonium carbonate was added. The volume was adjusted to 25 mi. The
solution was read on a spectrophotometer at a wavelength of 715 myu. The
absorbance curve was essentially linear between 0 and 1 ppm Al. New
standards must be prepared for each set of analyses. The accuracy achiev-
able with this procedure was + 109 or better.

RESULTS

Neither Fe(OH); or CaCO, proved successful in removing F~ from
water when foamed with either HTA or NLS. Each system was run at
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various pH’s ranging from approximately 3 to 10. The NLS was quite
efficient, however, at removing the Fe(OH); colloid, as evidenced by the
color change of the solution.

The A’ [or AI(OH),] formed 'a complex (7, 22) with the F~, making
the anion unavailable for analysis by the SPADNS method. Foaming with
HTA would not remove the complex at either acidic or basic pH’s. NLS,
however, did effect removal, performing best in the approximately neutral
pH range of 7.3 to 7.8.

At pH'’s below 7 a hydro-alumino-fluoride complex is formed as evi-
denced by the low free F~ analysis before any surfactant is added. In acid
pH’s, however, there is no aluminum removal after 30 min as evidenced by
the aluminum test described earlier. At pH’s above 8 the complex appears
to decompose, returning free F~ to the solution. An actual example of
this follows: A solution of 10 ppm F~ and 40 ppm AI** was prepared. Ata
pH of 2.0 the free F~ was found to be 1.5 ppm. The pH was then adjusted
to 8.1 in the column. After 60 sec of foaming, the free F~ concentration
was 1.9 ppm. After 20 min at a pH of 8.6, the F~ concentration in the solu-
tion had increased to 8.2 ppm.

The removal of the colloidal complex is effected over approximately a
0.5 pH unit for two reasons: (a) The CO,-free air is mixing with the CO,-
containing water. Subsequently the CO,~H,CO; equilibrium s established,
reducing the aqueous CO, concentration and increasing the pH. This
effect was observed by not adding the surfactant and noting the pH in-
crease as the air was bubbled through the Al-F solution in the column.
(b) The second, and probably dominant effect, is the ion flotation of H* by
LS~ (I). A larger pH range, 7.1 to 7.9, can be successfully employed as
long as the majority of the foaming occurs within the 7.3 to 7.8 range.

Parameters of the experimental runs other than pH were: 10 ppm F~,
40 ppm AI**, 40 ppm NLS in a total volume of 250 ml, and ambient room
temperature, 24 to 25°C. These conditions and the above pH range
will be implied by the subsequent use of the term “optimum system.” Both
the fluoride and aluminum concentrations of this system were reduced to
zero within a 30 min period, as indicated by their respective quantitative
tests. A typical removal curve is shown in Fig, 1.

Maintaining the optimum aluminum and NLS concentrations and the
pH, the fluoride concentration was increased to 19.7 ppm. The fluoride
remaining in solution after 30 min was 4.0 ppm for a removal of 15.7 ppm.
The aluminum concentration was zero. Under analogous conditions with
a concentration of 27.6 ppm F~, the remaining F~ after 30 min was 11.8
ppm, for a removal of 15.8. This corresponds to an Al/F removal ratio
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Fic. 1. Typical fluoride removal curve. Optimum system (see text).

(ppm Al added/ppm F removed) of 2.54. Increased NLS concentration
(72 ppm) did not improve the F~ removal. A system containing 120
ppm AI**, 26 ppm F~, and 43 ppm NLS vielded complete (<0.1 ppm)
F~ removal within 30 min. The residual aluminum in solution was 53 ppm,
for a removal ratio of 2.57.

NaNO, was used to vary the ionic strength of an optimum system. An
optimum system with no added NaNQ, has an ionic strength of 0.01. The
results are seen in Fig. 2. The system’s removal efficiency decreases very
slowly with increasing ionic strength compared to other studies (23). At
concentrations of NaNO; above 2.5 M, the foams were very poor and
there was essentially no aluminum removal.

Because of its ubiquitous nature and similarity to F~, chloride ion was
studied as a possible interference to the system. An optimum system with
0.5 M NaCl added decreased the fluoride removal by at most 8.3 % over the
0.5 M NaNO, system. An optimum system containing 1.0 A NaCl de-
creased the fluoride removal by 8.29 over the 1 M NaNO, system. An
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FIG. 2. Residual fluoride as a function of ionic strength. Optimum system (see
text). NaNQ; was the added inert salt,

optimum system including 8.9 ppm CI~ showed zero ppm F~ in solution
at 30 min.

When the Al-F-NLS solution was stored for more than a week in labo-
ratory quality glassware, leaching of Al occurred. Borosilicate glass (Pyrex,
Kimax, etc.) is 29, by weight AL,O; (24) or 10,6000 ppm Al Concentra-
tions as high as 25 ppm Al were analyzed after an 8-day delay when solu-
tions initially containing 0 ppm Al were stored at a pH of about 8. Analyses
within 1 day of sampling posed no problem.

CONCLUSION

The use of aluminum hydroxide as a collector colloid to float fluoride
ion with NLS from water appears to present a simple and efficient method
of removing this toxic contaminant. The chemicals used are common and
inexpensive. The optimum pH range is essentially neutral. This, coupled
with the system’s relative insensitivity to ionic strength and chloride con-
tamination, suggests that its use to remove fluoride from industrial waste
waters is most feasible.
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