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ABSTRACT

Fluoride removal from aqueous solutions using a-Al2O3 as an

adsorbent was investigated through adsorption and electrokinetic

studies, using two different initial fluoride concentrations relevant

to fluoride contents in drinking water, namely 3 and 10 mg/L.

Maximum fluoride removal was achieved between pH 5 and 6 at

258C. Adsorption at both pH 5 and 9 correlates to the Langmuir

isotherm. The point of zero charge (pzc) of a-Al2O3 at 208C was

determined using three different concentrations of NaNO3 as an

indifferent electrolyte. It was found to occur at pH 9.2. Through

mineral/solution equilibria, this pzc was determined to be close to

pH 9.5 of minimum solubility of amorphous aluminum hydroxide,
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suggesting the formation of this species onto the adsorbent’s

surface. Zeta potential of a-Al2O3 in the presence of fluoride

reversed sign towards more acidic pH values in comparison to the

pzc, indicating specific adsorption of fluoride. Fluoride adsorption

onto alumina under mildly acidic conditions seemed to involve

mainly a replacement of surface OH2 by F2. Adsorption is small

at pH 9 and up to about 10 and it seems to take place through

hydrogen bonding.

Key Words: Drinking water defluoridation; Fluoride adsorption;

Electrokinetics; Alumina

INTRODUCTION

Maximum allowed fluoride concentration in drinking water ranges from

0.7 to 1.2 mg/L depending on the mean daily air temperature (1). In many parts of

the world, however, drinking water contains high levels of fluoride derived from

natural sources, and its excessive ingestion constitutes a high health risk that can

lead to fluorosis of teeth and bones (2–7). Humans consuming water containing

fluoride as low as 4 mg/L over a long period of time can develop fluoride

osteoporosis. Defluoridation of water supplies is therefore necessary to avoid

health problems associated to fluoride overexposure. Methods for water

defluoridation include fluoride precipitation with calcium salts (8) and fluoride

adsorption onto various adsorbents: alum sludge (9), alumina (10–12,18), fly ash

(13), bone char (14), activated carbon (15), and resins (16).

Excess fluoride has been removed from drinking water using highly porous

adsorbents such as activated alumina (10,17,18). This aluminum oxide is a

granular material with a large specific surface area, usually between 240 and

300 m2/g. Churchill (10) was the first to report the use of activated alumina for

fluoride removal from drinking water. He found that the best experimental pH

values for water treatment were between 5 and 6.5. It has been reported that

fluoride removal from solution takes place by an ion exchange mechanism

involving the active sites on the surface of alumina (11,12,19). The mechanism of

fluoride removal from aqueous solutions using aluminum oxides or hydroxides,

however, is not fully understood. To gain a better understanding of the interaction

between fluoride and aluminum hydroxides, a-Al2O3, a low-porosity

aluminum oxide with a small specific surface area was selected as an adsorbent.

This research work was undertaken to investigate the effect of pH on fluoride

adsorption onto a-Al2O3. Electrokinetic experiments were carried out to
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determine the point of zero charge (pzc) of the adsorbent and for indirect

identification of fluoride adsorption mechanisms.

EXPERIMENTAL MATERIALS AND METHODS

The a-Al2O3 powder used for both adsorption and electrokinetic

experiments was purchased from Taimei Chemicals Co. Ltd. It has a purity of

99.99%, a specific surface area of 17.4 m2/g, and a mean particle size of 0.15mm.

This alumina sample was selected because of its relatively high acid resistance,

which minimizes losses during regeneration, and for its nonporous nature. All

chemicals were reagent analytical grade compounds. NaNO3 was used as a

supporting electrolyte for maintaining the ionic strength of suspensions constant.

Dilute solutions of NaOH and HNO3 were used for pH adjustments. NaF was

used as fluoride source. All solutions and suspensions were prepared with

deionized water (resistivity ¼ 17.4 megohm cm at 258C) obtained with a

Barnstead E-pure apparatus.

Alumina suspensions were prepared in polypropylene bottles. Suspensions

for electrophoresis measurements in the presence of an indifferent electrolyte

were prepared at 208C as follows: a measured amount of (50 mg) a-Al2O3 was

added to 100 mL, 0.1 mol/L, 0.01 mol/L or 0.001 mol/L aqueous sodium nitrate,

and the suspension was aged for 24 hr at its natural pH. After the aging period, the

pH was adjusted to the desired value, and the suspension conditioned further

during 30 min. Before filling the electrophoresis cell with the suspension, the pH

was recorded and reported as final pH. Electrokinetic measurements were

conducted with an electrophoresis unit manufactured by Zeta Meter Inc. At least

10 different particles were tracked for determining the average electrophoretic

mobility, which was converted to a zeta potential value through the Henry’s

equation (20) given by:

z ¼ 6phEM=1f ðkaÞ ð1Þ

where z is the zeta potential, h the water viscosity, EM the electrophoretic

mobility, e the water dielectric constant, k the electrical double layer thickness,

and a is the particle radius, which was taken as 75 nm. f(ka ) values were

determined at the various ionic strengths used in this study as described by Hunter

(20).

Adsorption experiments were conducted as follows: 500 mg alumina were

added to an aqueous solution of 0.01 M NaNO3 containing 3 or 10 mg/L total

fluoride, and the pH was adjusted to the desired value. This suspension was

equilibrated at 258C for 24 hr. The pH of this suspension was measured

afterwards and reported as final pH. An aliquot was taken and centrifuged at
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5000 rpm during 30 min. The solution recovered after centrifugation was used for

determining the concentration of total fluoride remaining in the solution. The rest

of the suspension was used for electrophoresis measurements in the presence of

fluoride in the system.

The total fluoride concentration in the solution was measured with an ion

selective electrode connected to an Orion Specific Ion Meter Model SA-720 and

coupled to a standard calomel electrode as reference. The range of fluoride

concentrations that can be analyzed by this technique varies from 0.1 to

1000 mg/L. For avoiding interference with the electrode performance, an ionic

strength fixer and buffer solution [TISAB: 1 M NaCl þ 1 M acetic acid þ 1 M

CDTA, (1,2 cyclohexylenediamine tetraacetic acid)], set to a pH in the range of

5.0–5.3 with 6 N NaOH was added during actual measurements (21). A given

volume of TISAB solution was added to a volume of fluoride-containing

supernatant and allowed to stand for 2 hr at 258C before reading the electromotive

force of the electrode.

RESULTS AND DISCUSSION

Determination of the Point of Zero Charge of a-Al2O3

Adsorption from solution at the solid–aqueous electrolyte interface is

affected by the interfacial electrical characteristics of the substrate, which can be

assessed by electrokinetic measurements. This experimental technique has also

been used to investigate adsorption phenomena for indirect identification of

adsorption mechanisms, and it has proven to be a very reliable technique for

measuring electrical effects at the interface caused by the adsorption of ions.

From electrokinetic results, one can determine the single most important

parameter that represents the electrical nature of the oxide–aqueous electrolyte

interface, pzc. In the case of oxides, the pzc is given by the proton condition in

solution at which the surface charge caused by Hþ or OH2 binding is zero. In the

absence of ions adsorbed specifically, other than Hþ and OH2, the pzc coincides

with the isoelectric point, which is the pH of zero electrokinetic potential (22).

The electrokinetic behavior of a-Al2O3 in aqueous suspensions containing

indifferent electrolytes has been amply investigated. In this research work, the

pzc of a-Al2O3 was determined from the electrophoresis results shown in Fig. 1,

which shows zeta potential–pH curves for three different concentrations of

NaNO3. Since the three curves intersect at a common single point that also

corresponds to zero zeta potential, namely pH 9.2, the pzc of a-Al2O3 occurs at

this pH. These results also indicate that Naþ and NO3
2 are indifferent counterions

for this oxide. The pzc values reported for a-Al2O3 are pH 9.0 (23) and pH 9.1

(24–26). The dissociation of the hydrated surface of a-Al2O3 to yield a positively
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charged or negatively charged surface may be given by (27,34):

AlðOHÞ ðsurfÞ þ Hþ ¼ AlðOHÞþ2 ðsurfÞ ð2Þ

AlðOHÞ ðsurfÞ þ OH2 ¼ AlO2ðsurfÞ þ H2O ð3Þ

The pzc for oxides represents the point at which the positively charged

surface site density equals that of the negative sites. This pzc has been related to

the pH at which the oxide shows its minimum solubility (27). To determine the

theoretical pH of minimum solubility of alumina, computations of solid–solution

equilibria were carried out as a function of pH using the available thermodynamic

data for the a-Al2O3–H2O system (22,25,28). The results of these computations

were then used to construct the solubility curve as a function of pH given in the

logarithmic plot shown in Fig. 2, which clearly indicates a minimum solubility at

about pH 7. This pH value, however, does not correspond to the pzc of a-Al2O3

determined by electrophoresis. This discrepancy can be explained in terms of the

extent of surface hydration of the alumina sample used in this investigation. Since

the aqueous alumina suspensions were aged for 24 hr prior to the electrokinetic

experiments, its surface must be extensively hydrated and even covered by an

aluminum hydroxide layer. Computations of solid-solution equilibria were also

carried out for both crystalline Al(OH)3–water and amorphous Al(OH)3 –water

Figure 1. The zeta potential of a-Al2O3 as a function of pH at 208C and three different

concentrations of NaNO3.
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systems. The solubility curves constructed from these results as a function of pH

are also shown in Fig. 2. These curves clearly show that the crystalline form of

Al(OH)3, gibbsite, also exhibits a solubility minimum at about pH 7, and it is

more insoluble than both a-Al2O3 and amorphous Al(OH)3. In addition, they

clearly indicate that amorphous Al(OH)3 in equilibrium with its solution is the

most soluble phase and exhibits a solubility minimum at pH 9.5, a value close to

the pHpzc of a-alumina determined from electrokinetic experiments. Zeta

potential measurements and solid-solution equilibria substantiate the assumption

that the surface of aged alumina seems to be coated by amorphous Al(OH)3.

Classical thermodynamics, on the other hand, indicate that the more insoluble

gibbsite phase should form on the surface of aged alumina in aqueous

suspensions. Parsons’ results (29), however, have confirmed the preferential

formation of amorphous phases on the surface of metallic oxides. In the case of

a-alumina, amorphous Al(OH)3, instead of crystalline gibbsite, has been reported

to form on its surface (25).

The pH of minimum solubility of a metallic oxide in equilibrium with an

aqueous solution has been found to correspond to the pH at which the solution is

electrically neutral with respect to the concentration of positive and negative

metal–hydroxo complexes. The pH at which this condition is satisfied gives the

isoionic point (iip) of the solution. From computations of amorphous Al(OH)3–

Figure 2. Equilibrium solubility of a-Al2O3, crystalline Al(OH)3, gibbsite, and

amorphous Al(OH)3, as a function of pH at 258C and zero ionic strength.
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solution equilibria as a function of pH, a solubility diagram was constructed and it

is presented in Fig. 3. This figure gives the concentration of free aquo Al(III) and

hydroxo–aluminum complexes in equilibrium with Al(OH)3, and clearly shows

that the iip closest to the pH of minimum solubility of the solid is given by the

condition 5½Al13ðOHÞ5þ34 � ¼ ½AlðOHÞ24 �; which occurs at pH 9.3. This iip value is

very close to both the pH of minimum solubility of the hydroxide and the pzc of

a-Al2O3 determined from electrophoresis. The solubility curve of amorphous

Al(OH)3 is also presented in this figure for comparison.

Kinetics of Fluoride Removal by a-Al2O3 from Aqueous

Electrolytes

For determining the equilibrium time for the removal of fluoride from

aqueous solutions using a-Al2O3 as an adsorbent, kinetics experiments were

performed at mildly acidic pH values, using solutions with fluoride concentrations

relevant to those encountered in some drinking waters. Results indicate a fast

adsorption step at short contact times and a slow process after about one hour.

Similar adsorption kinetics has been reported for the removal of fluoride from

Figure 3. Solubility diagram of amorphous Al(OH)3 as a function of pH at 258C and zero

ionic strength. The numbers on the lines refer to the corresponding ionic species in

solution. pHmin indicates the minimum solubility of amorphous alumina, iip is the

isoionic point of the solution in equilibrium with amorphous alumina.
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aqueous solutions using alum sludge (9). For solutions containing 3 mg/L initial

fluoride, fluoride removal from solution after 1.3 hr was 58.8% at pH 5.2, 56.6% at

pH 4.4, and 50.7% at pH 6.7. The uptake process continues slowly with time and

reaches 64.5% at pH 5.2, 57.6% at pH 4.4, and 55.9% at pH 6.7 after 24 hr. When

initial fluoride is increased to 10 mg/L, the best conditions for fluoride uptake are at

pH 5.7. At pH 4.8, 28.5% fluoride removal is achieved after 1.3 hr and 33.5% after

24 hr; 22.5% fluoride is removed after 1.3 hr and 30.5% after 24 hr at pH 6.8. The

loading capacity of a-Al2O3 was found to increase with increasing initial fluoride

concentration. According to these results, it was decided to equilibrate the a-

Al2O3-aqueous fluoride suspension during 24 hr for conducting electrokinetics and

adsorption experiments as a function of pH.

Effect of Fluoride on the Zeta Potential of a-Al2O3

Zeta potential results of a-Al2O3 in the absence and presence of various

initial fluoride concentrations are shown in Fig. 4 as a function of pH. This figure

shows that as the initial fluoride concentration increases, the isoelectric point of

the oxide adsorbent shifts to lower pH values and the zeta potential becomes

more negative in the pH range 3–10. This electrokinetic behavior is typical of

Figure 4. The zeta potential of a-Al2O3 as a function of pH at 258C and 0.01 M NaNO3

in the absence and presence of different fluoride concentrations.
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systems where an ion adsorbs specifically. In the case of alumina, it seems to be

mainly related to the adsorption of free fluoride, which can exchange with surface

OH groups, as recently shown by 19F NMR spectroscopy of Aluminum

hydro(oxides) in fluoride solutions (30). Below the pHpzc, the adsorption of

fluoride on positively charged surface hydroxyl groups may be written as:

AlOHþ
2 ðsurfÞ þ F2 ¼ AlFðsurfÞ þ H2O ð4Þ

This reaction explains the decrease in positive zeta potentials measured

under these conditions. In addition, the replacement of a surface OH by F

suggests that all F charge (21) is located at the surface (31), which is in

agreement with the zeta potentials measured at the a-alumina–aqueous fluoride

interface in this investigation.

Computations of solution equilibria were carried out as a function of pH using

the available thermodynamica data for the Al(III) –F–H2O system (19). These

results were then used to construct speciation diagrams of the type shown in Fig. 5,

corresponding to 8 £ 1025 mol=L total Al(III) and 2 £ 1024 mol=L total fluoride.

This diagram reveals that aluminum–fluoro complexes predominate in solution

below about pH 6.0. In neutral and basic solutions, hydroxide ligands compete with

fluoride for the aluminum cation. As a result, aluminum hydroxide precipitates from

solution and aluminum–hydroxo complexes predominate in solution.

Effect of PH on the Adsorption of Fluoride onto a-Al2O3

The effect of pH on the adsorption density of fluoride onto a-Al2O3 after

24 hr equilibration with aqueous solutions containing 3 and 10 mg/L initial

fluoride is shown in Fig. 6. These concentrations were used as they lead to

fluorosis of teeth and bones when such levels are present in drinking waters (2–

7). Fluoride adsorption densities were calculated using the difference between

added fluoride and the total fluoride concentration remaining in the solution after

the reaction time. Maximum fluoride adsorption density was found to occur

between pH 5 and 6 for the two initial fluoride concentration, in agreement with

the findings of Clifford et al. (17), and Churchill (10). In both concentrations,

fluoride adsorption density drops drastically above pH 6 and it also decreases at

pH values below those at which adsorption is maximum. The deleterious effect of

acid solutions on fluoride adsorption may be related to an increase in the

solubility of a-Al2O3 under these conditions, as shown by its solubility curve

shown in Fig. 2. This curve clearly shows that the solubility of a-Al2O3 increases

significantly as the pH decreases below about pH 5. In addition, as is well known,

the solubility of finely divided solids is significantly higher than that of their

massive forms (32). Al(III) dissolved from the crystal lattice of alumina will be
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Figure 5. Speciation diagram for the Al(III)–F(I)–H2O system. Total aluminum

concentration is 8 £ 1025 M and total fluoride concentration is 2 £ 1024 M:

Figure 6. Adsorption of fluoride onto a-Al2O3 as a function of pH at 258C and 0.01 M

NaNO3, with two different initial concentrations of fluoride.
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complexed by the fluoride ligand forming aluminum–fluoro complexes in

solution, which predominate below about pH 6 (see Fig. 5). Fluoride has been

found to promote the dissolution of aluminum hydro(oxides) at pH 5.0 (30). The

decrease in fluoride adsorption as the pH increases above 6 can be related to two

factors, namely the aluminum–hydroxo complex species being more stable on

the alumina’s surface than the aluminum–fluoro complexes, and the electrotatic

repulsion between the fluoride and the surface owing to their similarity in

negative charge.

Adsorption Isotherms

Isotherms of fluoride adsorption onto a-Al2O3 at pH 5 and 9 are shown in

Fig. 7. These results were analyzed using both the Freundlich and Langmuir

equations, finding that the Langmuir equation gave the best correlation, in

agreement with the results of Wu and Nitya (11) on the adsorption of fluoride

onto activated alumina. The Langmuir isotherm is given by:

G ¼ Gmkc=ð1 þ kcÞ ð5Þ

where G is the adsorption density of fluoride on a-Al2O3 at the equilibrium

fluoride concentration c in the aqueous solution, Gm the monolayer coverage,

and k is related to the equilibrium constant for the adsorption process.

Table 1 shows the values of Gm and k at pH 5 and 9 for the isotherms shown

in Fig. 7.

Adsorption of fluoride is small at pH 9 (2.13mmol/m2), compared to pH 5,

where the adsorption would reach a maximum fluoride density of 8.26mmol/m2

(2.73 mg F2/g Al2O3). The adsorption capacity at pH 5 is relatively low

compared to that of 12.2 mg F2/g Al2O3 reported for activated Al2O3, a high

specific surface area and high porosity alumina (18). Referring to Fig. 4, it is

apparent that adsorption of low magnitude proceeds up to about pH 10 as shown

by the decrease in the zeta potential of a-Al2O3 in the presence of fluoride ions.

At pH 9, very close to the pzc, the electrostatic contribution to the total free

Table 1. Values of Monolayer Coverage (Gm)

and Constant k for the Langmuir Adsorption

Isotherm of Fluoride onto a-Al2O3 at pH 5 and 9

pH Gm (mmol/m2) k (L/mol)

5 8.26 8529.26

9 2.13 33.12
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energy of adsorption must be very small and fluoride adsorption can be attributed

to specific adsorption through fluoride hydrogen bonding with surface hydroxyl

groups. Aluminum–fluoro complex species do not likely form on the surface of

a-Al2O3 at pH values close to the pzc and above since aluminum–hydroxo

complex species are thermodynamically more stable, as can be seen in the

speciation diagram shown in Fig. 5. At pH values above the pzc, hydrogen

bonding can also be accounted for fluoride adsorption on the negative surface of

a-Al2O3 through interaction with uncharged Al(OH) groups, present on the

surface in equilibrium with negative AlO2 groups as shown by Eq. (3). At pH

values higher than 10, where the zeta potential of a-Al2O3 is not affected by

fluoride ions, electrostatic repulsion between the negative charged surface and

fluoride anions must overcome the interaction due to hydrogen bonding, resulting

in no adsorption of fluoride. Fluoride adsorption onto kaolinite has also been

explained in terms of both anion exchange and hydrogen bonding (33).

CONCLUSIONS

Fluoride adsorption onto a-Al2O3 is very fast during the first 60 min of

reaction and continues slowly for up to 24 hr. Maximum fluoride uptake by a-

Figure 7. Surface adsorption density of fluoride onto a-Al2O3 as a function of

equilibrium fluoride concentration at pH 5.0 and 9.0. The experimental and Langmuir

equation results.
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Al2O3 was found to occur between pH 5 and 6 for 3 and 10 mg/L initial fluoride

concentration. Above these pH values, fluoride adsorption falls off sharply and it

is small at the point of zero charge of the adsorbent occurring at pH 9.2. Zeta

potential measurements indicate that fluoride adsorbs specifically onto a-Al2O3

by a mechanism that replaces OH2 from positively charged surfaces and through

hydrogen bonding under conditions close and above to the pHpzc.
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