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ARTICLE INFO ABSTRACT

The removal of fluoride from drinking water by the method of adsorption on activated
alumina is found superior than other defluoridation techniques mostly due to the strong
affinity between aluminium and fluoride. Dissolution of aluminium from the alumina
surfaces into its free and hydroxide ions in the aqueous medium is reported to be very low,
but the presence of high fluoride concentrations may increase its solubility due to the
formation of monomeric aluminium fluoride and aluminium hydroxyl fluoride complexes.
An Activated Alumina Defluoridation Model Simulator (AAD) has been developed to
represent fluoride adsorption on the basis of the surface complexation theory incorpo-
rating aspects of aluminium solubility in presence of high fluoride concentrations and pH
variations. Model validations were carried out for residual aluminium concentrations in

Article history:

Received 22 April 2009

Received in revised form

18 February 2010

Accepted 18 February 2010
Available online 26 February 2010

Keywords:
Defluoridation
Residual aluminium
alumina treated water, by conducting a series of batch fluoride adsorption experiments
using activated alumina (grade FB101) treating fluoride concentrations of 1-10 mg/L, at
varying pH conditions. The total residual aluminium in the defluoridated water is due to

Activated alumina
Adsorption
Fluoride

presence of both dissolved and precipitated Al-F complexed forms. The Freundlich
adsorption isotherm was found fit for fluoride adsorption capacity versus residual fluoride
concentrations for pH =7.5, and the relationship is given by the linearised equation log (x/
m)=1logk + (1/n) log C. with values of k=0.15mg/g and 1/n=0.45 indicating favorable
adsorption. The relationship is linear in the region of low fluoride concentrations, but as
concentrations of fluoride increased, the formation of the dissolved AIFS complexes was
favored than adsorption on alumina, and hence makes the isotherm nonlinear. The AAD
simulations can predict for operating fluoride uptake capacity in order to keep the residual

Dissolved aluminium

aluminium within permissible limits in the alumina treated water.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction fluorine and aluminium, porosity, availability of large number

of surface active sites etc when compared to other defluor-

Aluminium based adsorbents such as poly aluminium chlo-
ride, poly aluminium hydroxyl sulphate, alum sludge
(aluminium hydroxides), activated alumina and alumina
impregnated with various oxides (manganese, magnesium,
ferric hydroxides etc) are found to be suitable for defluoridation
of water because of factors such as high affinity between
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idation methods. The solubility of aluminium from the
alumina surface when it is used in water treatment around the
neutral pH range, is reported to be very low, (as solubility
product value (Ksp) of aluminium oxides is 1073?) but presence
of high fluorides in raw water and variation in pH may cause
the dissolution of more aluminium into the treated water
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during the defluoridation process. Presence of high fluorides in
groundwater is a major problem in India as well as in many
areas of the world including Canada, large parts of Africa,
China, Middle East and southern Asia. The natural level of
groundwater fluoride has been reported to be as high as 95 mg/
L in Tanzania waters, 23 mg/L in Karbi Anglong district of
Assam, and 30 mg/L in Barmer district of Rajasthan in India.
Aluminium was earlier regarded as a relatively innocuous
element but recent research has found that its various bound
forms with the fluoride and other inorganic/organic ions are
toxic in nature. Aluminium is a potential neuro-toxic agent in
human beings and studies of Martyn et al. (1989), McLachlan
et al. (1991), Berend and Trouwborst (1999), Strunecka and
Patocka (1999) and Gauthier et al. (2000) have demonstrated
relationships between aluminium and aluminium fluorides in
drinking water and Alzheimer’s disease. The permissible dis-
solved aluminium concentrations in treated drinking water
under the USEPA secondary drinking water regulation is 0.05-
0.2mg/L Al (USPHS, 1987) and WHO suggestion (1997) and
Indian Regulation 1S10500 (1991) is maximum of 0.2 mg/L.
Activated alumina based domestic defluoridation units
and community level hand pump attached defluoridation
units are presently the most widely accepted defluoridation
method in Indian villages having groundwater fluoride
concentrations greater than 5mg/L. It is reported that for
conditions around neutral pH, residual aluminium concen-
trations are present in alumina treated waters in the range of
0.1-0.3 mg/L (using alumina columns) by Agarwal et al. (1999)
and 0.01-0.05 mg/L (in AA domestic defluoridation units) by
Kumar and Verma (2004). A dissolution rate model had been
developed for hydrated y-alumina adsorbents by Lefevre et al.
(2004) on the basis of experimental studies for alkaline and
acid conditions and reported that the dissolved aluminium
concentrations varied from 4.86 mg/L to 17.82 mg/L for time
period of 2-22 h for the acidic (pH < 3) and alkaline (pH > 9) pH
ranges. Sanjuan and Michard (1987) experimented on
aluminium hydroxide solubility in aqueous solutions con-
taining fluoride ions at 50 °C and reported that aluminium
fluoride complexes are important in aluminium solubility in
acidic conditions when fluoride concentrations exceeds
103M. In view of the wide application of alumina based
defluoridation methods and with findings of synergistic
toxicity of aluminium and fluoride, this paper presents the
Activated Alumina Defluoridation model simulator (AAD)
developed on the basis of the surface complexation theory
incorporating aspects of aluminium solubility and reports the
detailed experimental batch studies conducted at Malaviya
National Institute of Technology Jaipur for validations of
residual aluminium concentrations in alumina treated water.

2. Development of theoretical model

The activated alumina surface is composed of a number of
discrete sites that consist of mobile H* ions that can go from
surface to solution, while the surface acquires charge in the
aqueous medium. The 2 pK surface complexation models are
used to represent their surface ionization behavior and
complexation with the adsorbed species (Feltes and Timmons,
2005; Todorovic and Milonjovic, 2004). Fluoride adsorption

occurs as a result of its preferential adsorption onto the oxide
surfaces and formation of complexes between the fluoride ions
and the positively charged sites. Hiemstra and VanRiemsdijk
(2000) studied adsorption and transport of fluoride by vari-
able charge surfaces on goethite and silica for variable pH and
reported that formation of the fluoride surface complex is
accompanied by a redistribution of charge, and the OH/F
exchange can be considered as fully located on the surface. The
adsorption capacity is reported to vary directly with increase in
fluoride concentration and inversely with pH of the solution
(Valdivieso et al., 2005; Singh et al., 2005). Effect of varying pH
and high fluoride concentrations on the aluminium solubility
from the alumina surfaces during the defluoridation process
was studied and following set of model equations have been
used to represent alumina defluoridation in the Activated
Alumina Defluoridation model simulator (AAD). The hypoth-
eses and the sequence of reactions leading to the development
of this model simulator are as follows:

e The alumina surface offers a plane for Al-F complexation
reactions leading to defluoridation of water, which in turn,
depends on the surface site density and surface potential at
the adsorption plane. The extent of surface ionization into
its positively or negatively charged surface sites will depend
on the pH of the aqueous medium.

Aluminium will dissolve from the alumina surface under-
going equilibrium dissolution with respect to the pH and the
residual fluoride concentrations in the treated water. The
total aluminium transferred to the treated water will include
the charged dissolved forms and the neutral precipitated
forms that remain suspended due to their colloidal sizes in
ranges less than 2 uym. The dissolved aluminium consists of
Al-F complexes such as AIF*", AlF§, AlF;, AIFZ~ and AlFZ-,
aluminium hydroxyl fluorides like AIOHF*, Al(OH),F5, forms
of free AI** and hydroxides like AIOH?*, AI(OH), Al(OH); and
Al(OH)3" etc. The neutral precipitates include complexes
like AIF3, AIOHFS, Al(OH),F° and Al(OH)3. The adsorbed fluo-
ride is in the form of [=AIOH,F’].

The surface complexation theory represents the alumina
surface behavior, site densities, potential at the adsorption
plane and fluoride complexation reaction in the defluor-
idation mechanism. The charging mechanism of the
aluminium oxide surface due to its amphoteric nature can be
both by adsorption and desorption of protons and is repre-
sented by following equations:

Ky

=AlOH + H' & =AIOH; (1)
=AlOH & =Al0 +H* (2)

where, =AlOH represents the alumina surface. This is known
as the 2 pK model (Yiacoumi and ChiTien, 1995) and K; and K,
are the intrinsic equilibrium constants for Egs. (1) and (2)
respectively that describe the adsorption and desorption of
protons. The charged surface concentrations are defined by
Egs. (3) and (4) as follows:

[;AlOH; } = K;[=AIOH|{H" }exp <_ke1Tpo> ¥
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{EAIO*] = KZ[EAIOH]{W}*eXp(:pT") )
The terms within the parentheses [ ] define surface

concentrations expressed in molarity units and terms within
the parentheses { } define ionic solution concentrations in
molarity units. The term exp(4%) takes into account the effect
of the surface potentials at the adsorption plane. Here y, is the
surface potential, e is the electron charge, k is the Boltzmann
constant, and T is the absolute temperature. The magnitude of
the surface charge, i.e., degree of surface ionization, will
depend on the acidic or basic strength of the functional groups
or on pH of the solution. The positively charged surface will
serve as surface site for fluoride complexation thereby
removing fluoride from the aqueous medium. Therefore the
binding of fluoride ions on to the alumina surface is described
by the following complexation reaction:

=AIOH] + F~ < =AIOH,F° )

K is defined as the equilibrium constant for the adsorption
reaction of Eq. (5) and the concentration of adsorbed fluoride is:

[=AIOHF’] = K¢ |=AIOH; | {F"} ©)

The extent of fluoride adsorption on the alumina surface
(assuming it to be spherical) is defined by the term the frac-
tional coverage t, as:

[=AIOH,F]

" |=aloH) + [=AlOH; | + [=Al0"| + [=AlOH,F] ")

By incorporating Egs. (3), (4) and (6) into Eq. (7), it becomes
equivalent to:

KeKi {H" }{F~ Jexp(-2)

charged aqueous complexes that can be formed during the
process include complexes like AIF3, AIOHF), AI(OH),F° and
Al(OH)3, and their concentrations are considerable at pH values
of 6-7 when fluoride concentrations are high and therefore
increase residual aluminium concentrations.

The equation for the total dissolved aluminium is defined as:

(A} ={ar |+ {1} {atr; )+ {AlF, }+ A}
+{atr }+{AloHF" } + {Al(OH),F; } + {AloR*" }
+{A1(0H);}+ {Al(OH);}H{Alz(OH)g*} 9)

The total available surface for adsorption is calculated after
considering the dissolution of alumina. Therefore the decreasein
the mass of alumina due to aluminium dissolution is defined as:

e ()

where, my is the initial weight of adsorbent alumina in grams,
and Alp is dissolved aluminium from alumina surface in
molar concentrations.

The surface charge density ¢, and surface potential v, on
the alumina surface are related by the Gouy-Chapman theory
(Yiacoumi and ChiTien, 1995) of diffuse layer as:

- . ey,
0, = V8¢RTIsin h (2kT> (12)

where I is the ionic strength and ¢ is the permittivity of the
aqueous medium, and R is the gas constant. The surface
charge density o, is defined in terms of the surface charge
concentration as:

0o = N{ {sAlOH;] - {EAIO’]} (12)

7=
1+ Keko {H' HE Jexp(g) + Ko {H' Jexp(5) + Ko {H'} " exp(%)

Aluminium from the alumina surface may get dissolved
based on its equilibrium solubility in water and the equilibrium
formation of its dissolved fluoride, hydroxyl fluoride and
hydroxide forms. The total dissolved aluminium from the
alumina surface is defined as Alp and its concentration is
determined by considering the formation of the dissolved free
aluminium ions, various aluminium fluoride complexes (AIF>*,
AlF3, AlFz, AlF2™ and AlF27), aluminium hydroxides (AlOH?™,
Al(OH), Al(OH); and AL(OH)3") and aluminium hydroxyl
fluoride like AIOHF* and Al(OH),F; complexes. The solubility of
aluminium oxides in the aqueous medium is defined by the
solubility product Ksp and the concentration of the various
aluminium complexes estimated on the basis of their thermo-
dynamic reaction equations are detailed in Table 1. Presence of
high concentrations of complexing fluoride ligands and low pH,
favor the formation of aluminium fluoride complexes AIF>* and
AlF3 and increase the residual aluminium. The neutrally

(o (455

8)

where N is the conversion factor given by N = F/Am and F is the
Faraday constant, A is the surface area of alumina per unit
weight and m is the mass of adsorbent alumina.

After incorporating Egs. (3), (4) and (10) into Eq. (12) it is
rewritten as:

_ F[=AIOH] (Ka{H" Jexp(e) — Ko{H'} "exp(%) )

kT
0, =
(o~ (25
The total site density Ng (in mols/m?), including the
different surface groups is given as:

(13)

Ns :g<[EAIOH] +[=Alon; |+ [=Al0 |+ [=AlORF))  (14)

Incorporating Egs. (3), (4), (6) and (10) into Eq. (14), the
concentration of the surface site =AIOH is given by:

[=AIlOH]

1 KeK {HTHE Jexp(-82) + Ky {H' Jexp () + Ko{H'} "exp (%)

(15)
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Table 1 - Thermodynamic stability constants for formation of Al-OH, Al-F and Al-OH-F Complexes (pK values are for 25 °C

and 0 Ionic strength).

Reaction equations pK values References Concentrations of the aluminium complexes

Al(OH); (s) = Al** + 30H" 323 (Bi et al., 2001) (AP} = (K/K{—H})

APt + H,0 = AIOH?*" + H* 4.99 (Nordin et al., 1999) {AIOH?"} = 10749 {A1*"} /{H"}

AP* 4 2H,0 = Al(OH)$ + 2H* 10.1 (Nordin et al., 1999) {Al(OH); } = 10-101{A**} /{H*}?

Al** 1 3H,0 = Al(OH)s (aq) + 3H* 16.9 (Nordin et al., 1999) {AI(OH)J} = 10-168{ AP} /{H'}®

AIP* 4 4H,0 = Al(OH); + 4H" 23.0 (Nordin et al., 1999) {Al(OH), } = 10-B{A**} /{H*}*

2A1%* + 2H,0 = AL,(OH)3* + 2H* -6.3 (Nordin et al., 1999) {Al(OH)¥"} = 10763 {AI**}2/{H"}?

APt + F~ = AIF?+ -7.0 (Tagirov and Schott, 2001; {AIF*"} = 1077 {AI** }{F}
Tagirov et al., 2002)

APt 4 2F = AlFj -11.1 (Tagirov and Schott, 2001; {AlF;} = 10“~1{Al3+}{1'-" )2
Tagirov et al., 2002)

Al** 4 3F~ = AlFs(aq) -16.8 (Tagirov and Schott, 2001; {AIFY} = 10‘16'8{A13+}{P’}3
Tagirov et al., 2002)

APt L 4F = AlF; -19.4 (Tagirov and Schott, 2001; {AlF;} = 10“9’4{Al3+}{F’ M
Tagirov et al., 2002)

A%t 5F~ = AlFZ- —20.6 (Tagirov and Schott, 2001; {AIFZ ) = 1O+2°~6{A13+}{F’}5
Tagirov et al., 2002)

Al** 4 6F~ = AIFE- -206 (Nordin et al., 1999) {AIF3} = 1O+2°-G{A13+}{F’}6

APP* + F~ 4 H,0 = AlOHF* + H* 0.0 (Nordin et al., 1999) {AIOHF"} = {AP"H{F }/{H'}

AI** 4 2F~ + H,0 = AIOHF + H* ~206 (Nordin et al., 1999) {AIOHF3} = 102064 JF °

Al(OH); + 2F~ = Al(OH),F5 + 20H 7.21 (Nordin et al., 1999) {Al(OH),E; } = 10*7-2%

The overall fluoride mass balance is obtained by considering
the dissolved free and complexed fluorides, the neutrally
charged fluorides and the fluoride adsorbed on the alumina
surface. The fluoride distribution is defined as:

(18) which was obtained from the mass balances for
aluminium and fluoride concentrations.

K = {Fr} - {F7}
’ {Fi} [({AIT} - {AID}) _ ({FT} _ {F,})]

Fig. 1 depicts the pKf values estimated at different values of
pH for different sample dosages of alum and fluoride and esti-
mated to be around 4.0 for pH ranging from 5 to 8. The value of
PK¢ for surface complexation of monovalent inorganic anions
for activated alumina was reported at 6.7-6.8 by Todorovic and
Milonjovic (2004) and Tagirov et al. (2002) had also reported pKs
value of 5.5 for alumina for fluoride complexation. Objective
function for fitting the intrinsic ionization equilibrium
constants K; and K, is defined as given in Eq. (19).

ObjFy = <<i(AL sim — AL exp)2> / NP) | (19)

where Alisim and Aljep are the simulated and the experi-
mental values of residual aluminium concentrations for
a data point i. Approximate values of K; and K, were also
obtained using the definitions pK; = (pHp;c — ApK/2),
PK> = (PHpzc + ApK/2) and ApK = (pK, — pK;). The point of zero
charge (pHp;) of alumina FB101 was experimentally obtained
at a value of 8 as shown in Fig. 2. Todorovic and Milonjovic
(2004) reported that for y-alumina having point of zero
charge at pH 7.2, the value of site density Ns is at 8 sites/nm?
and the values of the intrinsic equilibrium constants i.e., pK;
and pK, are at 4.4 and 9.6 respectively. The values of the

(18)
{Frota} ={F } + {A11=2+ + 2{A1F;} +3{AlF;} + 4{A11=;}
+5{AlF;} + 6{AlF } + {AlOHF" | +2{AlOHF}}
+ {Al(OH),F°} + 2{Al(OH),F; } + [=AIOH,F’]  (16)

Egs. (8), (9), (11),(13), (15) and (16) constitute the system of
equations describing the defluoridation mechanism on
alumina in combination with dissolution of aluminium from
the alumina surface. These six equations are simultaneously
solved for determining the 6 unknowns
[=AIOH], ¥, {Alp}, 00, {F} and 7, when all the other parame-
ters Ksp, Ky, K1, Ko, Ns, mo, A, I and {H"} are known. The AAD
model uses the solubility product value (Ksp) of 10-3? which is
applicable for the most stable form of aluminium hydroxides/
oxides like gibbsite or alumina. Parameters Ky, K;, K, and Ns
are fitting parameters in the model, and their values are
obtained from literature or experimental studies or chosen
such that the experimental and simulated results for
concentrations of residual aluminium and residual fluoride in
defluoridation converged. The objective function for obtaining
best fit for K¢ is defined as given in Eq. (17).

ObjFKf = ((i(ﬂ sim — 1:‘i exp)2> /NP> | (17)

Here NP is the number of data points, and F; s and F ey are
the simulated and the experimental values of residual fluoride
concentrations for a data pointi. The approximate value for K,
was also determined from experimental secondary data of
Selvapathy and Arjunan (1995) and K¢ was calculated using Eq.

equilibrium constants fitted into this simulator were
K;=10"°, K,=10"%, Kf=10" and Ng=8sites/nm? for
ObjFr = 0.66 (from 24 data points) and ObjFa; = 0.85 (from 14
data points). A computer program was developed for the AAD
model Simulator in the FORTRAN language using a Pentium IV
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Fluoride Adsorption Constant K;estimated using Experimental data
of Fluoride Adsorption on Aluminium Hydroxides

1.80 2.40 3.50 4.40 5.40 6.50 8.00
Aluminium hydroxide Dosages in mg/l
2 PH=5 XPH=6.6 *x PH=7

¢ PH=8 HPH=6

Fig. 1 - Fluoride adsorption constant K¢ estimated using
experimental data of fluoride adsorption on aluminium
hydroxides.

personal computer configured with 128 MB memory and
Fortran77 compiler. All calculations were done in double
precision. The simulator program used Newton’s method for
solving the set of highly nonlinear model equations and iter-
ations were performed until convergence to the desired level
(i.e., the difference between last consecutive values is 10°°)
was reached for the material balances. Fig. 3 presents the flow
diagram of the developed computer based AAD simulator. The
AAD simulations estimate for the overall residual aluminium
and residual fluoride concentrations, as well as for the
concentrations of all ionic aluminium fluoride and aluminium
hydroxyl fluoride complexes in the dissolved and precipitated
forms in the alumina treated water with respect to varying
raw water fluoride concentrations, alumina dosage and pH
during defluoridation.

Surface charge of Alumina FB101 at varying pH

20 -

Surface charge C/sq.m

pH of the solution

Fig. 2 - Surface charge of Alumina FB101 at varying pH.

3. Experimental materials and methods

3.1. Batch studies of defluoridation with activated
alumina grade FB101

Batch defluoridation experiments were carried out using
specific dosages of alumina treating varying fluoride water
solutions for AAD Simulator validation. The activated alumina
used for defluoridation was procured from Bharghava Indus-
tries Limited, Surat, of grade FB101. The specifications of the
alumina are given in following Table 2. The adsorbent was
washed with distilled water prior to conducting the experi-
ments and synthetic sodium fluoride was used as the fluoride
source. All chemicals, buffers used were of AR grade of Merck.
Dilute solutions of 0.1 N NaOH and HNO; were used for pH
adjustments. Filtration of solutions was carried out using
a vacuum pump and a membrane filter assembly fitted with
0.45um cellulose acetate membrane filters and fresh
membranes were used for every sample. The concentrations
of residual fluoride and residual aluminium in the filtrate were
determined. All samples were prepared and handled in poly-
propylene bottles, flasks, cylinders etc to prevent fluoride
leaching.

Analysis of residual aluminium in defluoridated water was
done using an Atomic Absorption Spectrophotometer (AAS)
(Make-GBC Scientific Equipment, Australia, Model-Avanta)
with acetylene-nitrous oxide flame furnace with D2 arc
background corrector. The working range of the instrument
for aluminium was 0.3-100 mg/L with wave length of 396.2 nm
and lamp current of 10 mA. The range of absorbance was 0.1-
0.5 for 2-10mg/L Al and RSD was within 2% with good
repeatability. Standard Al solutions of 1, 2, 4, 6, 8 and 10 mg/L
concentrations were prepared using standard reference
(stock) solution of 997 mg/L (Merck), and distilled water was
used for preparation of standards and dilution of solutions.
Potassium Chloride (2000 mg/L) was added to all the standards
and samples to prevent the ionization of aluminium during Al
determinations. Digestion procedure for solubilization of the
precipitated forms of Al was done by lowering sample pH to 1
using trace metal grade nitric acid and keeping it for 2 h before
measurement.

The residual fluoride in the alumina treated solutions was
analyzed using an lon Analyser (make-Mettler Toledo) and
coupled to a standard electrode as reference. Calibrations
were done using fluoride standards and the electrode slope
was kept at —59.16+3 mv/decade at 25 °C. Standard fluoride
solutions of 2, 4, 6, 8, 10 mg/L etc. were prepared from stan-
dard stock solution of 1000 mg/L using distilled water. For
decomplexation of aluminium complexes and avoiding
interference with the electrode performances, an ionic
strength fixer and buffer TISAB-II solution set to a pH in the
range 5.0-5.3 with 6 N NaOH, was added during measure-
ments to the samples and standards. The TISAB solution was
added in the proportion of 1:1 to 20 ml of sample and allowed
to stand for 2h at 25 °C before the electrode readings were
taken. The standards and samples were also stirred at
uniform rate (Magnetic Stirrer Remi make, Model MS500,
speed 60 rpm) and the temperature was also maintained
constant. The calibration was checked in between the
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Flow Chart for Alumina program Simulator AAD

INPUT DATA -Alumina Dosage, Initial
Fluoride , pH , surface area
|

ACTIVATED ALUMINA DEFLUORIDATION
(AAD) Model Program contains all set of
data for K values for Surface lonisation,
Defluoridation, Dissolution & reaction
models for all ALOH, ALF and ALOHF

A 4
OUTPUT DATA OF ALF , ALOHF
And ALOH Complexes in the form
of Precipitated Al, Dissolved Al,
and Fluoride removed at varying
pH

Convergence
Check

complexes
2
A 2
=
FUNC
Input of AAD Model- Six
Nonlinear Equations
- 3
-~
NEWTON
Solves set of six nonlinear
equations
_ J

Initial guesses for
unknown variables

Fig. 3 - Flow chart for Alumina program Simulator AAD.

measurement of the fluoride samples. Potentiometric titra-
tions were conducted in a Automatic Potentiometric Titrator
(make-Spectralab, Model AT38C) to determine surface charge
and point of zero charge of alumina. Two titrations were
carried out: one in the presence of alumina (92 mg Al,O3) in
10 ml aqueous electrolyte solution of various concentrations
and the other with the same electrolyte but in the absence of
alumina (blank). Sodium chloride was used as supporting
electrolyte and solutions of either HCl or NaOH (both 0.1 N)
were used as the titrant for pH range from 6 to 10. Lower pH
ranges were not done as they only solubilised the alumina.
Care was taken to ensure constant temperature (25 + 0.5 °C)
during the experiment and enough time was given so that the
solid and the bulk solution were in equilibrium allowing

Table 2 - Specifications of FB101 grade alumina.

S No Particulars Specification
1. Particle form Spherical
2. Particle size (mm) 0.4-1.2 mm
3. Water adsorption capacity at 30 C and 19.83
60%RH by weight
4. Surface area sq.m/gm (minimum) 260
5. Pore volume cc/gm 0.43
6. Bulk density gm/cc 0.82-0.87
7. Bed crushing strength % 99.8
8. Loss on attrition 0.145
9. Loss on ignition (250 C to 1000 C) 7.33
10. Chemical analysis
Al,O3 by difference 92.34
Na,O 0.10
Fe,03 0.03
Si0, 0.03

diffusive mixing. Deionised water-Lichrisolv (Merck) was used
during the potentiometric titrations.

4. Results and discussion
4.1. Effect of pH on residual fluoride and aluminium
concentrations

The simulated and experimental results for residual
aluminium and fluoride concentrations in the defluoridated
water, obtained on treating 200-1000 mg of alumina in 100 ml
fluoride water of different fluoride concentrations 4, 6, 8,
10 mg/L and at varying pH conditions of 5, and 7 are presented
in Table 3. The residual aluminium concentrations for varying
pH are also presented in Fig. 4. The total residual aluminium in
the defluoridated water is due to sum of both dissolved and
precipitated complexed forms, as the precipitated AIF are
monomeric forms and not removed during filtration by
a 0.45 pm membrane. Similarly the residual fluoride is due to
fluoride present in free and complexed forms (both dissolved
and precipitated Al-F complexes). At conditions of pH 7, the
simulation results gave low dissolved aluminium concentra-
tions varying from 0.2 to 0.4 mg/L. However the formation of
the neutrally charged AIF3, AIOHF) and Al(OH),F° precipitates
were predominant at this pH, and increased significantly with
increase in fluoride concentrations. For a 10 mg/L fluoride
solution these precipitated forms induced 2.18 mg/L of
residual fluoride and 1.04 mg/L of residual aluminium into the
treated water. Hence the total residual aluminium was higher
at 1.42 mg/L. The total residual fluoride, as per model predic-
tions, would predominantly be due to the presence of free
fluoride ions and the complexed form of AlF§ which is pref-
erentially formed at this pH. The fluoride removal efficiencies
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Table 3 - Residual fluoride and aluminium concentrations on batch defluoridation treating different dosages of Activated

Alumina (AA) in 100 ml fluoride solution at varying pH.

Initial F AAinmg pH Simulated Exp. Simulated Exp. % F removed
Conc. mg/L 3 B

Fdis Fppt TotalFres Fexp Fads Aldis Alppt Total Alres Alexp
4 200 7 3.29 0.27 3.56 33 0.44 0.11 0.13 0.24 0.9 11.0
6 200 7 4.67 0.72 5.39 46 0.61 0.19 0.37 0.56 1.1 10.2
8 200 7 5.87 1.37 7.24 6.7 0.76 0.28 0.66 0.94 1.5 9.50
10 200 7 6.91 2.18 9.13 8.2 0.88 0.38 1.04 1.42 1.7 8.80
4 200 5 3.97 0.029 3.99 34 0.004 4.7 0.016 4.722 4.4 0.10
6 200 5 5934 0.0608 5.994 5.9 0.005 6.4 0.03 6.43 6.8 0.09
8 200 5 7.893 0.10 7.99 6.5 0.006  8.05 0.05 8.10 8.0 0.07
10 400 7 6.512 1.837 8.34 7.2 1.651 0.33 0.97 1.20 1.50 16.52
10 500 7 6.31 1.682 7.99 7.1 2.01 0.315 0.80 1.115 1.1 20.10
10 800 7 5.75 1.29 7.04 6.5 2.96 0.27 0.62 0.89 1.0 30.0
10 1000 7 5.41 1.09 6.50 - 3.50 0.24 0.52 0.76 - 34.9

Fdis = [{F7} + {AlF?"} 4 2{AlF;} + 4{AlF;} + 5{AIFZ"} + 6{AIFZ "} + {AlOHF '} + 2{Al(OH),F; }]

Fppt = [3{AIFS} + 2{AIOHFS} + {Al(OH),F°%)]

Total Fres = Fdis + Fppt, Fads = fluoride adsorbed on alumina as [=AlOH,F’]

Aldis = [{ALI**} 4 {AIF?"} + {AIF3} + {AlFg} + {AIFZ "} + {AIF2 "} + {AlOHF '} + {Al(OH),F5} + {AlIOH?"} + {Al(OH)3} + {Al(OH)5 } + 2{Al,(OH)3*}]

Alppt = [{AIF} + {AIOHFS} + {A1(OH),F°} + {Al(OH)3)]
Total Alres = Aldis + Alppt

were very low at only 9-10% for low dosages of 200 mg/L of
alumina. The comparison for simulated and experimental
data given in Table 3, indicates that the predicted values for
the model were within +£5% of the experimental results, vali-
dating the AAD model simulator.

The alumina surfaces being amphoteric in nature, ionize to
form both positively and negatively charged surfaces accord-
ing to the pH of the solution. The point of zero charge of the
alumina was experimentally found to be at 8, hence the
alumina surfaces were forming positively charged sites in the
region of 7-8 and adsorbing the negatively charged fluoride
ions causing better fluoride removal. Lowering the pH to 5

favored the formation of dissolved Al-F and Al-F-OH
complexes and hence increased the residual aluminium and
fluoride concentrations. The residual aluminium concentra-
tions were approx 4.4, 6.8, and 8.1 mg/L at pH of 5 for fluoride
solutions of 4, 6 and 8 mg/L respectively. Each aluminium ion
being complexed with one or more fluoride ions, residual
fluoride concentrations were also proportionately higher with
respect to residual aluminium concentrations. Hence fluoride
removal by adsorption on to the alumina surfaces was negli-
gible as 90% of the fluoride remained in the solution in its
complexed forms with aluminium. In alkaline pH, fluoride

remains as free F-ions, as the aluminium ions will

Residual Aluminium in Alumina Treated Water at pH of 5and 7
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Fig. 4 - Residual aluminium in alumina treated water at pH of 5 and 7.
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preferentially form their hydroxide forms. Fluoride adsorption
will decrease as the alumina surface sites are negatively
charged in the alkaline medium and repel the negatively
charged fluoride ions. The dissolved aluminium again
increases due to the formation of its dissolved tri-hydroxides
in alkaline conditions.

4.2. Effect of increase in alumina dosages

As the % fluoride removal for 200 mg dosage of alumina was
very small, hence experiments were conducted with 100 ml of
10 mg/L fluoride solutions treated with increasing doses such
as 200, 400, 500, 800 and 1000 mg of alumina at pH 7. The
fluoride removal increased from 18 to 35% as the dosage
increased from 200 to 1000 mg of alumina and the % distri-
bution of fluoride, for adsorbed, precipitated and dissolved
forms is shown in Fig. 5. The residual aluminium concentra-
tions decreased with increased alumina dosages because
formation of neutral precipitates AlF3, AIOHFJ and Al(OH),F°
decreased as more of fluoride was preferentially adsorbed on
to alumina surfaces. When higher alumina dosages are used
to treat the same quantity of fluoride, it does not proportion-
ately increase the aluminium concentration in water. This is
because during the defluoridation process there are two
mechanisms that occur simultaneously, i.e., the aluminium
dissolution due to interactions of fluoride ions with
aluminium ions and the fluoride adsorption mechanism. The
residual aluminium concentrations in treated water are
defined by the thermodynamic equilibrium of the alumina
solubility reaction and the aluminium fluoride reactions. High
concentrations of fluoride will increase the formation of

aluminium fluoride complexes and hence the solubility of
aluminium. However the availability of more surface sites on
alumina will cause fluoride adsorption to occur preferentially
over the dissolution mechanism. This is because the adsorp-
tion equilibrium is more favored than Al-F interaction as per
thermodynamic reactions shown in Table 1.

4.3.  Adsorption isotherms

The best pH range for fluoride adsorption on alumina is around
pH 7-7.5, with high fluoride removal efficiency and minimum
residual aluminium. Experiments were conducted with 4
different 100 ml fluoride solutions of 9.3, 7.9, 4.8 and 3.1 mg/L
and treated with constant dosage 500 mg of alumina at pH 7.5.
As the concentration of fluoride increases, more of monomeric
AlFgis formed. Fig. 6 presents the comparison of experimental
and simulated residual fluoride concentrations. There is an
increase in residual aluminium concentrations and corre-
sponding decrease in fluoride removal efficiency with increase
in fluoride concentrations. These data was fit into the
Freundlich adsorption isotherm which is indicative of the
surface heterogeneity of the adsorbent and is shown in Fig. 7.
The relationship is given by the linearised equation log (x/
m) =logk + (1/n) log C. where k and 1/n are the Freundlich
constants related to the adsorption capacity and intensity
respectively. Here C. is the residual fluoride concentrations
(mg/L) and x/m is the mg of fluoride adsorbed per gram of
alumina. The value of kis 0.15 mg/g and 1/nis 0.45 and value of
1/n less than unity indicates favorable adsorption. The rela-
tionship is linear in the region of low fluoride concentrations,
but as concentrations of fluoride increased, the formation of

Distribution of Residual, Precipitated and Adsorbed Fluoride
concentrations at 7 pH for varying dosages of alumina treating 100 ml
of 10mg/l fluoride solution
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Fig. 5 - Distribution of Residual, Precipitated and Adsorbed fluoride concentrations at 7 pH for varying dosages of

aluminatreating 100 ml of 10 mg/L fluoride solution.
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Defluoridation at 7.5 pH using 500mg Alumina for 100 ml
fluoride solution of varying initial concentrations
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Fig. 6 — Defluoridation at 7.5 pH using 500 mg Alumina for 100 ml fluoride solution of varying initial concentrations.

the dissolved AlF3 complexes was favored over adsorption on
alumina, and hence makes it nonlinear for this pH.

The availability of sufficient surface sites for adsorption
will keep the formation of the dissolved aluminium fluoride
and aluminium hydroxyl fluoride complexes at its minimum
as the adsorbent dosage is increased. Hence with higher
alumina dosage, fluoride adsorption will preferentially occur

and with low dosages of alumina treating high fluoride
concentrations, aluminium dissolution will preferentially
occur over adsorption. The developed AAD simulator can
predict for residual fluoride, residual aluminium concentra-
tions, extent of fluoride removal, etc for alumina dosages
treating varying fluoride solutions at varying pH. Hence it is
applicable for predicting minimum dosage of alumina or

Freundlich Adsorption Isotherm at pH=7.5
At higher concentrations - nonlinear
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Fig. 7 - Freundlich adsorption isotherm at pH = 7.5 at higher concentrations - nonlinear.
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fluoride uptake capacity that can produce minimum residual
aluminium with better fluoride removal efficiencies.

5. Conclusion

Defluoridation on activated alumina was represented by AAD
model simulator incorporating mechanism of dissolution of
alumina surface with respect to pH changes and validated
using residual aluminium and fluoride concentrations
obtained from experimental studies. Activated alumina
defluoridation process is found favorable for removal of fluo-
ride, but identification of the optimum uptake capacity is
essential so that fluoride adsorption is not offset by the
aluminium dissolution mechanism on the alumina surface in
presence of high fluorides. When fluoride concentrations are
high and if low alumina dosages are used, the formation of
AlF§ is favored in pH range of 6.5-7.5, which may lead to
increase in residual aluminium in treated water. Hence
alumina dosages must be optimised at low fluoride uptake
capacities, such that preferential adsorption of fluoride on
alumina takes place. At higher uptake capacities, the forma-
tion of aluminium fluoride and aluminium hydroxyl fluoride
complexes will increase the residual aluminium complexes.
This also indicates that exhausted alumina surfaces may
promote the dissolution of aluminium to form its dissolved
fluoride complexes in the treated water. Hence regeneration
cycles need to be fixed not only on the basis of bed exhaustion
for fluoride uptake but also with respect to residual
aluminium concentrations in treated water.
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