Int. J. Environ. Sci. Technol. (2015) 12:2809-2818
DOI 10.1007/s13762-014-0653-5

@ CrossMark

ORIGINAL PAPER

Enhanced fluoride removal by hydroxyapatite-modified activated

alumina

G. Tomar -+ A. Thareja - S. Sarkar

Received: 25 January 2014 /Revised: 7 May 2014/ Accepted: 12 July 2014/ Published online: 25 July 2014

© Islamic Azad University (IAU) 2014

Abstract  Fluoride in drinking water is beneficial at low
concentrations but is considered harmful for the human
health when present at concentrations exceeding 1.5 mg/L.
Prevalence of high concentration of fluoride in drinking
water, combined with the nonavailability of alternate via-
ble sources, makes the treatment of the contaminated water
an essential task. In this study, we report the synthesis and
characterization of a hybrid adsorbent; hydroxyapatite-
modified activated alumina (HMAA) prepared by dispers-
ing nanoparticles of hydroxyapatite inside activated alu-
mina granules. The composite adsorbent provided a
synergy toward fluoride removal from contaminated
drinking water. The hybrid adsorbent possesses a maxi-
mum adsorption capacity of 14.4 mg F/g which is at least
five times higher than the virgin-activated alumina, which
has been used extensively for fluoride removal. HMAA
was regenerated using six bed volumes of a solution con-
taining commonly available innocuous chemicals. The
adsorbent was subjected to multiple numbers of operating
cycles within a column, each cycle consisting of one
adsorption run followed by regeneration.
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Introduction

Groundwater remains the only choice in many developed
as well as developing countries such as India for fulfilling
the daily needs and demands of people. But unfortu-
nately, due to weathering of rocks and over-exploitation,
there is leaching of minerals in the groundwater that
usually results in the release of extra dissolved spe-
cies into the groundwater. Arsenic and fluoride are
known to be major geogenic pollutants that cause adverse
effects on human health (Farooqi et al. 2007). Although
fluoride contamination in the drinking water is not as
fatal as arsenic; however, the widespread nature and
debilitating effect on the human beings have made the
fluoride contamination problem as the one which needs to
be urgently remediated. One-fourth countries of the
world and a large fraction (28 %) of rural population of
the developing countries (India, Pakistan, Bangladesh,
etc.) are facing the problems of water supply with unsafe
level of fluoride, resulting in a condition which demands
an immediate and robust solution. High fluoride con-
centrations in groundwater, up to more than 30 mg/L,
have been observed widely in many parts of the world
(Azbar and Turkman 2000; Wang et al. 2002; Chernet
et al. 2002). There are many districts in Indian states
where the community is compelled to use water having
concentration of fluoride as high as 5 to 49 mg/L while
the permissible limit for fluoride intake decided by WHO
is only 1.5 mg/L (World Health Organization 2008). In
cases where there is no viable alternative source for safe
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drinking water, it is essential to have a treatment system
in place before the water is used for drinking and
cooking.

Various efforts have been undertaken to develop an
effective method for fluoride removal from drinking water.
The methods that are either developed in the laboratory or
used in the field are based on one or combination of the
following principles: adsorption (Apparao et al. 1998), ion
exchange (Singh et al. 1999), precipitation—coagulation
(Saha 1993; Rao et al. 1998; Reardon and Wang 2000) and
membrane separation process (Mohapatra et al. 2009;
Ndiaye et al. 2005; Richards et al. 2010; Malaisamy et al.
2011; Hu and Dickson 2006; Hou et al. 2010; Durmaz et al.
2005; Hichour et al. 2000; Kabay et al. 2008; Sahli et al.
2007, Meenakshi and Maheshwari 2006). A major point to
be noted regarding the fluoride removal from contaminated
water is that while other commonly occurring toxic ions in
drinking water are significant in sub-mg/L concentration,
fluoride normally is present in mg/L range in the contam-
inated waters. Therefore, simply considering the stoichi-
ometry, it is much more difficult to develop a cost-effective
removal process for fluoride than other trace contaminants
such as arsenic.

Adsorption using a plug-flow device such as an adsorp-
tion column is always user-friendly and desirable due to its
inherent design supremacy compared to the completely
mixed reactors generally used in precipitation-type fluoride
removal. Due to this reason, adsorption using columns is a
popular process for removal of contaminants from contam-
inated drinking water. Activated alumina (AA) is frequently
used as an adsorbent for such plug-flow-type adsorption
units employed for fluoride removal. The advantage of AA
is that it is a regenerable media but it has low capacity for
fluoride removal. Considering the fact that fluoride occurs in
mg/L concentration range, often the regeneration has to be
performed rather frequently, generally after every 100-150
bed volumes of operation of the adsorption column.
Although the regeneration can be done using commonly
available chemicals, the frequent regeneration requirement
tends to make the process cost-prohibitive. Therefore, there
is natural demand for the development of adsorbent media
with comparable cost but with a much superior adsorption
capacity, so that an affordable and workable solution to the
fluoride problem can be reached.

The other adsorbents previously studied for fluoride
removal include bone char, activated carbon, activated
bauxite, ion-exchange resins, fly ash, super phosphate and
tricalcium phosphate, clays and soils, synthetic zeolites and
other minerals (Ayoob et al. 2008). It was found that
hydroxyapatite synthesized using locally available
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materials can effectively remove fluoride at considerable
low costs. It is recognized that hydroxyapatite holds
potential as a possible solution to the fluoride problem
(Sundaram et al. 2009). Hydroxyapatite substrate can also
be made from bone char, but consuming water filtered with
animal bones conflicts with religious and culture taboos in
many places in the world, especially in India. On the other
hand, synthetic nano-hydroxyapatite [Cas(PO4)3;OH] par-
ticles showed a very good capacity for fluoride removal
from contaminated waters (Gao et al. 2009; MacDonald
et al. 2011). However, the nanoparticles, due to their poor
durability and excessive pressure drop across the column,
are not suitable for direct application in fixed bed columns,
reactive barriers, or any plug-flow-like applications (Sarkar
et al. 2012).

Furthermore, in the nanoscale, the particles typically tend
to aggregate, a property that negates many of the benefits
associated with the nanoscale dimensions. One way to make
nanoparticles fit for the field applications is to encapsulate
them inside a matrix of a host material (Sarkar et al. 2012).
As a host material, AA is a good choice for encapsulation of
hydroxyapatite. Porous AA granules not only shall impart
excellent mechanical strength, durability and hydraulic
properties to the composite adsorbent; being an adsorbent
itself, it also should add synergy to the overall adsorption
capacity of the composite adsorbent. The composite material
should be regenerable, so that suitability for regeneration
and reuse of the adsorbent over multiple numbers of cycles
shall bring cost-effectiveness. Therefore, it is worth devel-
oping a hybrid adsorbent which shall consist of two pha-
ses—nanoparticles of hydroxyapatite and activated alumina.
In this article, we report the synthesis and characterization of
a hybrid adsorbent, hydroxyapatite-modified activated alu-
mina (HMAA), prepared by dispersing nanoparticles of
hydroxyapatite inside AA granules. We also report the
results of performance validation experiments for this hybrid
adsorbent, HMAA, for fluoride removal from synthetic
contaminated water under different operating conditions.
We also developed and validated suitable regeneration
protocols for exhausted hybrid adsorbent. We have also
reported the results of column runs with the adsorbent over
multiple number of cycles.

Materials and methods

Reagents and chemicals

Activated alumina (AA) was obtained from Oxide India
Private Ltd, Durgapur, India. The AA used in the study was
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spherical with sizes between 600 and 900 micron, with
available surface area of 250 m?/g. The chemicals required
for aqueous phase determination of fluoride, such as
SPADNS reagent and zirconyl oxychloride octahydrate,
were procured from LOBA Chemicals, India; sodium
fluoride, sodium chloride and sodium sulfate from
QUALIGENS, India; sodium hydroxide pellets, ammo-
nium dihydrogen phosphate and calcium chloride from
HIMEDIA, India. All the chemicals used were of analytical
reagent grade.

Synthesis of hydroxyapatite-modified activated alumina
(HMAA)

Figure 1 schematically shows the steps involved in the
synthesis of HMAA from commonly available chemicals.
Briefly, 5 g of virgin AA granules was carefully washed in
deionized water several times and dried in an oven at
105 °C for 4 h. Next, 500 mL of 5 % solution of ammo-
nium dihydrogen phosphate with pH adjusted to four was
circulated for about 15 min through a glass column loaded
with precleaned AA granules. Subsequently, the solution is
decanted, and 1L of 5 N solution of calcium chloride with
pH adjusted to 11 was circulated through the column for
another 15 min. After this step, the contents of the column
were thoroughly washed with deionized water flowing
through the column for about 10 min. The whole procedure
was repeated for two cycles.

Solution of
STEP-1
NH Hz(PO,)
pH=4
Activated AIOH;" X
Alumina :IZPO4'
”
AIOH;* &
STEP-2
Cadl; solution Hydroxyapatite
pH=11 B
Hydroxyapatite AlO
Modified
Activated +Cas(PO,);0H 15]

Alumina
(HMAA) AIO™

Fig. 1 Synthesis of hydroxyapatite-modified activated alumina by
dispersing particles of hydroxyapatite inside the pores of activated
alumina granules

Characterization of the hydroxyapatite-modified
activated alumina (HMAA)

The HMAA prepared in the foregoing step was charac-
terized using a scanning electron microscope (SEM),
Quanta 200 F (FEI, USA), equipped with capability of
performing energy-dispersive x-ray (EDX) of the samples.
The synthesized HMAA was also analyzed for Fourier
transform infrared spectroscopy (FTIR) using NICOLET
6700 (Thermo Scientific, USA). FTIR spectra of the solid
samples were performed by diluting them in KBr pellets.
The results of the FTIR spectroscopy were used to deter-
mine the nature of functional groups present in HMAA.

Fluoride sorption—desorption studies

The fluoride sorption and desorption experiments were
carried out using the HMAA granules synthesized in the
laboratory. The experiments were carried out in both bat-
ches as well as column mode using synthetic solution
containing fluoride in the background of other competing
ions. For all the studies, the background of commonly
occurring competing anions comprised of chloride, sulfate
and bicarbonate ions maintained at concentrations much
higher than that of fluoride, so that the synthetic solution
resembles a realistic contaminated ground water sample.
All batch adsorption experiments were carried out using
well-stirred solutions containing fluoride initially at con-
centration of 10 mg/L. For isotherm studies, 200 mL of the
solution at near-neutral pH was placed in small plastic
bottles with varied amount of HMAA and was kept on a
platform shaker for 8 h. A kinetic study indicated that the
equilibrium is reached within 8 h of contact time. After 8 h
of shaking, the liquid samples were taken out and filtered
through glass fiber filter and the filtrate was analyzed for
fluoride content. Interferences of pH on the adsorption
were studied at equilibrium by varying the initial pH of the
solution either by adding HCl or NaOH. Column studies
were carried out using a bed of HMAA inside a 11-mm-
diameter glass column, which was subjected to a continu-
ous flow of a synthetic solution containing fluoride with
background concentration of common anions. Desorption
studies within the column for the fluoride-loaded adsor-
bents were carried out using NaOH solution at alkaline pH.

Analysis of water samples
Fluoride content in the water samples was analyzed using

UV-VIS spectrophotometer (Hitachi, U-2900) following
the SPADNS method described in the Standard Methods
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(American Public Health Association 2012). Briefly, fluo-
ride standards, samples or their aliquots were first diluted to
50 mL with distilled water followed by addition of 10 mL
mixed acid-zirconyl-SPADNS reagent, which when mixed
thoroughly produced characteristic red color. The concen-
tration of fluoride in the sample was determined by ana-
lyzing their absorbance recorded at 570 nm using UV-VIS
spectrophotometer.

Results and discussion
Characterization of HMAA

Morphological studies using scanning electron micrograph
and energy-dispersive x-ray

Figure 2 shows a scanning electron micrograph (SEM) of
the interior of HMAA synthesized in the laboratory. The
heterogeneity in the surface inside the hybrid adsorbent
clearly points out to the presence of two different phases
inside the adsorbent; the small amorphous precipitates of
hydroxyapatite of size predominantly less than 100 nm
dispersed in the foreground of the matrix of AA particles of
larger size. Figure 3 shows the results of EDX analysis of
HMAA shown in Fig. 2. The significant relative abundance
of calcium and phosphorus along with aluminum and
oxygen in HMAA provides the evidence of presence of
hydroxyapatite-like phases dispersed within the matrix of
activated alumina, the parent adsorbent. A quantitative
analysis of the EDX data showed that calcium-to-phos-
phorus ratio in the synthesized adsorbent was 1.42, which
is close to that present in calcium hydroxyapatite molecule
having a formula of Cas(PO,4);O0H.

Fourier transform infrared spectroscopy

In order to further investigate the characteristics of the
hybrid adsorbent, HMAA was subjected to Fourier trans-
form infrared (FTIR) spectroscopy. FTIR spectra are a
useful tool to help identify functional groups in a molecule
as each specific chemical bond has a unique energy
absorption band from which one can obtain structural and
bond information on a complex in order to study the
strength and fraction of hydrogen bonding and miscibility.
Fig. A of electronic supplementary material shows the
FTIR spectra of HMAA. The major bands for the HMAA
can be assigned as follows: 3454 cm™' (—OH stretching
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vibrations); 3,094 and 2098 cm™! (P-OH stretching
vibration); 1747 and 1638 cm™' (O=P-OH stretching
vibration); 1375, 1232 and 1071 ecm™' (P=O stretching
vibration); 743 cm~' (P-O stretching vibration); and
612 cm™' (OH-P-OH stretching vibration) (Stuart 2004;
Rehman and Bonfield 1997).

The EDX and FTIR studies point out to the presence of
hydroxyapatite phase inside the HMAA, whereas the SEM
indicates that the hydroxyapatite phases are nanoparticles
having dimensions less than 100 nm. Therefore,

Hydroxyapatite precipitates

Fig. 2 Scanning electron photomicrograph magnification of
hydroxyapatite-modified activated alumina at 50,000X

Arbitrary units

Fig. 3 Energy-dispersive X-ray analysis of surface of hydroxyapa-
tite-modified activated alumina
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characterization studies conclusively prove the presence of
nanoparticles of hydroxyapatite within the activated alu-
mina matrix of HMAA synthesized in the laboratory.

Batch adsorption studies

Batch isotherm studies were carried out to determine the
equilibrium adsorption capacities of the virgin AA and
HMAA. A preliminary kinetic study showed that after
around 8 h of contact time, equilibrium state is attained.
So, for all isotherm studies, equilibration contact time of
8 h was used. Figure 4 shows comparative values of the
equilibrium fluoride adsorption capacities of virgin AA
and HMAA observed under identical experimental con-
ditions. The synthetic fluoride-containing solution had
background concentration of electrolytes containing
commonly occurring anions such as chloride, sulfate and
bicarbonate.

Following the batch experiments, the data were ana-
lyzed for the goodness of fit with two equilibrium
adsorption models, namely Freundlich’s model and Lang-
muir’s model (Sundaram et al. 2008). The Freundlich
model indicates the surface heterogeneity of the adsorbent
and is defined as per the Eq. (1):

1
ge = kpCe (1)

where k; and 1/n are Freundlich constants related to the
adsorption capacity and adsorption intensity, respectively.
Q. and C, are the equilibrium concentration of the adsor-
bate in adsorbent and aqueous phase, respectively.
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Fig. 4 Comparative equilibrium fluoride adsorption capacities of
virgin and hydroxyapatite-modified activated alumina at different
equilibrium fluoride concentrations with background electrolyte
concentration

Taking natural logarithm on both the sides, the Eq. (1)
transforms to the linear form as indicated in Eq. (2):

1
Ing. =Inks +-InC, (2)
n

if the experimental data show a good correlation with the
Eq. (2), then the adsorption process is said to follow the
Freundlich model.

The Langmuir model is represented by the Eq. (3):

_ Qmax bCe

qe = 1+ bC, (3)

where Q,.x 1s the maximum amount of the fluoride uptake
per unit weight of adsorbent to form a complete monolayer
on the surface at a very high C,, and b is a constant related
to the affinity of the binding sites. Q. represents a
particle limiting adsorption capacity when the surface is
fully covered with adsorbate ions and assists in the
comparison of adsorption performance, particularly in
case where the sorbent did not reach its full saturation in
experiments. A reorganization of the terms yields the Eq.
(4) as follows:

1. (o) (@) (610) @

The linear plot of 1/C, versus 1/q, for the experimental
data indicates the applicability of Langmuir adsorption
isotherm for the adsorption process. Table 1 shows the
general equations of the two models and correlation of
the observed data with the above two models, R* being
the correlation coefficient showing the goodness of the

Table 1 Isotherms, goodness of fit for experimental data and values
of constants and coefficients obtained from fluoride adsorption
equilibrium studies performed with HMAA and AA

Isotherm Correlation coefficient ~ Value of coefficients and
(Rz) constants
Langmuir AA: 0.98 Omax = 3.1 mg/g
b = 047 L/mg
HMAA: 0.94 Omax = 14.4 mg/g
b =0.21 L/mg
Freundlich AA: 0.98 K,=1.26
n=3.1
HMAA: 0.98 K, =2.79
n = 1.67

C, is equilibrium fluoride concentration in aqueous phase, mg/L, and
q. 1s equilibrium fluoride concentration in adsorbent phase, mg/g; AA
activated alumina, HMAA hydroxyapatite-modified activated alumina

’r @ Springer
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fit. Values of Langmuir constants k; and n for virgin
AA were 1.26 and 3.1, respectively. Values of Lang-
muir constants Qn.x and b were 3.1 mg/g and 0.47
L/mg, respectively. Langmuir model points out to a
maximum achievable fluoride adsorption capacity of
3.1 mg/g by virgin AA. The values of the constants are
consistent to those found by other researchers (Ghorai
and Pant 2005). For HMAA, the values of Freundlich’s
adsorption model constants k; and n were observed to
be 2.79 and 1.67, respectively. Since the value of n is
greater than unity, the adsorption is favorable. Lang-
muir constants Q..x and b observed were 14.4 mg/g
and 0.21 L/mg, respectively, indicating a maximum
adsorption capacity of 14.4 mg/g for the adsorbent
even when there was competition from the other
commonly occurring anions. From Table 1, it is clear
that the adsorption behavior of both virgin AA and
HMAA corresponded well with Langmuir and Freund-
lich model equations, which is a confirmation of sur-
face heterogeneity as well as validation for monolayer
sorption onto surface of both the adsorbents.

Comparison of the capacities of the adsorbents indicates
that the fluoride adsorption capacity in the HMAA has
increased by almost fivefold compared with virgin AA as a
result of dispersal of hydroxyapatite within its pores. The
boost to the adsorption capacity in HMAA compared with
virgin AA is due to the dispersed phase of hydroxyapatite
nanoparticles, which provided significant synergy to the
adsorption capacity due to its high surface area to volume
ratio.

Effect of pH on adsorption of fluoride

The pH of aqueous solution plays an important role in
controlling the adsorption behavior of various inorganic
adsorbents at the water-adsorbent interface. In order to
study the effect of pH on the adsorption, batch adsorption
experiments were carried out with solution at different pH
containing fluoride concentration of 9.0 mg/L with back-
ground concentration of commonly occurring anions. The
solutions were adjusted to different pH in the range of
4-10. The adsorbent dose was kept at 7 g/L.. After reaching
the equilibrium, final pH of the solutions were measured.
Figure 5 shows the percentage adsorption of fluoride from
the solution at different equilibrium pH. The adsorption
capacity was found to be maximum around pH of 8.
(Ghorai and Pant 2005) indicated that AA also follows
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Fig. 5 Variation in fluoride adsorption capacity of hydroxyapatite-
modified activated alumina at different pH
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Fig. 6 Fluoride concentration histories in the effluent of a hydroxy-
apatite-modified activated alumina column run with solutions with
different concentration of fluoride (SLV superficial liquid velocity,
EBCT empty bed contact time, MCL maximum contaminant limit)

similar variation in its adsorption behavior with varying
pH, showing a maximum adsorption capacity at pH of 7.
The alkaline shift in the pH for maximum adsorption
capacity for HMAA is probably attributable to the presence
of hydroxyapatite, which is introduced as a dispersed phase
within the pores of activated alumina. Decrease in the
adsorption capacity at elevated pH as shown in Fig. 6
indicates that at higher pH, there will be desorption of
fluoride. This phenomenon was used for the development
of process for the regeneration of the exhausted HMAA,
which is described later in this article.
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Column studies

Fluoride-contaminated synthetic water with background of
commonly occurring competing anions was passed through
laboratory column (ACE Glass, USA) with internal diam-
eter of 11 mm containing a bed of HMAA. A flow con-
troller was used to control the flow rate of the solution
through the column. Effluent water samples were collected
at definite intervals of time at the bottom of the column and
were analyzed for fluoride concentration. Figure 6 indi-
cates the effluent histories of three separate column runs
performed with synthetic solutions containing 3, 5 and
7 mg/L of fluoride. The breakthrough curves for all three
solution concentrations showed sharp breakthrough pat-
terns. The breakthrough of fluoride corresponding to
influent concentration of 3, 5 and 7 mg/L was observed to
occur at 285, 350 and 400 bed volumes, respectively, and
breakthrough of 1.5 mg/L fluoride occurred at 560, 680 and
110 bed volumes, respectively. Such a self-sharpening
breakthrough pattern is characteristics of a favorable
adsorption process, which was earlier demonstrated by the
adsorption isotherm values of coefficients for which are
shown in Table 1.

Regeneration studies

Once the effluent fluoride concentration rises above
1.5 mg/L, the column run was discontinued. The exhausted
HMAA bed after the column run was regenerated in situ
using 1 N NaOH solution having a pH 13. It is evident
from Fig. 5 that at high pH, there is drastic reduction in the
adsorption capacity. Figure 7 shows the effluent history of
fluoride from the column during regeneration. The effluent
history curve for the regeneration indicates that the
regeneration was complete within six bed volumes. After
the regeneration, the bed was rinsed with one bed volume
of distilled water followed by passage of 0.5 M HCI until
the effluent pH reaches a value of 7.0. The acid wash was
necessary to protonate the adsorbents before proceeding
with another adsorption run.

Mechanism of fluoride removal by hydroxyapatite-
modified activated alumina (HMAA)

HMAA is essentially a hybrid adsorbent consisting of two
different phases, AA and dispersed particles of
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Fig. 7 Effluent fluoride concentration during regeneration of a
column containing exhausted hydroxyapatite-modified activated alu-
mina (SLV superficial liquid velocity, EBCT empty bed contact time)

hydroxyapatite within the micropores of activated alumina.
Hence, both the phases take part in the adsorption of
fluoride. Adsorption on the aggregate adsorbent, HMAA,
therefore can be explained by the following mechanism
detailed in Eq. 5 through 10.

In AA phase following reactions take place (Ghorai and
Pant 2004),

= AIOH + F~ < = AIF + OH™ (5)
= AIOH] +F~ < = AIF + H,0 (6)
= AIOH + 2F < = AIF, + OH" (7)

where, Al denotes aluminum at surface and overbar
denotes the solid phase. Reaction described in Eq. (11)
takes place when there is high concentration of fluoride
loading per unit weight of activated alumina.

The following reactions take place in the precipitated
hydroxyapatite phase (MacDonald et al. 2011; Sarkar et al.
2012),

Cas (PO4)3(OH) +F < Cas (PO4)3(OH) =F (8)
Cas (PO4)3(OH) +F & Cas (PO4)3F + OH™ (9)
Cas (PO4)3OH; +F < Cas (PO4)3OH;—F_ (10)

Reactions in Eq. (6) and (10) take place at lower pH, in
abundance of H" ions.

During regeneration, high pH of the caustic solution
within the micropores of the adsorbent caused the surface
functional groups of AA to acquire net negative charge as
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Fig. 8 Effluent fluoride histories of three consecutive runs of column
containing hydroxyapatite-modified activated alumina subjected to
influent solution with 5 mg/L fluoride (EBCT empty bed contact time)

the pH at the point of zero charge or pHpzc of AA is
around 7.8 (Ramos et al. 2008) as it is evident from
Figs. 5, 7. Presence of negatively charged fixed func-
tional groups induces a Donnan exclusion potential,
which would try to exclude the fluoride anions from
inside the adsorbent phase (Sarkar et al. 2010) as shown
in Eq. 11.

=AF+OH < =AI0 +F +H' (11)

In the hydroxyapatite phase, the following reactions take
place at elevated pH maintained during regeneration,

Cas (PO4)3OH;F_ +OH™ — Ca5(PO4)3OH =F + H,0
(12)

In abundance of OH™ ions, the reactions 8, 9 and 12
reverse in direction,

Cas (PO4)3(OH) =F — Ca;s (PO4>3(OH) +F~ (]3)
Cas(PO4),F + OH~ — Cas(POy),(OH) + F~ (14)

The reactions indicated in Eq. 11 through 14 indicate that
at elevated pH, the fluoride ions shall be essentially
expelled from inside the adsorbent phase as observed in
Figs. 5, 7. Following regeneration, a thorough rinse with
water should completely expel the fluoride ions from the
adsorbent columns. Before the media are put in operation
again, there is a need to condition the regenerated media.
The media were subjected to rinse with a solution of
dilute HCl when the alumina surface gets protonated

’r @ Springer

according to the following reactions, before it is reused
again.

= A0 + H* — AIOH (15)
= AIOH + H* — AIOH] (16)

Consecutive cycles of operation

Consecutive column runs were performed with modified
AA to validate its potential for reuse over multiple cycles
of operation. The column runs were performed with the
same influent solution each time, having a fluoride con-
centration of 5 mg/L. with a background of commonly
occurring anions. Once the adsorption column reaches
breakthrough of 1.5 mg/L of fluoride, the column run was
stopped and the exhausted media were regenerated in situ
using the protocol mentioned above. The next run was
performed with the regenerated HMAA. Figure 8 shows
the fluoride breakthrough profiles from the column for
three successive column runs, with all conditions remain-
ing the same for all three runs. It may be observed that the
column ran for almost the same amount of bed volumes
over the three consecutive cycles of operation. This shows
the potential of the adsorbent for reuse over multiple
numbers of cycles without any appreciable loss in its
removal capacity over repeated use.

Conclusion

Hydroxyapatite-modified activate alumina (HMAA) is a
hybrid adsorbent prepared by dispersing nanoparticles of
hydroxyapatite within the micropores of AA following
chemical synthesis using inexpensive starting materials
like calcium chloride and ammonium dihydrogen phos-
phate. The adsorbent showed higher capacity for
removal of fluoride removal compared with its parent
material, virgin-activated alumina, which is known as an
effective adsorbent for fluoride ions. The introduction of
hydroxyapatite precipitates within the pores of AA
granules increased the number of surface active sites
where adsorption of fluoride took place, effectively
boosting the adsorption capacity of the hybrid adsorbent.
Apart from a synergistic increase in the fluoride
adsorption capacity, the hybrid adsorbent also showed
excellent hydraulic characteristics, allowing the passage
of water through a laboratory column, which was run
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under gravity. Also, the hybrid adsorbent was found to
be amenable for regeneration using chemicals, which are
low cost and easily available. The fluoride removal
capacity was found to remain almost the same over three
consecutive cycles of use. Thus, the hybrid adsorbent
synthesized during the study may be considered to be a
promising material for its practical use in the field for
remediation of fluoride from contaminated drinking
water. Further pilot-scale studies need to be performed
in order to scale up the process for field use following a
detailed engineering design.
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