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ABSTRACT. In this study the fluoride removal potential of nanoscale aluminium oxide hydroxide (nano-
AlOOH) has been investigated. The material was produced using aluminium nitrate (AI(NO3)39H,0, 95%), and
ammonium bicarbonate (NH4sHCO3, 98%) and its density and mineralogy were investigated. A series of batch
adsorption experiments were carried out to assess parameters that influence the adsorption process. The
parameters considered were contact time and adsorbent dose, initial fluoride concentration, and pH. Results
showed that most of the adsorption took place during the first 30 min; and equilibrium was reached at one hour
contact time with an optimum adsorbent dose of 1.6 g L' for initial fluoride concentration of 20 mg L. The
removal efficiency of fluoride increased with increase in adsorbent dosage. The fluoride removal efficiency was
increased as the pH of the solution increases from pH 3 to 8, but any further increase in pH led to a decrease in
fluoride removal efficiency. Maximum adsorption occurred at around pH 7 with initial fluoride concentration of
20 mg L', The adsorption data were well fitted to the Langmuir isotherm model with a maximum adsorption
capacity of 62.5 mg F g”'. The kinetic studies showed that the adsorption of fluoride by nano-AIOOH obeys a
pseudo-second order rate equation. The intraparticle diffusion was not a rate-controlling step for the adsorption
process. Thus, the overall study indicates that nano-AIOOH is an efficient defluoridating material.

KEY WORDS: Nanoscale AIOOH, Defluoridation, Fluoride removal efficiency, Adsorption capacity,
Adsorption kinetics, Adsorption mechanism

INTRODUCTION

Water can be contaminated by natural or anthropogenic activities such contaminant is fluoride
[1]. The source of high fluoride concentrations in ground water is primarily associated with
addition of fluoride by volcanic activities, high water-rock interaction, and low calcium
concentration. Volcanoes represent the main natural persistent source of fluoride [2]. Fluoride
has a narrow range between intakes that cause beneficial and detrimental health effects [3]. At
low concentrations, it has beneficial effects on teeth; however excessive exposure to fluoride
causes adverse health effects [4]. An intake of more than 6 mg fluoride per day will result in
fluorosis [5]. Higher level of fluoride in ground water is a world-wide problem. Ethiopia is one
of the countries in the world where a significant percentage of the population suffers from the
consumption of fluoride rich drinking water. It has been reported that more than 11 million
people in Ethiopian Rift Valley are potentially at risk of fluorosis [6, 7]. The concentrations of
fluoride in the Rift Valley communities, which are supplied from boreholes, are reported
between 1 and 33 mg L' [8]. This high fluoride content in the rift system has been related to
volcanoes, high temperature, high subsurface carbon dioxide pressure and low calcium content
[9].

Water is the major contributor to the total daily fluoride intake in human body. For this
reason, as the concentration of fluoride in drinking water varies, its effect on health also varies
accordingly [10, 11]. WHO recommends a maximum permissible level of 1.5 mg L™ [11]. The
prevention of fluorosis through a range of alternatives is a difficult task, which requires
favorable socio-economical conditions of knowledge, motivation, discipline and technique.
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Therefore, for poor communities in developing countries like the Rift Valley regions of
Ethiopia, where provision of alternative water supply is difficult, treatment might be the most
prioritized option to provide safe drinking water.

Currently available treatment methods for removal of excess fluoride from water are broadly
divided into three categories based on fluoride removal mechanism: precipitation, adsorption
and membrane based methods. Precipitation methods involve the addition of soluble chemicals
to the water and fluoride is removed either by precipitation, co-precipitation, or adsorption on to
the formed precipitate. It requires much larger dose of chemicals, it has low removal efficiency
and has problems associated with large sludge disposal [12]. The use of alum and lime has been
extensively studied for defluoridation of drinking water, and it is popularly known as the
Nalgonda technique. However, it requires much larger dose of alum, it has low removal
efficiency and has problems associated with large sludge disposal [12, 13]. Membrane methods
include reverse osmosis [14], nano-filtration [15], electrodialysis [16] and electro-coagulation
[17]. It requires high capital investment cost and high energy consumption, and is not
economical as in the case of the Rift Valley regions of Ethiopia.

Thus, adsorption is widely recognized as an ideal and appropriate technique compared to
other techniques because of its simplicity and the availability of a wide range of adsorbents, for
defluoridation. Recently a wide range of materials have been tested and studied for
defluoridation, such as activated alumina [18], activated carbon and cement paste [19],
aluminium hydroxide, boehmite [20], bone char [19, 21], various types of clays and red mud,
etc. Studies in Ethiopia as well as other developing countries indicated the possibility of using
low cost adsorbents like bone char, clay, lateritic soils and other materials [19, 22-24].
However, use of these low cost methods is limited either due to their low efficiency or lack of
public acceptance. Therefore, it is of paramount importance to identify materials with high
removal capacity, economically, socially and technically feasible options for applications in
rural communities.

Recently, aluminium oxide hydroxide has shown superior adsorption capacity, i.e. 23.7 mg
g on laboratory scale as compared to activated alumina (1.8-1.9 mg F' g) [20, 25]. In the last
decades, nanotechnologies have developed quickly in various fields and nanometric materials
have attracted much attention for their special properties, and there has been growing interest in
the application of nanoparticles as sorbents for fluoride removal. Sundaram [26] studied the
fluoride removal efficiency of nanoscale hydroxyapatite and showed promising results. The
removal of fluoride using nano-alumina had been reported earlier [27] and few reports also
showed the potential of nanometer-scale aluminium oxide hydroxide (nano-AlIOOH) to remove
fluoride from aqueous solutions are available [28].

The aim of this study was to assess the defluoridation potential of nanoscale aluminium
oxide hydroxide (AIOOH). Effect of contact time, adsorbent dose, initial fluoride concentration,
and pH were investigated. Adsorption isotherms and kinetics of fluoride on nano-AIOOH were
also examined.

EXPERIMENTAL
Adsorbent

Aluminium nitrate (AI(NO;);-9H,0, 95%) (Merck, Germany) and ammonium bicarbonate
(NH,HCO;, 98%) (Merck, Germany) were used as starting materials. Aluminium nitrate and
ammonium bicarbonate solutions, which were prepared by dissolving the salts in deionized
water, were added from two separate burettes to deionized water retained in a reaction vessel
dropwise to precipitate aluminium cations as transparent gel in the form of hydroxides. The
mixture was stirred and maintained at 70 °C and then, the pH of the precipitate was controlled in
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the range of 7.5 to 8.5 using HNO; and/or NaOH (Merck, Germany). This pH range was chosen
based on the literature value [27].

The following chemical reactions could occur during preparation:
NH,HCO; + H,0 — NH,OH + H,0 + CO,1

AI(NO;); + 3NH,OH — AI(OH); + 3NH,NO;

Al(OH); — AIOOH| + H,0

The precipitate were finally filtered, washed thoroughly with deionized water and subsequently
with ethanol followed by acetone to avoid contamination of sodium ions. The collected
precipitate was dried at room temperature and ground to fine powder using mortar and pestle.

Reagents and stock solutions

All the chemicals and reagents used in this study were of analytical grade. A 1000 mg F L
fluoride stock solution was prepared by dissolving 2.21 g of anhydrous sodium fluoride (99.0%
NaF, BDH Chemicals Ltd Poole, England) in 1000 mL deionized water. All the synthetic
fluoride solutions for adsorption and analysis were prepared by diluting an appropriate aliquot
of the stock solution in deionized water. Total ionic strength adjustment buffer (TISAB)
solution was prepared by following a recommended procedure [29], except that CDTA (trans-
1,2-diamineciclohexane-tetracetic acid) was replaced by EDTA.

Analysis of fluoride

A pH/ISE meter (Orion Model, EA 940 Expandable Ion Analyzer, USA) equipped with
combination fluoride selective electrode (Orion Model 96-09, USA) was employed for the
measurement of fluoride ion concentration. The fluoride concentration was measured according
to the procedure described in the instrument s manual. The method of direct potentiometry was
used, where the concentration was read directly. The fluoride ion selective electrode was
calibrated prior to each experiment. All measurements were made at room temperature (22 + 2
°C).

Characterization of adsorbent

The determination of absolute density was carried out by the MicroMeritics AccuPyc 1330,
Pycnometer, USA. The solid samples (ca 100 mg) were digested in a microwave digester with
3:1 ratio of 30% HCI and 65% HNO; for about 1 h and 20 min. Then the solution was diluted in
1:100 ratio by deionized water and the elemental composition (Li, B, Na, Mg, Al, Si, P, CI, K,
Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Mo, Cd, Sn, Sb, Ba, La, W, Au, Hg, Ti, Pb, Th,
U, Br, Bi, Cs, Nb) was determined by ICP-OES (SPECTRO CIROSCCD, Germany), ICP-MS
(Agilent 7500CX, USA), and sulfate was determined by ion chromatography (Metrohm 761,
Switzerland). The X-ray diffraction (XRD) pattern of nano-AlIOOH was recorded on an X-ray
diffractometer (X’pert PRO, PANalytica, The Netherlands) using Cu Ka radiation (4 = 0.1542
nm) with a 0.05°/min step scanned from 5 to 80° in 20 angle. Thermogravimetric analysis
(TGA) was carried out using Mettler Toledo AG-TGA/SDTAS851e, Switzerland.

Batch adsorption

All the batch experiments were conducted in 500 mL Erlenmeyer flask containing 500 mL of
fluoride spiked deionized water at room temperature (22 + 2 °C) to evaluate fluoride removal
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efficiency and capacity of the adsorbent under continuous mixing condition with magnetic
stirrer. A sample solution was periodically taken out of the flask and filtered through a 0.2 pm
filter paper (ADVATEC) for fluoride analysis. Then, residual fluoride concentration was
measured immediately after equal volume of TISAB was added to 5 mL sample solution. All the
experiments were performed in triplicate and the mean values were used.

The amount of fluoride adsorbed per unit mass of the adsorbent at any time t (g, mg g”"),
and the adsorption efficiency (% R, determined as the fluoride removal percentage relative to
the initial concentration) of the system, was calculated as:

q.=[(C,-C)m]x V M
% R = [(C, - C)/C,] x 100 2)

where, C, and C, are the fluoride concentrations in solution (mg LY initially and at any time (t),
respectively, m the mass of the adsorbent (g) and V is the volume (L) of the solution. In Eq. (1),
when C; = C, (fluoride concentrations remaining in the solution at equilibrium in mg L_l), q =
g (equilibrium adsorption capacity in mg g™).

The effect of dose of the adsorbent, initial fluoride concentration, contact time and raw
water pH were investigated by varying any one of the parameters and keeping the other
parameters constant. The effect of adsorbent dose and contact time were studied by varying the
dosage in the range of 0.4 to 2.0 g L™ at constant initial fluoride concentration of 20 mg L. The
effect of initial fluoride concentration and contact time were investigated by varying fluoride
concentrations from 5-30 mg L™ at constant adsorbent dose of 1.6 g L. The effect of raw water
pH on the adsorption of fluoride on to the adsorbent was studied by varying the solution pH
from 3-10. The pH was adjusted to the desired level either with 0.1 M NaOH or 0.1 M HNO;.
The pH was measured with pH/ion meter (WTW Inolab pH/ION Level 2, Germany) using
unfilled pH glass electrode. The meter was calibrated each time measurements were being
performed by using pH calibration buffers.

Isotherm experiments were conducted by mixing constant fluoride concentration of 50 mg
L™ with 9 series of different dosages varying from 1.0-20.0 g L"'. The liquid-adsorbent mixture
was agitated for 24 h to ensure equilibrium. The kinetic analysis of the adsorption data is based
on reaction kinetics of pseudo-first order and pseudo-second order mechanisms. Adsorption
kinetics was determined using constant surface loading of 25 mg g"l (1.6, 0.8 and 0.4 g L
adsorbents for the corresponding fluoride concentration of 40, 20 and 10 mg L, respectively).
The change in pH during adsorption of F on nano-AlIOOH was determined by equilibrating
constant adsorbent dose of 1.6 g L™ of fluoride sample solution whose pH varied from 3-10 at
constant initial F concentration of 20 mg L™'. The pH was adjusted with 0.1 M HNO; or 0.1 M
NaOH. The pH was measured after 1 h, and the pH change was evaluated to describe the
adsorption mechanism.

RESULTS AND DISCUSSION
Characterization of adsorbent

The absolute density of nano-AIOOH was found to be 2.18 g cm™, and is smaller than the
density of boehmite, 3.01 g cm” [30]. Based on the result, it can be concluded that the lower
density of nano-AlIOOH indicates the material might have more pore spaces, and make nano-
AlOOH an effective defluoridating agent.

The elemental composition analysis of the adsorbent showed the presence of AIOOH
(97.6%), Na,O (1.2%), SiO, (0.37%), Fe,O5 (0.31%), CaO (0.14%) and the rest constituted by
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compounds of K, Mg, Sr, Zn and Cu. The presence of high amount of Na might be from the
NaOH solution used for adjusting the pH during synthesis of nano-AIOOH.

The X-ray diffraction (XRD) pattern (Figure 1) of nano-AIOOH shows a broad peak in the
reflection angle range for two theta values between (10-15, 25-30, 35-40, 45-50 and 60-70),
which indicates high crystalline order of the synthesized compound. This is consistent and in
agreement with XRD results of nanosized AIOOH synthesized by other researches [27, 28]. In
addition to that, the XRD pattern showed broadening of the peaks, indicative of the ultra fine
nature of the crystallite. The crystallite size calculated using Scherrer’s formula (Eq. 3) is about
3.67 nm [31].

L = KA/BCos@ 3)

where, L is the crystallite size, K is the Scherrer constant (0.94, for FWHM of spherical
crystalliets), A is the XRD radiation wavelength in nm (4 = 0.1542 nm),  is Full Width at Half
Maximum (FWHM) in radians, and 260 is the diffraction angle.

As can be seen from Figure 2, the dehydration of the aluminium oxide-hydroxide appears to
occur in three steps with a total weight loss of approximately 31.0%. The first two endothermic
peaks at 100-300 °C that resulted in 19.8% weight loss could be attributed to the removal of
physically adsorbed water, and the third step at 340-500 °C which resulted in 11.2% weight loss
could be due to the conversion of AIOOH into Al,O;.
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Figure 1. The X-ray diffraction pattern of nano-AlIOOH.

Effect of adsorbent dose and contact time

It is observed that the removal of fluoride ions increases with an increase in the amount of
adsorbent (Figure not shown). For all these runs, initial fluoride ion concentration was fixed at
20 mg L. The amount of adsorbent dose was varied between 0.4 and 2.0 g L in aqueous
solution at their optimal pH values.

The result shows that the reaction was very fast during the initial 30 min, and a contact time
of about 60 min is enough to remove 95% of the fluoride in solution with an adsorbent dose
greater than or equal to 1.6 g L™ at room temperature (22 + 2) °C. This indicates that longer
contact time did not have much effect.
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Figure 2. Thermogravimetric curve, TG (dotted line), and derivative of thermogravimetic curve,
DTG (solid line) of nano-AIOOH.

The fluoride removal efficiency (%) was significantly increased with dose as reflected by the
measured residual fluoride concentration (Figure 3). The percentage removal of fluoride
increases significantly up to an adsorbent dose of 1.6 g L', however no significant change was
observed beyond this dose under the experimental conditions used. The increase in fluoride
removal efficiency was due to the large number of available F binding sites resulting from the
increased in adsorbent dosage. Thus, 1.6 g L™ of adsorbent dose was taken as an optimum dose
for further experiments.
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Figure 3. Adsorption capacity (q,, mg/g) and fluoride removal efficiency (% R) as a function of
adsorbent dose (C, = 20 mg L', contact time = 60 min).

Conversely, the adsorption capacity decreases with increasing dose (Figure 3), this possibly
due to constant initial F concentration. To maintain reasonable capacity and high removal
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efficiency, the surface loading (i.e., the mass ratio of fluoride to adsorbent dose) should be
lower than the optimum value (i.e., the surface loading for optimum fluoride removal, about
90%, obtained from Figure 3 is 13.25 mg g'l or less). A dose of 1.6 g L corresponding to the
capacity of about 11.88 mg F g' of adsorbent was considered for further adsorption
experiments, which is greater than the reported surface loading of micronized AIOOH (11.25
mg F g'l of adsorbent) for the corresponding dose of 1.6 g L' [20].

Effect of initial fluoride concentration and contact time

The fluoride removal efficiency of the adsorbent increases with decreasing initial fluoride
concentration at the initial stage of adsorption (data not shown). It can be observed that the
adsorption of fluoride from water is relatively more rapid at lower initial concentrations. This is
due to the utilization of more accessible energetically active site on the adsorbent surface. Thus,
the initial fluoride concentration had an influence on the equilibrium sorption time, and
significant fluoride removal efficiency (> 90%) was observed when the initial fluoride was less
than or equal to 20 mg L' for a contact time of 60 min. However, adsorption of more
concentrated fluoride solution approached equilibrium slowly.

100~
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Figure 4. Effect of initial solution pH on fluoride removal efficiency of the media (dose = 1.6 g
L', C,=20 mg L', and contact time = 60 min).

Effect of raw water pH

Figure 4 shows the influence of initial solution (raw water) pH on the fluoride removal
efficiency of the adsorbent. It is evident that percentage of fluoride removal increases as the pH
of the solution increases within a pH range of 3-8 and reach a maximum at pH = 7. Further
increase of the solution pH from 8-10 decreases the removal efficiency and it becomes
significant after pH of 9. This is consistent with the work of [27] and [28]. The fluoride uptake
capacity of this media is more favored within the pH range of 5 to 8, possibly due to the
development of positive sites at the surface of the adsorbent. The decrease in the fluoride
removal below pH 5 is possibly due to the protonation of the fluoride ion. On the other hand, at
a pH above 8, fluoride removal efficiency decreases possibly due to the development of
negative charge on the adsorbent surface and/or stronger competition from hydroxide ions, since
both OH™ and F have the same charge and ionic radii [19] and [20]. This is consistent with the
study of Wang [28]; nano-AIOOH has a pH,,. of 7.8, which means that the surface of the
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adsorbent presents a net positive charge when pH < 7.8. Therefore, the high fluoride removal
efficiency in pH less than 8 can be attributed to the gradual increase in electrostatic forces of
attraction between positively charged surface and fluoride ion, and low efficiency in alkaline
medium can be explained by the repulsion between the negatively charged surface and fluoride.

Adsorption isotherm

The experimental data of equilibrium isotherm for fluoride adsorption were modeled using the
most frequently used isotherms, such as Freundlich, Langmuir, Dubinin-Radushkevich (D-R)
and Temkin isotherm. Freundlich isotherm model assumes unlimited sorption sites which
correlate better with heterogeneous surface of the adsorbent media [29]. The Langmuir isotherm
model assumes uniform surface having equivalent adsorption sites with no lateral interactions
between the adsorbed species. Thus, Langmuir refers to homogenous sorption, where each
molecule has equal sorption activation energy with no transmigration of the adsorbate in the
plane of the surface. Dubinin-Radushkevich (D-R) model used to describe the mechanism of
adsorption process, estimate both of the maximum adsorption capacity and the apparent energy
of adsorption to distinguish whether the adsorption type is chemical or physical in nature.

The Temkin isotherm model was chosen to evaluate the adsorption potentials of the
adsorbent for adsorbate. The model considers the effects of indirect adsorbate/adsorbent
interactions on adsorption isotherms. It assumes that the heat of adsorption of all the molecules
in the layer would decrease linearly with coverage due to adsorbate/adsorbent interactions and
the adsorption is characterized by a uniform distribution of binding energies, up to some
maximum binding energy [32].

The linear plot of C.J/q. versus C. (Figure 5) indicates the applicability of Langmuir
adsorption isotherm. The correlation coefficient obtained from Langmuir isotherm was the
highest compared to the values obtained from Freundlich, D-R and Temkin isotherms (Table 1).
Therefore, the Langmuir isotherm is the best-fit isotherm for the adsorption of fluoride on to
this adsorbent under the experimental conditions used in this study.

0.5+
044 y=0.016x + 0.0711
1 R? = 0.9826
% 0.3 1
0.1+
0.0 T T T T T T 1
0 5 10 15 20 25 30
C, (mg/L)

Figure 5. Linearized Langmuir isotherm of the adsorption process (C, = 50 mg L™, contact time
=24 h,and pH=7).
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Table 1. Langmuir, Freundlich, Dubinin-Radushkevich (D-R), and Temkin model constants at pH = 7 and

25°C.
Isotherm models Constants Correlation coefficients (RZ)
Langmuir Qm b
c 1 c (mg g") (L mg™)
“ = + — 0.9826
q, qmb q, 62.5 0.225
Freundlich Kr 1/n
_ (mg g (L mg")
logg, =logK , + Y/ logC, 2075 0.286 0.9778
Dubinin-Radushkevich (D-R) gs E
-1 -1
Ing =lng — B&> (mgg) (kJ mol”)
1 4 ﬁ 112.8 13.15 0.9754
E=RTIn| 1+ i
C.
E=(-2p)"
Temkin Krx 10° RT/br x 107
RT RT (L mg")
g. =~ InK; +==InC, 9275 0.56 0.9614
T T

Adsorption kinetics

The kinetic analysis of the adsorption data is based on reaction kinetics of pseudo-first orders
(results were not shown) and pseudo-second order mechanisms. The experimental data were
well fitted to pseudo-second order rate equation by using the Lagergren’s rate equation as
shown below [33] and [34]:

dq/d, = Ky(q. - )’ @)

d(qe - 9)/(qe - q)° = -Ksdt Q)

For the boundary conditions t = 0 to t = t and q, = 0 to q, = q,, the integrated form of Eq. (5)
becomes:

1/(qe - q) = 1/q. + Kyt (6)

Thus, this is the integrated rate law for a pseudo-second order reaction, Eq. (6) and can be
rearranged to obtain Eq. (7), which has a linear form:

t/q, = 1/Koq.” + t/q, )

where, q. and q, are the amount of adsorbed fluoride at equilibrium and at any time t (mg g'l),
respectively. k, (g mg" min™) is equilibrium rate constant of second order sorption and t is the
contact time (min). The rate constant k,, can be determined by plotting t/q, vs. t based on
equation (7). Figure 6 shows the average pseudo-second order plot of fluoride adsorption
kinetics on the adsorbent each with the same initial load. Thus, the three rate constants of an
adsorbent averaged to get a single rate constant (2.22 g min" mg") (x 10”), and the correlation
coefficient was found to be near to unity. Therefore, the pseudo-second order model is suitable
to describe the adsorption kinetics of nano-AIOOH.
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Figure 6. Average pseudo-second order plot of fluoride adsorption kinetics on adsorbents each
with the same initial load (pH = 7.01-7.18, contact time, 10 h).

The results were also analyzed in terms of intraparticle diffusion model to investigate
whether the intraparticle diffusion was the rate controlling step in adsorption of fluoride on to
nano-AlIOOH. The model used here was proposed by Weber and Morris [35]. The linear form of
the equation is represented by:

q.=Ki"” )

where, g, is the amount adsorbed (mg g") at time t and K, (mg g"' min'?) is the intraparticle
diffusion rate constant.
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Figure 7. Weber and Morris intraparticle diffusion plot for the removal of fluoride by nano-
AIOOH.

If a plot of q, versus t"* gives a straight line that pass through the origin, then it suggests that
the intraparticle diffusion contributes predominantly in the rate-determining step [36]. However,
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if the data exhibit multi-linear plots, then it is anticipated that other mechanisms are also
involved along with intraparticle diffusion. Thus, as can be seen from Figure 7 different regions
can be identified which indicates different mechanisms.

The instant initial linear and subsequent curved portion reflects the external surface
adsorption and film or boundary layer diffusion effect [36]. The last sharp linear portion of the
plot attribute to the intraparticle diffusion effect and the equilibrium uptake. Based on the result
it may be concluded that the adsorption mechanism of fluoride ion by nano-AIOOH from
aqueous solution is complex process and the intraparticle diffusion was not the only rate-
controlling step. Since, the linear portion of the curve does not pass the origin and this result is
consistent with the work of other studies [37] and [38].

Adsorption mechanism

To further investigate the interaction between fluoride ion and nano-AlOOH, the change in pH
during the adsorption process was studied. As shown in Table 2, the pH of the solution after the
sorption reaction increased for a solution with initial pH below 8. However, for initial pH of
solution greater than or equal to 8 the final pH became decreased after the sorption process.
Thus, adsorption of fluoride at initial pH below 8 might be takes place by ion exchange
reaction, i.e. due to the replacement of hydroxide ion (OH’) by fluoride ion (F) as shown in the
equation below and this is evident from the rise of pH.

AIOOH + F — AlIO-F + OH

The result is also in agreement with the adsorption mechanism proposed by D-R isotherm
model. The adsorption processes have adsorption energy value of 13.15 kJ mol™ for F ions on
to nano-AIOOH. If the magnitude of free energy of adsorption is between 8 and 16 kJ mol ™', the
adsorption process corresponds to chemical ion-exchange type, and the value of E < 8 kJ mol
represents a physical adsorption [39] and [40]. The energy value for fluoride ions sorption on to
nano-AlOOH indicates that the sorption process is predominantly chemical ion-exchange in
nature.

Table 2. Change in pH after adsorption process. (Co= 20 mg L™, contact time = 1 h, and dose = 1.6 g L.

Initial pH of the solution Final pH of the solution ApH
3 4.55 +1.55
5 6.27 +1.27
6 6.86 +0.86
7 7.32 +0.32
8 6.59 - 141
9 7.38 -1.62
10 7.69 -2.31

On the other hand adsorption of fluoride at an initial pH > 8, the surface slowly acquires
negative charges which would repel fluoride ions and hence the fluoride removal by
electrostatic attraction is ruled out in alkaline medium. Thus, the sorption might be take place by
physical sorption process. Since, nano-AlIOOH has a pH,,. of 7.8, which means that the surface
of the adsorbent presents a net negative charge when pH > 7.8 [28].
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CONCLUSION

Nano-AIOOH has considerable potential for the removal of excess fluoride from aqueous
solution. For a given initial fluoride concentration, the removal efficiency of the adsorbent
increased with increasing adsorbent dose. Adsorption of fluoride is very rapid in the first 30 min
and then increases slowly to reach pseudo-equilibrium. Initial concentration of fluoride found to
affect the fluoride removal efficiency of the adsorbent. High fluoride removal occurred between
pH 6 to 8, and appreciable amount of fluoride was removed around pH 7. The equilibrium data
were tested to fit Freundlich, Langmuir, D-R and Temkin isotherm models in order to
understand the mechanism of fluoride adsorption at the surface of AIOOH. Therefore, the
Langmuir isotherm model corresponded to better with the experimental data and the maximum
adsorption capacities; q,, of the adsorbent was 62.50 mg g"'. The D-R model gave adsorption
energy 13.15 kJ mol”', which indicates the fluoride removal by nano-AIOOH is chemisorption
process. Adsorption kinetics followed and well described by a pseudo-second order model.
Mechanism of the adsorption process on the basis of change in pH after adsorption process and
the free energy value from D-R model was an ion exchange mechanism. Intraparticle diffusion
was not the rate controlling step during the adsorption process. Comparison of adsorption
capacity and contact time required for maximum adsorption of fluoride (equilibrium time) with
some other sorbents, nano-AIOOH has shown better adsorption potential and performance.
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