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INTRODUCTION: Fluoride is recognized as one of 
the chief pollutants in drinking water in several parts 
of the globe. Fluoride uptake is helpful to the human 
body when its intake is inside of as far as possible. It 
is essentially required for calcification of dental 
enamel and maintenance of healthy bones. The 
presence of excessive fluoride beyond prescribed limit 
of 1.5 mg l-1 affects the metabolism of Ca, P, etc. in 
the human body and causes permanent bones joint 
deformation and fluorosis.1 Skeletal and dental fluoro-
sis are permanent damages with generally no remedial 
treatment. The only preventive measure is to reduce 
the intake of fluoride. The stipulated limit of fluoride 
in water is 1.5 mg l-1 (WHO) while 1.0 mg l-1 (Indian 
BIS standards), and therefore it is imperative to re-
move excess fluoride from water.  

An widespread range of technologies has been 
employed for fluoride treatment from water including 
flotation, precipitation, coagulation, oxidation, solvent 
extraction, evaporation, distillation, reverse osmosis, 
ion exchange, electrodialysis, electrolysis, adsorption, 

etc.2,3&4 All these procedures have significant limita-
tions, which are for instance, incomplete fluoride re-
moval, high-energy requirements, and generation of 
toxic sludge or waste products that also require dis-
posal.5 Adsorption is considered as one of the  suitable 
water treatment methods due to its ease of operation, 
which is dependent on ions (adsorbate) in fluid 
diffusing to the surface of a solid (adsorbent), where 
they bond with the solid surface or are held there 
because of weak intermolecular forces.6 Among all of 
the defluoridation adsorbents, alumina based and 
carbonaceous materials such as activated carbon7 and 
carbon nanotubes8 are the most commonly used 
adsorbents due to their large specific surface area, 
large quantity of surface functional groups, and 
adequate pore size distribution. The utilization of 
characteristic natural biomaterials is a promising op-
tion due to their relative abundance and their low 
commercial value. Polyalthia longifolia (false Ashoka 
tree) is the most ancient tree native to India and Sri 
Lanka belonging to family Annonaceae. This type of 
indigenous tree is found throughout India, especially 
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in Himalaya, Kerala, Bengal and whole of the south 
region. Aerial of the tree have significant anti-
inflammatory activity and medicinal value.9 
Saracaasoca (Ashoka tree) leaves were used as 
adsorbent for removal of dyes.10     In this study, the 
fluoride adsorption properties of synthesized 
Polyalthia longifolia (false Ashoka tree) leaf based 
alumina (PBA) composite adsorbent were studied 
through detailed batch adsorption study, including 
effect of PBA dose, initial fluoride concentration, pH, 
contact time, and co-anions study. Adsorption iso-
therm, kinetic models and thermodynamic parameters 
have also been estimated from experimental results. 
The issue of handling powered sample has been 
addressed by immobilizing it in biopolymer. The issue 
of handling spent regenerate has been handled by 
immobilizing CaF/AlF in polymer. 
 
MATERIAL AND METHODS: All chemicals used 
in the present study were of analytical reagent grade. 
Sodium fluoride, sodium chloride, sodium sulfate, 
sodium nitrate, sodium bicarbonate and sodium car-
bonate were obtained from E-Merck India Ltd., 
Mumbai, India.  A stock solution of fluoride was pre-
pared by dissolving 2.21g sodium fluoride in 1L of 
de-ionized water, and test fluoride solution of 5mg L-1 
was prepared from fresh stock fluoride solution by 
appropriate dilution. 

Synthesis of Adsorbent: Polyalthia longifolia (false 
Ashoka tree) based alumina (PBA) composite adsor-
bent was prepared using false Ashoka tree leaf powder 
and aluminium sulfate. The PBA synthesis was carried 
by optimizing various synthesis conditions for egg 
shell composite materials.11 The conditions such as 
aluminium quantity, shaking time, calcination temper-
ature and duration have a significant effect on the 
synthesis of PBA. These conditions were optimized 
by varying the parameters within feasible parametric 
range. Synthesized adsorbents were evaluated for 
fluoride removal to optimize the best condition for 
PBA synthesis and thus adsorption capacity was con-
sidered as the important criteria for optimizing syn-
thesis. The synthesis protocol of PBA is provided 
below: 
5.56 g of aluminium sulfate (reagent grade) was 
dissolved in 25 mL of distilled water. Polyalthia 
longifolia (false Ashoka tree) leaf powder (3 g) was 
added into aluminium sulfate solution. The above 
mixture was stirred on a horizontal shaker for 4hrs. 
This mixture was transferred to an evaporating dish 
and dried at 110ºC in a muffle furnace for 3 hrs fol-
lowed by calcination at 450ºC for 6 hrs. The calcined 
material was then grounded in a mortar pestle and 
washed with distilled water in 1:20 (material: distilled 
water) ratio by shaking on horizontal shaker for 24 h 

followed by 1 h more washing. Finally, material was 
dried at 70ºC in oven for 4 h. 

Batch Adsorption Study: The adsorption studies for 
fluoride removal from drinking water by PBA were 
carried out in a batch process. 50mL of the test 
fluoride solution was taken into a 250mL of PVC 
conical flask and known weight of adsorbent was 
added to it and then shaken at 150 rpm on a horizontal 
rotary shaker (Model No.CIS-24, Remi Instruments, 
Mumbai, India) for 24 h in order to attain equilibrium. 
The flask was removed from the shaker and then al-
lowed to stand for 5 min for settling the adsorbent. 
The solution was then filtered using Whatman filter 
paper No. 42 and the filtrate were analyzed for residu-
al fluoride concentration using selective ion electrode. 
The total ionic strength adjusting buffer (TISAB-III) 
was added in 1:10 (mL) ratio to the sample and stand-
ard solutions to regulate the ionic strength. The addi-
tion of TISAB also resulted in pH adjustment and 
elimination of polyvalent cations such as Al (III), 
Fe(III) and Si(IV). These polyvalent cations have the 
ability to form the complex or precipitate with the 
fluoride ions and reduce the free fluoride concentra-
tion in the solution. Similarly, all the fluoride removal 
experiments were studied at different operational con-
ditions including the effect of adsorbent dose, initial 
fluoride concentration, solution pH and effect of co-
ion on fluoride removal. All the experiments were 
carried out at room temperature (25ºC± 2ºC).The spe-
cific amount of fluoride adsorbed was calculated us-
ing following Eq. (1) 

 
m
VCCq ee  0                      (1) 

where eq  is the adsorption capacity (mg g−1) in the 

solid at equilibrium; 0C  and eC  are initial and equi-
librium concentrations of fluoride (mg L−1) respective-
ly; V is volume of the aqueous solution and m is the 
mass (g) of adsorbent used in the experiments. The 
effect of pH on fluoride removal was studied by ad-
justing the pH of the solution using 0.1N HCl and 
0.1N NaOH. Adsorption kinetic study was carried out 
by adding 0.02 g of PBA into 250mL of PVC conical 
flask 50 mL solution with different fluoride 
concentrations (5, 10 and 15 mg l-1) to determine the 
minimum time required for adsorption to reach 
equilibrium at pH=7.0 and at temperature of (293,303, 
and 323 K). The amount of adsorption at time t, tq  
(mg g-1) was calculated by: 

 
m
VCCq tt  0                      (2) 
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where tC  (mg l-1) is the concentration of fluoride ions 
at indicated time. 
Thermodynamic parameters of adsorption standard 
Gibb's free energy change (∆G◦), standard enthalpy 
change (∆H◦), and standard entropy change (∆S◦) 
were calculated at 293, 303, and 323 K. 

Method of Analysis: The fluoride concentration in 
the treated water sample was measured using selective 
ion electrode 9609 BNWP Orion (USA make) at-
tached with Orion 920A+ ISE/pH/mV/ORP meter. 
Similar ion meter coupled with pH electrode was used 
for measuring pH of the treated samples. The leaching 
of metals from the adsorbent was determined using 
Inductively Coupled Plasma-atomic emission spec-
troscopy (ICP-AES, Model OPTIMA 4100DV). Ex-
periments were repeated twice  with better accuracy, 
and blank experiments were also performed through-
out the studies. The similar experimental procedure 
was followed to study the effect of co-existing ions, 
pH and initial concentration of fluoride, etc. for ad-
sorption of fluoride on PBA material. Water quality 
parameters of the treated and untreated water samples 
were analysed using standard methods.1 

Physical Characterization: XRD patterns of PBA as 
such and after treatment with fluoride were recorded 
on Rigaku Mini flex II, Desktop X- Ray 
diffractometer with CuKα radiation (λ 0.5405), in 
order to study the structural changes if any. The sam-
ple was scanned for 2θ range from 10° to 80°. The 
FTIR spectra of PBA (before and after fluoride ad-
sorption) in KBr pellets were recorded on a Bruker 
Model Vertex 70 spectrometer. The surface morpholo-
gy of the PBA as such and after treatment with fluo-
ride ion was determined by using Scanning Electron 
Microscope (Jeol, JXA-840 A) coupled with Electron 
probe micro-analyser. The surface area of PBA was 
measured by Brauner, Emmett and Teller (BET) 
method using Micro-meritics ASAP2010 surface area 
analyser. 
 
RESULTS AND DISCUSSION:   

Characterization of PBA adsorbent: 
XRD patterns of PBA adsorbent: All the materials 
produce the diffraction patterns on interacting with the 
X-ray source. XRD, a significant process for the crys-
talline studies is being used in the method of Crystal-
lography.12 Exertion has been made to elucidate struc-
tural details and phase identification of PBA compo-
site adsorbent using XRD analysis. Figure1 shows the 
XRD patterns of PBA (a) before fluoride adsorption 
and (b) after fluoride adsorption.The basic refinement 
of XRD data has been performed , and efforts were 
made for phase identification. The XRD analysis 

shows the presence of multiple phases with a 
prominent presence of crystalline alumina phases as 
well as some amorphous phases. The XRD pattern of 
fluoride adsorbed PBA shows the formation of Alu-
minium fluoride complexes. Based on   the XRD 
analysis, it was observed that the crystal structure of 
PBA showed no significant change after fluoride ad-
sorption, thereby inferring its stable nature. The repeat 
synthesis of this material shows excellent reproduci-
bility, which is important in the case of such a compo-
site type material.13  

SEM morphology of PBA adsorbent: Scanning 
Electron Microscopy of PBA adsorbent is helpful in 
understanding its surface structure.14 Figure 2 (a) and 
(b) shows the SEM images of PBA before fluoride 
and after fluoride adsorption respectively. The SEM 
image of PBA as such suggests the presence of both 
coarse and fine particles with irregularly shaped parti-
cles of alumina with agglomerates of small particles 
adhered on carbon particles. The SEM of PBA after 
fluoride treatment also shows both coarse and fine 
particles with irregularly shaped particles of alumina. 
Table 1 shows the approximate chemical analysis 
results for the Ashoka leaf based composite adsorbent 
media. The chemical compositions of the material 
indicate that it is a composite material consisting of 
different phases. These findings also infer that alumi-
na based phases are the major components of this 
material while the presence of significant amount of 
carbon suggests the possibility of its presence as sup-
port or incorporation in the alumina phase. 

 
Figure 1: XRD patterns of PBA a) before fluoride 

adsorption b) after fluoride adsorption. 

Table 1: Chemical analysis results for PBA. 
Parameter % 
C 2.77 
H 3.57 
N 0.38 
S 7.15 
Aluminium as Al 7.92 
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Figure 2: SEM morphology of PBA a) before fluo-

ride adsorption b) after fluoride adsorption. 
BET analysis of PBA adsorbent: The adsorbent’s 
physical property is crucial and significantly influ-
ences adsorption capacity. The specific surface area of 
the PBA was carried out after fluoride adsorption, and 
the result shows the value of 19.71 m2g-1.  

FTIR studies of PBA adsorbent: Infrared spectra 
were listed in the range of 4000-600 cm-1 using a 
normal resolution of 8 cm-1 and 32 scans per spec-
trum. The FTIR spectra of PBA adsorbent before and 
after adsorption of fluoride are shown in Figure 3. The 
peak at 3614 cm-1 can be assigned to the broad 
adsorption peak of –OH group, while the peak at 1678 
cm-1 represents stretching vibration of C=O group.15 
The peak observed at 1423 and 1361 cm-1 can be as-
signed to the vibration of –OH group of the primary 
alcoholic group and CO-NH group of amide respec-
tively. The intense peak appeared at 1129 cm-1 corre-
sponds to the vibration of –SO4 groups. The peaks at 
716 and 670 cm-1 can be attributed to Al-O stretching 
mode and O-Al-O bending mode respectively.16 

Two absorption peaks were observed at 3675 and 
1616 cm-1 which correspond to the primary amine (–
NH2) in after adsorption of fluoride, which may be 
due to H-bonding between the protonated amine and 
the fluoride. The increase in the intensity of bands at 
1690 cm-1 and 1514 cm-1 in after adsorption of 
fluoride was observed, which may be due to the 
exchange of fluoride with –OH group of primary 
hydroxyl group, and the interaction of fluoride with 
metal ions i.e. Al+3. The loss of intensity of the peak at 
678 cm-1 (O-Al-O bending mode) was observed, 

which suggest the interaction of fluoride with metal 
ion i.e., Al+3. 
 

 
Figure 3: FTIR spectra of PBA a) before fluoride 

adsorption b) after fluoride adsorption. 

The schematic mechanism: The heterogeneous sam-
ple of Al(NP) deposited and encapsulated with carbon  
in addition to water forms Al(OH)3 by the following 
reaction scheme that could describe the major mecha-
nism of fluoride removal. 

 
The Al(OH)3 so formed is amorphous in nature and 
appears to have a high affinity for fluoride. Besides, 
the composite of carbon and Al(OH)3 ; the PBA sam-
ple is also expected to have separate Al(OH)3 and 
carbon phases as well.  
As illustrated in Scheme-I, the synthesis entails four 
steps, the details of which are as follows:  
Step-I: The first step is mixing of biomaterial (leaves) 
with alum solution, which leads primarily to following 
two reactions: 

 Reduction of Al3+ to Al(NP) with reducing 
and capping agent like extracellular protein / 
polysaccharide (EPs) and sesquiterpene deriv-
atives associated with leaves. 

 Adsorption of Al3+ on negatively charged a 
functional group of the cell membrane. 

Step-II: Involves heating at 110 oC to ensure im-
provement in adsorption of Al3+. At low pH of the 
slurry (leaf + alum), the surface charge of the cell is 
positive with consequent decrease in binding of 
(positive) metal ions, however thermal heating at 
1100C probably generates additional binding sites via 
denaturation of protein on the cell wall structure, thus 
improving metal adherence to cell wall structure of 
leaves. 
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Step-III: In this step the thickened slurry is subjected 
to carbonisation wherein the Al3+ encapsulated with 
protein and the Al3+ deposited on cell wall structure 
are both reduced to Al(NP) as core shell structure  in 
the first case and Al(NP) deposited on carbon in the 
second case. 
Step -IV: Involves washing with water to remove the 
excess unreacted aluminium ions. In addition to the 
Al(NP) deposited and encapsulated on carbon, the 
Al(NP) and carbon also exists as separate phases. 
Studies are now in progress for breakup synthesis to 
identify the phase showing a maximum of fluoride 
removal. 

Batch adsorption study:  

Preliminary study: A preliminary adsorption 
experiment was carried out using false Ashoka tree 
leaf powder (as reference) and PBA at initial fluoride 
concentration 5.3 mg l−1 and contact time of 18 h, to 
check the fluoride removal efficiency of both 
adsorbents, as shown in Figure 4. The PBA shows 
much higher fluoride removal efficiency compared to 
false Ashoka tree leaf powder. Therefore further ad-
sorption studies for fluoride removal were carried 
using PBA.  

Effect of adsorbent dose: The effects of adsorbent 
dose on fluoride removal using PBA was investigated 
at fixed initial fluoride concentration of 5.3 mg l−1, pH 
= 7.43, shaking speed of 150 rpm, and contact time of 
18 h, as shown in Figure 5. It was noticed that percent 
removal of fluoride evidently increases from 66.67% 
to 96.97%, while the equilibrium fluoride adsorption 
capacity decreases from 22 mg/g to 8.0 mg/g with the 
increase in adsorbent dose of PBA from 0.02 to 0.08 
g/100ml.  This is due to the higher active site: fluoride 
ratio. However, no significant change in the fluoride 
removal was observed after a dose of 0.04 g/100ml, 
which might be due to the lower equilibrium fluoride 
ion concentration per the active site of the adsorbent 
for adsorption. Fluoride concentration of 0.20 mg l-1 
was achieved at a dose of 0.8 g l-1, which is as well 
below the permissible limit of 1.5 mg l−1 for drinking 
water. Also, no leaching of the aluminum ion was 
observed at a dose of 0.04 g/100ml. Therefore, an 
adsorbent dose of 0.4 g l-1 was considered as optimum 
for further fluoride removal studies. 

Effect of initial fluoride concentration: The effect of 
initial fluoride concentration on fluoride adsorption by 
PBA was studied at different initial fluoride 
concentrations by keeping all other parameters 
constant (PBA dose 0.4 g l-1, temperature 250C ± 2 0C, 
shaking speed 150 rpm, contact time 18 h and pH 
7.40) as shown in Figure 6.  This was observed that 
with an increase in fluoride concentration, percent 

fluoride removal decreases, while fluoride adsorption 
capacity increases.  This should be due to the more 
availability of fluoride ions at higher fluoride concen-
tration for adsorption. A closer look of these results 
infer that the increase in adsorption capacity (qe) is 
more significant than the decrease in percent fluoride 
removal as much as more than 69.50 mg g-1 of qe 
could be achieved at higher concentration, which is 
relatively very high when compared with reported 
adsorbents. 

 
Figure 4: Comparison of fluoride removal efficien-

cy of PBA and False Ashoka tree leaf powder. 

 
Figure 5:  Effect of adsorbent dose on fluoride re-

moval using PBA. 

 
Figure 6: Effect of initial Concentration (C0) on 

fluoride removal using PBA. 
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Figure 7: Effect of pH on fluoride removal using 

PBA. 
Effect of pH: The effect of pH on fluoride removal by 
PBA was studied by varying solution pH from 3 to 12, 
with Initial fluoride concentration = 5.3 mg l-1; 
adsorbent dose = 0.4g l-1; contact time = 18h; shaking 
speed = 150 rpm and temperature = 25±1ºC. The re-
sults thus obtained are presented in Figure 7. It ap-
pears that there was no significant effect on the fluo-
ride removal over a wide range of pH 5-10, which is 
quite advantageous considering the low pH require-
ments for some of the commonly used activated alu-
mina based adsorbents. Hence, present adsorption 
process is independent of pH change. However, the 
decrease in fluoride removal was observed at highly 
acidic (pH < 4) and alkaline (pH > 10) medium, which 
are of no practical significance for drinking water 
treatments methods.  This decreased fluoride removal 
in highly acidic condition may be attributed to the 
fact, that at pH below 5, formation of weakly ionized 
hydrofluoric acid takes place,17 whereas, at highly 
alkaline condition (above pH 10), negatively charged 
hydroxyl ions compete with fluoride ions on 
adsorbent surface. Maximum fluoride adsorption was 
observed for water (Tap water) of pH= 7.51. While in 
acidic and alkaline pH fluoride removal slightly de-
creases. However, at neutral pH which is normally pH 
of drinking water, the concentration of aluminium is 
within the permissible limit of 0.2 mg l-1. Hence, PBA 
can be used for defluoridation of drinking water. 

Effect of co-existing anions: Fluoride contaminated 
ground water contains several other anions such as 
sulphate chloride, nitrate, bicarbonate, carbonate 
which compete with fluoride in adsorption process 
due to their similar negative charge. The sodium salt 
of sulphate, chloride, nitrate, carbonate and bicar-
bonate were used for this study. Fluoride adsorption 
studies with the influence of these interfering ions 

were carried out at different concentrations of co-
anions from 100 mgl-1 to 600 mgl-1. The effect of co-
existing ions on fluoride removal is shown in Figure 
8. The order of anions influencing the fluoride remov-
al efficiency was observed as CO3

- >HCO3
-> SO4

2-> 
NO3

->Cl-.  It is observed that the presence of chloride, 
sulphate and nitrate ions has a negligible effect on 
fluoride removal by PBA.  It is observed that in pres-
ence CO3

- and HCO3
- the pH of the fluoride solution 

was alkaline (10.8) and fluoride adsorption capacity 
decrease at pH 11 as shown in Figure 4. Therefore, 
fluoride removal efficiency decreases drastically with 
increase in CO3

-and HCO3
- concentration above 300 

mg-1, however, such high concentrations of CO3
- and 

HCO3
- ions are not commonly found in ground water, 

while it is also noticeable that the fluoride removal 
even in presence of these competing ions was still 
quite high as compared to many adsorbents reported 
before.18&19 

Adsorption Isotherm Study: The Langmuir 
adsorption model can be represented in linear form as 
follows:20    

maxmax

1111
qCKqq ee

                  (3) 

where, qmax is the amount of adsorbate at complete 
monolayer coverage (mg.g-1), which gives the 
maximum adsorption capacity of the adsorbent, K is 
the equilibrium constant of adsorbent at equilibrium 
which indicates the affinity of adsorbate toward 
adsorbent and qe and Ce are the equilibrium adsorption 
capacity and equilibrium concentration of adsorbate in 
solution. 

 
Figure 8: Effect of co-ions on fluoride removal effi-

ciency using PBA. 
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Figure 9: Linear model of Langmuir adsorption 

isotherm for fluoride removal using PBA. 
In order to predict the feasibility of the isotherm, the 
essential characteristics of the Langmuir isotherm can 
be expressed in terms of a dimensionless constant 
separation factor (r) was calculated by using the 
following equation,21 

01
1
KC

r


                    (4) 

where, Co and K are the initial concentration of 
adsorbate (mg l-1) and Langmuir isotherm constant 
respectively. 

The Freundlich model is given by the following line-
arized equation,22 

)log(/1log)log( eFe CnKq                 (5) 

where KF and 1/n are Freundlich constants related to 
adsorption capacity and adsorption intensity 
(heterogeneity factor) respectively. 

The purpose of the adsorption isotherms is to reveal 
the specific relationship between the amount of 
adsorbate adsorbed and its equilibrium concentration 
in solution. In order to understand the adsorption of 
fluoride on PBA, the adsorbent dose was varied by 
keeping other parameters constant (PBA dose 0.2–3.0 
g L-1, C0= 6.6 mg L-1, temperature 30 0C ± 2 0C, 
shaking speed 150rpm and contact time 18h). The 
experimental data were analysed using two important 
isotherms including Langmuir adsorption isotherm, 
which is valid for monolayer adsorption on the surface 
of adsorbent and Freundlich adsorption isotherm, 
which is indicative of the surface heterogeneity of 
adsorbent.  

The values of qmax and K were calculated from the 
plot of 1/qe vs. 1/Ce as shown in Figure 9. The r 1 
indicate favourable adsorption and r 1 indicate unfa-
vourable adsorption. The value of r for the initial con-

centration of 6.6 mg l-1 was found to be 0.0029. Thus, 
it indicates that the present system is favourable for 
adsorption of fluoride.  

The values of KF and 1/n were obtained from the slope 
and intercept of the linear Freundlich plot of log qe vs. 
log Ce as shown in Figure 10. The values of Langmuir 
and Freundlich constants are  illustrated in Table 2. 

The value of the adsorption intensity 1/n (heterogenei-
ty factor) was observed between 0.1 and 1.0, which 
also indicates that the system is favourable for adsorp-
tion. The adsorption data can be successfully fitted to 
both Freundlich and Langmuir adsorption models, 
which is evident from the high R2 value (0.976 and 
0.923, respectively). Better fit of Freundlich isotherm 
model is indicative of the surface heterogeneity of 
adsorbent. 
 
Table 2: The Langmuir and Freundlich adsorption 

constants for Polyalthia longifolia (false Ashoka 
tree) leaf based alumina (PBA) and activated 

alumina. 

 
 

 
Figure 10: Linear model of Freundlich adsorption 

isotherm for fluoride removal using PBA. 
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Figure 11: Effect of time on fluoride adsorption 

using PBA. 
Adsorption kinetics: The pseudo-first-order equation 
of Lagergren is generally expressed as follows:23 

  tKqqq ad
ee 








303.2
loglog                (6) 

where, qe and q (both in mg g-1) are the amounts of 
fluoride adsorbed per unit mass of adsorbent at 
equilibrium and time (t) respectively, and Kad is the 
rate constant (min-1). 

The pseudo second order model is also commonly 
used to predict the kinetic parameters linear form of 
which can be written as follows:24 

tt q
t

hq
t


1

               (7) 

2
ekqh                       (8) 

where qt is the amount of fluoride adsorbed at time t 
(mg g-1), qe is the amount of fluoride adsorbed at 
equilibrium (mg g-1), h is the initial sorption rate (mg 
g-1 min-1). 

The rate constant for intra-particle diffusion was ob-
tained by using the following equation:25 

21tKq p                     (9) 
where Kp (mg g-1 min-1/2) is the intra-particle diffusion 
rate constant. 

Adsorption kinetic deals with the rate at which sorp-
tion occurs, where the rate is defined as the change of 
a given quantity over a specific period. The rate of 
fluoride adsorption on PBA was determined by study-
ing the adsorption kinetics at different initial concen-
trations of 5.4, 10.3, 15.4 mg L-1 at optimum dose. 
From Figure 11, it was observed that fluoride uptake 
was very rapid in the first 10 min, and then the rate 
slowed down as the equilibrium was reached. The 
results obtained from the experiments were used to 
determine the rate-limiting step. Kinetic models are 
used to examine the rate of the adsorption process and 

potential rate-controlling step. The potential rate of 
PBA for fluoride removal following three different 
kinetic models: pseudo-first-order, pseudo-second-
order and intra-particle diffusion was examined in this 
study.  
The value of Kad was calculated from the slope of the 
linear plot of log (qe-qt) vs. time as shown in Figure 
12 (a). The adsorption rate constant was found to be 
2.303× 10-03, 2.303 × 10-03 and 3.454× 10-03 min-1 for 
initial fluoride concentration of 5.4, 10.3 and 15.4 mg 
l-1 respectively.  
The values of qe, k and h can be calculated from the 
plots of t/qt vs. t and given in Table 3. The linear plots 
of the pseudo first-order (Eq. (6)) and pseudo-second-
order (Eq. (8)) model represented in Figure 12(b). The 
variation in adsorption rate should be proportional to 
the first power of concentration for strict surface ad-
sorption. However, the relationship between initial 
solute concentration and rate of adsorption will not be 
linear when pore diffusion limits the adsorption pro-
cess. The possibility of a graphical relationship be-
tween the amount of fluoride adsorbed and the square 
root of time was investigated. The amount of fluoride 
sorbed per unit mass of adsorbents (q) at any time (t) 
was plotted as a function of square root of time, (t1/2) 
in Figure 13 in order to show the existence of intra-
particle diffusion in the adsorption process. 

 
Figure 12: Adsorption kinetics :(a) Pseudo-First 
order, (b) pseudo-second order plot for fluoride 

removal using PBA. 
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Figure 13: Intra-particle diffusion kinetic plot for 

fluoride removal using PBA. 

The plot for intra-particle diffusion shows that initially 
curved portion reflects film or boundary layer diffu-
sion effect and the subsequent linear portion are 
attributed to the intra-particle diffusion effect. The Kp 
values were obtained from the slope of the linear 
portion of the curves and were found to be 4.0 x 10

-2
, 

14.2 x 10
-2

and 20.4 x 10
-2

mg g-1 min-1/2 at initial 
fluoride concentration of 5.4, 10.3 and 15.4 mg l-1 
respectively. The linear portion of the curves does not 
pass through the origin indicating that the surface 
fluoride adsorption as well as intra-particles diffusion 
contributes to the rate determining step. 

Table 3: Lagergren, Pseudo second order kinetic 
parameters, particle and intraparticle pore 

diffusion model parameter for different initial 
fluoride concentrations. (Volume: 500 ml, 

Temperature: 30±1ºC, Adsorbent dose: 0.4 g/L). 

 

Thermodynamic parameters:To see the effect of tem-
perature on the adsorption of fluoride by PBA, ther-
modynamic parameters associated with the adsorp-

tion process, viz. standard free energy change (ΔG°), 
standard enthalpy change (ΔH°) and standard entropy 

change (ΔS°) were calculated using the following 
equations. 

The free energy of adsorption process is represented 
by the equation,26 

KcRTG ln                (10) 

where, ΔG° is the free energy of sorption (KJ/mol), T 
is the temperature in Kelvin, R is the universal gas 
constant (8.314 Jmol-1K-1) and Kc is the sorption 
equilibrium constant. 
The sorption equilibrium constant Kc may be ex-
pressed in terms of enthalpy change (ΔH°) and entro-
py change (ΔS°) as a function of temperature and is 
shown below. 

RT
H

R
SKc 




ln                 (11) 

where ΔH° is the heat of sorption (KJ mol-1) and ΔS° 
is the standard entropy change (KJ mol-1 K-1). 
The sorption equilibrium constant Kc for the sorption 
reaction was determined from the slope of the plot of 
ln(qe/Ce) Vs Ce at different temperatures and extrapo-
lating to zero Ce. 

 
Figure 14: The plot of ln(qe/Ce ) against 1/T for 
thermodynamic parameter for fluoride removal 

using PBA. 

 
Figure 15: Reusability for fluoride removal using 

PBA. 
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Table 4: Thermodynamic parameters for fluoride 
adsorption by PBA. 

 
The values of ΔH° and ΔS° can be obtained from the 
slope and intercept of a plot of ln(qe/ce) Vs 1/T as 
shown in Figure 14. The values of Kc, ΔG°, ΔH° and 
ΔS° are presented in Table 4. The negative ΔGº value 
confirmed the feasibility of the sorption process and 
the spontaneous nature of adsorption. The negative 
value of ΔHº obtained indicated the exothermic nature 
of the process. The positive ΔSº value indicated the 
affinity of the adsorbent for Fluoride removal. 

Regeneration and Reuse: A fluoride adsorption 
experiment with initial concentration of 5mg l-1, dose 
of 3g l-1 and contact time of 24hr was performed and 
the material was then separated by filtration and dried 
in an oven at 70o C. This material was then used to 
perform the next adsorption experiment to determine 
its reusability as shown in Figure 15. It can be seen 
that after three cycles, the used adsorbent shows 
slightly less adsorption capacity than the second reuse 
material. The fluoride removal increases from 72.55, 
97.05, and 98.84 % for fresh, first reuse, second reuse. 
The weight loss is 1.67 and 3.00% for first and second 
reuse cycle. After 3% weight loss of adsorbent, PBA 
might be available in the optimum dose for the initial 
fluoride concentration of 5mg L-1. After second reuse, 
fluoride removal decreases from 98.84 to 92.55%, 
92.55 to 74.07% and 74.07 to 54.24 % for third, 
fourth, and fifth reuses or regeneration cycle 
respectively (very high reuse capacity). Because of 
increasing weight loss from 4.67% to 10.67%   PBA 
adsorbent shows a decrease in fluoride removal effi-
ciency after a second reuse cycle. The weight loss can 
be controlled by preparing mechanically stable pellets 
of PBA sample. Thus, it is possible to regenerate this 
material by using commercially available alum. Fur-
ther studies for optimization of the regeneration pro-
cess are under progress. The reusability of the adsor-
bent was studied to check the residual fluoride uptake 
capacity. The reusability experiment was carried out 
by repeating the adsorption experiment on used and 
oven dried sample under the similar condition used for 
the first cycle shown in Figure 15. It was observed 
that the used adsorbent still have significant fluoride 
uptake capacity. Reuse study shows that up to 4th cy-
cle material have fluoride removal efficiency more 

than 90% after that decreases to 54% due to its weight 
loss 10.67% repetition. This indicates that the adsor-
bent does not exhaust its fluoride uptake capacity in 
four cycles and oven drying of the used sample results 
in significant fluoride adsorption in subsequent cy-
cles-. After complete saturation, the exhausted adsor-
bent was subjected to regeneration using different 
regeneration media. It was observed that multiple 
treatments with an alum solution appears to be the 
promising regeneration media and a maximum of 80% 
regeneration was achieved with alum. 

Regeneration of spent alum: With an aim to address 
the problem of handling the spent regenerant (alum) 
and decreasing or using the quantity of fluorine-
containing waste sludge the following new approaches 
are being pursued in our group to handle spent 
regenerant and reduce waste sludge as depicted in 
Figure 16. 

It is reported that aluminium exhibits a higher bonding 
strength with fluorine compared with calcium. Alu-
minium can, therefore, remove fluorine in the waste 
water down to a lower concentration. However, the 
problems of aluminium are that aluminium is much 
more expensive than the calcium source, and sludge 
generated after treatment has a poor dehydrating ca-
pability. For these reasons, aluminium is inappropriate 
for high concentration fluoride treatment and, 
therefore, is mainly used for low concentration fluo-
ride containing waste water.  Taking these limitations 
into account, the two approaches pursued in our group 
appears to resolve the problems. The details are as 
follows: 

Approach -I: In this method, a calcium source 
(slaked lime), which is generally inexpensive and 
abundantly available, is added to the aluminium fluo-
ride complex generated after treating fluoride-
containing adsorbent with alum. The aluminium of 
aluminium fluoride complex is was substituted with 
calcium. Aluminium in sludge dissolves, and is recov-
ered and reused as a regenerant (alum). The CaF4 so 
obtained is mixed with 3% chitosan solution to obtain 
CaF /chitosan composite. This composite was then 
tested for fluoride leaching, and negligible fluoride 
leaching was observed. The composite so obtained is a 
high value added product and can be used for shield-
ing greenhouse from UV light.27 Alternately CaF can 
be used in laser reflection lens made up of thin films 
with high refractive index and optical films with low 
refractive index alternately stacked on a quartz glass 
substrate. For an argon fluoride or a krypton fluoride 
excimer laser device, calcium fluoride (CaF2) is 
commonly used as a coating material for the ultra-
violet region. The recovered alum can be used for 
regeneration  
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2AlF3 + 3Ca2+ 3CaF4 + 2AlO2 + 4H+ + 2Na+NaOH

Approach-II: The regenerant (alum) bearing about 
21mg/l fluoride (after repeated use) has been admixed 
with chitosan solution (chitosan dissolved in 3% ace-
tic acid) in the ratio of 1:10.The composite so ob-
tained has been tested for fluoride leaching. Negligi-
ble leaching of fluoride was observed on treating the 
composite with water for about 24 hours. The compo-
site developed is transparent and may prove to be 
useful for optic applications. Aluminium fluoride 
(AlF3) is a low-refractive-index material widely used 
in coatings for deep-ultraviolet (DUV) optical sys-
tems, especially 193 nm laser systems.28 The proof of 
concept has been tested for above two approaches. 
The composite has been tested with negligible leach-
ing of fluoride. These composite then have potential 
application as of the materials. The concept of simul-
taneous defluoridation and value is summarized in 
Fig.17. Further detailed studies are in progress to de-
rive the mass and energy balance. 
 
Scenario- I 

 
 
 
 

Safe handling of spent adsorbent and AlF complex 
 
Scenario- II 

 
  
Safe handling of alum (regenerant) 

Figure 16: The new approaches being pursued in 
our group to handle spent regenerant. 

 

 Figure17: Concept of simultaneous defluoridation. 

Comparison with other adsorbents: The maximum 
fluoride adsorption capacity of PBA and other adsor-
bents has been listed in Table 5. According to the 
studies of the table it has been cleared that PBA is 
providing better adsorption capacities than other ad-
sorbents. When the treatment characteristics of other 
adsorbents are compared with PBA, it is suggested 
that PBA is capable of effectively removing fluoride 
at a pH of 7. All such research studies conclude that 
PBA is a capable absorbent for the fluoride removal in 
drinking water. 
 
CONCLUSION: Polyalthia longifolia (false Ashoka 
tree) leaf based alumina (PBA), a low cost composite 
adsorbent has been synthesized for removal of excess 
fluoride from drinking water with exceptionally good 
adsorption capacity of 17.57 mg g-1 at initial fluoride 
concentration of 5 mg l-1 using very low dose of 0.4 g 
l-1 as compared to 1.82 mg g-1 for activated alumina.  
The composite adsorbent has heterogeneous phases of 
Al(OH)3 and Al2O3 encapsulated with carbon and 
Al(OH)3 and Al2O3 deposited on carbon along with 
free Al(OH)3 and alumina. Studies are now in pro-
gress for breakup synthesis to identify the phase 
showing a most extreme of fluoride removal.  It was 
observed that numerous treatments with alum solution 
appear to recover the adsorbent to a maximum of 80% 
recovery. The adsorbent is performing quite well in 
the presence of other anions and henceforth can like-
wise be utilized for wastewater treatment.  
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Table 5: The comparison of maximum fluoride 
adsorption capacities of various adsorbents. 

Adsorbent )/( gmgqm  References 
Chitosan 1.39 29 
siderite 1.60 30 
GZI 9.80 31 
Magnesia/chotisan 
composite 

16.667 32 

PBA 17.57 Present 
study 
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