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Abstract 

A new bimetallic oxide (calcium aluminate)was synthesized using the combustion method, 

which offers the formation of smaller particles with open pores. The material thus 

synthesized and studied for its fluoride uptake properties in spiked and actual drinking 

waters, containing fluoride ion. The prepared adsorbent material was characterized by Fourier 

transform infrared (FTIR) Spectroscopy andX-ray diffraction (XRD) Spectroscopy to know 

the functional group analysis and surface mean crystalline size. A series of batch adsorption 

experiments were carried out to assess adsorption parameters that influence the adsorption 

process. The CA shows high adsorption capacity for fluoride ion and it is possible to 

effectively remove fluoride up to98% from the initial concentration of 20 mg L-1, using 

adsorbent dose of 2 g L-1 and 60 min. The experimental data fitted well into Langmuir 

adsorption isotherm and follows pseudo second order kinetics. The thermodynamic 

parameters suggest the complex nature of fluoride uptake reaction, dominated by 

physisorption, spontaneous and endothermic process. The effective regeneration achieved up 

to 82.5% by treating the fluoride loaded material by NaOH solution. Thus, the most desirable 

properties of the adsorbent are strong affinity for defluoridation and high adsorption capacity. 
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1. INTRODUCTION 

Fluoride ion (F-) is one of the most 

abundant contaminants in water.F- is a 

fluorine anion characterized by a small 

radius, a great tendency to behave as 

ligand and easiness to form a great number 

of different organic and inorganic 

compounds in soil, rocks, air, plants, and 

animals[1]. Some of those compounds are 

quite soluble in water, so fluoride is 

present in surface and groundwater as an 

almost completely dissociated F-[1, 2]. In 

aqueous solution, fluoride is commonly 

found as fluoride ion.A small amount of 

fluorine is naturally present in water, air, 

plants, and animals. As a result, humans 

are exposed to fluorine through food 

chains, drinking water and breathing air. 

Groundwater plays an important role in the 

supply of drinkingwater to rural 

communities. The use of groundwater is 

usually regarded as being preferable to the 

use of surface water in that managed 

groundwater resources are less vulnerable 

to contamination and usually require a 

reduced level of treatment removal of 

fluorides from water using low-cost 

adsorbents[3]. 

Low concentration of F- in drinking water 

has been considered beneficial to prevent 

dental caries [4], but excessive exposure to 

fluoride can give rise to a number of 

adverse effects such as causing fluorosis 

[5]. Crippling skeletal fluorosis is a 

significant cause of morbidity in a number 

of regions of the world. From several 

studies, it was observed that the average 

daily dietary intake of fluoride by children 

residing in fluoridated (1 ppm) 

communities is 0.05 mg kg-1day-1; in 

communities without optimally fluoridated 

water, average intakes for children were 

about 50% lower, dietary fluoride intake 

by adults in fluoridated (1 ppm) areas 

averages 1.4-3.4 mg day-1 while in non-

fluoridated areas it averages 0.3-1.0 mg 

day-1[6].WHO has set a limit value of 1.5 

mgL-1for fluoride in drinking water [7]. 

Fluoride concentration above 1.5 mg L-1 

has been reported from many parts of 

Ethiopia, but the highest levels are found 

in the Rift Valley, the low land area with 

the highest volcanic activity in the country 

[8].This region extends from the southwest 

to the northeast of the countries and 

dominated by acid volcanic rocks.  

The fluoride concentrations of the waters 

in the Rift Valley, which are supplied from 

boreholes, were reported to be between 1 

and 33 ppm with a mean of 5 ppm [9]. The 

high fluoride concentration in the Rift 

system has been attributed to acid 

volcanic, high temperature rifting, high 

subsurface carbon dioxide pressure and 
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low calcium content (due to removal of 

calcium by carbonate precipitation) and 

this may suggest that the thermodynamic 

equilibrium of the fluoride bearing natural 

rocks are influenced by these factors [10].  

Most prevalent de-fluoridation 

technologies involve Adsorption, Ion 

exchange, precipitation, Donnan dialysis, 

Electro dialysis, Reverse osmosis, Nano-

filtration and Ultra filtration[11-18]. 

Adsorption processes are generally more 

popular because of their efficiency, 

convenience, simplicity of design and eco-

friendly nature.For the adsorbent, the 

promising ones should have a large 

adsorption capacity, a wide available pH 

range, and can be regenerated. Deferent 

synthetic adsorbents have been reported 

for fluoride treatment includes carbon 

nanotubes, iron oxide, calcium oxide, 

magnesium oxides, hydrous zirconium 

oxide, and alumina[19-22].Mixed metal 

oxides are being studied because of their 

potential as advanced materials in fluoride 

removal. Consequent upon the affinities of 

calcium (Ca2+) and aluminum (Al3+) for 

fluoride ion in aqua systems, the 

performance efficiency of these two metal 

ions is continually being appraised, as 

adsorbent, in adsorption based aqua 

defluoridation processes[23].The mode of 

action of this process is hinged on the 

synergies of lime and alum, which 

transformed the aqua fluoride ion into 

insoluble CaF2 species and gotflocculated. 

Premised on the hard soft interaction 

principle (HSIP), developed by Pearson 

[24], Ca2+ and Al3+ are classified as hard 

acid while fluoride ion is a hard base. 

Thus, the affinity of the metals for the 

aqua defluoridation could be attributed to 

the guiding principle regarding 

theinteraction of electron pair donors and 

acceptors; that the most favorable 

interactions occur when the acid and base 

have similar electronic character [25]. 

Consequently, hard acids preferentially 

interact with hard bases, and soft acids 

interact preferentially with soft bases. 

In this study;the synthesis, characterization 

and application ofthe synthesized 

bimetallic oxide on its capability for 

fluoride removal from the water  was 

investigated.Due to the high capability of 

combined bimetallic oxides to remove 

fluoride ion from fluoride rich samples, 

this metals oxide complex with EDTA and 

Urea ascomplexing agents were 

preferred.They were selected due to their: 

high porosity, large surface area, high 

degree of surface activity, less toxicity, 

inertness in nature of aluminum and 

calcium had the highest affinity toward 

fluoride ionto form CaF2[24].Thus, 

calcium containing compound has high 

capability to adsorb fluoride toward itself 
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and calcium rich substrates were highest 

affinity to remove fluoride from fluoride-

rich samples.Besides their affinity toward 

fluoride ion,bimetallic oxide (calcium 

aluminate) adsorbent wassuitable for high 

adsorption capacity, safe, easy handling, 

commercially available and 

environmentally friendly. 

2. MATERIALS AND METHODS 

2.1Chemicals and Reagents 

All chemicals used in this study were of 

analytical grade. AlCl3.6H2O(Banbury 

Oxon, UK), CaCl2.2H2O(Alpha chemical 

India), Ethylene diamine tetra acetic acid 

and Urea (Alpha chemical India), NaF 

(Ranchem chemical 

industry),NaOH(Alphax chemical industry 

India),C2H4O2, NaCl, Na3C6H5O7(Alpha 

chemical India), HCl(Alphax chemical 

industry India), Palintest Fluoride No. 1 

Tablets, Palintest Fluoride No. 2 Tablets. 

2.2 Instruments and Apparatus 

Filter paper (what man no.42),TLC 

plate,10 ml glass tube (PT 595),pH-meter 

(HANNA instruments HI 83141 UK), 

Magnetic stirrer(HANNA instruments 

300N UK), Drying oven(Digit heat, J. P. 

Selecta, Spain), Centrifuges, Fluoride ion 

selective electrode, Palintest Automatic 

Wavelength Selection Photometer 

(Wagtech 7100 England), muffle furnace 

(CARBOLITE-S33 6RB England),Fourer 

transformer infrared spectroscopy(Perkin 

Elmer Spectrum 65 FTIR spectrometer), 

X-ray diffraction spectroscopy(Philips X-

ray diffractometer with CuKα radiation). 

2.3 Synthesis of calcium aluminate 

The bimetallic oxide (calcium aluminate) 

was prepared via the self propagating 

combustion synthesis method and in-situ 

hybridization into the framework.  

The methodology employed was based on 

the work ofN. Sakhare et al [26]and 

adapted to this study for adsorbent 

synthesis. Aqueous solution mixture of 

5.91 g calcium chloride dihydrate and 10g 

aluminum chloride hexahydrate were 

prepared in 20 mL of deionized water. 

3.26 g of Urea and 3.26 g of ethylene 

diamine tetraacetic acid mixture was also 

prepared in 20 mL of deionized water and 

added together to the metal salts solution 

and mixed thoroughly. The evenly mixed 

solution was kept in a muffle furnace, at 

600 oC for 30 min, for the simultaneous 

self propagating combustion reaction and 

the in-situ hybridization of the calcium 

aluminate framework. The product 

obtained was ground and homogenized, 

before transferring it into a muffle furnace 

for calcination, at 550oC for 3 h. The 

calcined material was washed with a 
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copious amount of deionized water and 

dried at 110oC for 4 h in the drying oven. 

The material produced was labeled as 

calcium aluminate and subsequently used 

as adsorbent in the batch defluoridation 

process to evaluate its potential as a 

reactive, permeable material for 

defluoridation.   

2.4 Preparation of fluoridestandard 

solution and Palintest  

2.4.1 Preparation of fluoride standard 

and TISAB solution 

A stock solution of fluoride was prepared 

by dissolving 2.21 g of sodium fluoride in 

1 L of deionized water and a working 

solution of 20 mg L-1was obtained by 

appropriate dilution from the stock 

solution of fluoride. Deionized water was 

used for all the purposesof this study to 

avoid any issue related to ionic 

contamination. 

The total ionic strength adjustment buffer 

(TISAB) was prepared according to a 

recommended procedure [27]as follows: 

57 mL of glacial acetic acid, 58 g of 

sodium chloride, 7 g of sodium citrate and 

2 g of ethylene diamine tetraacetic acid 

were added to 500 mL of deionized water 

and allowed to dissolve, and then the pH 

adjusted to 5.3 with 5 M sodium 

hydroxide, and then made up to 1 L in a 

volumetric flask with deionized water. 

2.4.2Palintest 

The procedure employed according to the 

work of Barghouthi et al[28].In the 

Palintest,two tablet reagents were used. 

The test was simply carried out by adding 

one of each tablet to a sample of the water. 

The color produced in the test was 

indicative of the fluoride concentration and 

was measured 

usingaPalintestPhotometer.The test tube 

was filled with a sample to the 10 ml 

mark.Fluoride No. 1 tablet was added, 

crushed and mix to dissolve. Fluoride No. 

2 tablet was added, crushed and mix to 

dissolve. Stand for five minutes to allow 

full color development. Phot 14 on 

Photometer was selected and take 

Photometer reading in the usual 

manner.The result was displayed as mgL-1 

F.To adjust the pH of the solution during 

the study, 0.1 NaOH and 0.1 HCl were 

used. 

2.5Analytical methods 

The analytical methods employedduring 

and after synthesis,to characterize surface 

nature ofthe adsorbent material were Thin 

layer chromatography (to verfy formation 

of complex), Fluoride ion selective 

electrode (to check slope),Fourier 
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transform infrared spectroscopy (for 

functional group analysis), X-ray 

diffraction(to calculate mean crystalline 

size) and Photometer (for determination of 

residual fluoride) in the spiked water. A 

pH meter was used to measure the pH of 

solutions.   

2.6 Batch experiments 

All batch experiments were conducted in 

100 mL Erlenmeyer flask containing 100 

mL offluoride spiked solution at room 

temperature, to evaluate fluorideremoval 

efficiency and capacity of the adsorbent 

(calcium aluminate) under continuous 

mixing condition withmagnetic stirrer. The 

effect of adsorbent dose, initial fluoride 

concentration,contact time and solution pH 

were investigated by varying any one of 

the parametersand keeping the other 

parameters constant.For each trials, a 

sample was periodically taken out of the 

flask and filtered through Whatman no.42 

filter paper for left residual fluoride 

concentration. All the experiments were 

performed in triplicates. 

The adsorption efficiency (%) and the 

defluoridation capacity (mg F-adsorbedg-1 

ofadsorbent) at a given contact time for the 

selected adsorbents were determined using 

thefollowing equations[29]: 

% Adsorption =
𝐶𝑜−𝐶𝑡

𝐶𝑜
𝑥 100                                                 

[1] 

Defluoridation capacity mg F-g-1 = 
𝐶𝑜−𝐶𝑡

𝑚
                                

[2] 

Where, Co and Ct are the F- concentrations 

initially and at a given time t in mgL-1, 

respectively and m = dose of adsorbent in 

gL-1.  

2.6.1 Effect of adsorbent dosage 

The effect of adsorbent dosage i.e., the 

amount of the synthesized adsorbent 

(calcium aluminate) and their active nature 

on the adsorption of fluoride was studied 

at different dosages ranging from (0.05, 

0.1, 0.15, 0.2, 0.25, 0.3, 0.35 and0.4) g in 

100mLwith initial fluoride concentration 

of 20 mgL-1solution.After adsorption time 

was completed the adsorbents were filtered 

and the concentration of fluoride ion left in 

solution was determined by 

Photometerinstrument. 

2.6.2 Effect of contact time 

To examine the effect of contact time, the 

study was conducted in 100 

mLErlenmeyer flask at (15, 30, 60, 90, 120 

and 180 min), with constant adsorbent 

dosage of (0.2 g100mL-1)with initial 

fluoride concentration of 20 mgL-1 

solution, temperature 252 oC.The content 
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of each flask was filtered and the 

concentration of residual fluoride ion in 

each solution was determined by the 

Photometer instrument. 

2.6.3Effect of pH of the solution 

The effect of pH on the adsorption of 

fluoride onto the solution was studied by 

varying the initial solution pH range from 

(3 – 10), by adjusting the pH to the desired 

level either with 0.1 M NaOH or 0.1 M 

HCl. For this study 100mL solution with 

initial fluoride concentrations (20 mgL-1), 

adsorbent (CA) dose (0.2 g100mL-1) and 

temperature were kept constant at room 

temperature during the experiment. The 

residual Fluoride was determined after 1 hr 

of equilibrium time by the Photometer 

instrument. 

2.6.4 Effect of fluoride initial 

concentration 

Variation of solution concentration 

wasimportant parametersthat affect the 

quantity of adsorption by the adsorbent 

material. In this study, fluoride 

concentrations in the 100mL solution were 

varied (2.5, 5, 10, 20 mgL-1) by keeping 

both contact time and adsorbent dose 

optimum for 60 min and 0.2 g100mL-1, 

respectively.Thetemperature was kept at 

room temperature for the experimental 

conditions and the residual Fluoride ion 

concentration was determined after 

equilibrium time by Photometer 

instrument. 

2.6.5 Effect of Temperature 

The effect of variation of solution 

temperature may affect the adsorption of 

anions by the materials. Hence to know the 

variation happen due to temperature 

difference in the present study, the solution 

temperature was varied in the temperature 

of 20, 30 and 40 °C in 100mL solution 

with 0.2 g CA, 60 min equilibrium time 

and pH 7.0 0.2.The residual Fluoride ion 

concentration was determined after 

equilibrium time by the Photometer 

instrument. 

2.7Adsorption study 

Adsorption isotherm, which shows the 

relationship between the bulk aqueous 

phase activity (concentration) of adsorbate 

and the amount adsorbed at constant 

temperature. Equilibrium isotherms were 

studied by taking 100 mL of mixture of 

fluoride solutions (2.5, 5, 10, 20, 40, 70 

and 100) mgL-1in 100 mL Erlenmeyer 

flasks with0.2g100mL-1CA, 60 min 

equilibrium time, pH 7.0  0.2 and stirred 

by a magnetic stirrer.The photometer was 

employed to determine the remaining 

concentrations of fluoride ions in each 

sample after adsorption at the desired time 
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intervals.To establish the adsorption 

capacity of adsorbents experimental data 

was fitted against Langmuir and 

Freundlich isotherm equations and 

Dubinin Radushkevich (D-R) adsorption 

isotherm model was used for prediction of 

removal mechanism. 

2.8 Kinetic study 

The kinetic study was conducted by taking 

100 mL a mixture of fluoride solutions 

with initial concentrations of (20, 10 and 

5) mgL-1 in 100 mL Erlenmeyer flasks. 

Then 0.15, 0.10, 0.05 g100mL-1CA, 

respectively was added to the solution at 

time intervals of (15, 30, 60, 90, 120 and 

180) minutes and the filtrate were 

analyzed for the remaining fluoride 

concentrations.The photometer was 

employed to determine the remaining 

concentrations of fluoride after adsorption 

at the desired time intervals. The kinetic 

analysis of the adsorption data was based 

on reaction kinetics of pseudo-first-order 

(not shown) and pseudo-second-order 

mechanisms.The residual fluoride 

concentrations were measured as a 

function of time. 

2.9 Thermodynamics study 

Thermodynamic study was conducted by 

taking 100 mL a mixture of fluoride 

solutions with initial concentrations of 20 

mgL-1 in 100 mL Erlenmeyerflasks. Then 

0.2 g CA was added to the solutions. 

Solutions werestirred at different 

temperatures (20, 30, 40 oC) and the 

filtrate was analyzed for the remaining 

fluoride concentrations. The photometer 

was employed to determine the remaining 

concentrations of fluoride ions in solution 

after adsorption at the desired time 

intervals. 

2.10 Desorption and readsorptionstudies 

After adsorption, the adsorbate loaded 

adsorbent was separated from the solution 

by centrifugation and the supernatant was 

drained out. The adsorbent was gently 

washed with distilled water to remove any 

unabsorbed adsorbate. Regeneration of 

adsorbate from the adsorbate-loaded 

adsorbent was carried out using the 

desorbing media – distilled water at pH 

6.95 using 1%, 2% and 3 % solutions of 

NaOH. Then they were agitated for the 

equilibrium time of 1Hr and 2Hr. The 

desorbed adsorbate in the solution was 

separated and analyzed for the residual 

fluorides again to study readsorption. 

3. RESULTS AND DISCUSSIONS 

3.1 Calibration curve 

The performance of the electrode was 

checked initially by calibrating using 
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standard solutions of fluoride in the range 

(0.5, 1, 2.5, 5, 10 and 20) mgL-1and to 

check slope of the adsorbent under study. 

The electrode potentials of these standard 

solutions were measured and plotted 

against the concentration. As can be seen 

from Figure 1 the electrode performance is 

good, and the slope of the electrode was 

59.83 mV/dec, which is almost closer to 

the theoretical value (-59.16 mV/dec at 25 

oC). 

 

Figure 11Calibration curves of six 

standard solutions of fluoride with 

triplicate measurement. 

3.2. Characterization of the Adsorbent 

3.2.1 Fourier transform infrared (FTIR) 

Spectroscopy 

The FT-IR spectra of calcium aluminate 

were measured at 4000-400 cm-1. FT-IR 

test of CA displays a number of absorption 

peaks as shown in Figure 2. The result 

shows that broad peaks at 3420 and 3450 

cm-1before and after respectively, 

exhibitthe stretching frequency of −OH 

and the remaining adsorbed water.The 

peak observed at ≅2500 cm-1weak sharp 

was belongsto (-CN stretching).The 

peaks observed at 1800 and 1650 cm-

1before and after indicates C=O and CC 

symmetric stretching respectively. 
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Figure 22 FTIR of CA before and after 

treatment with fluoride solution 

Strong and sharp peak at 1410 cm-1, 

indicates Antisymmetric and symmetrical 

vibration of-COO- group was 

observed.The peaks appearin  CAafter 

treatment at 1170 cm-1very short indicates 

C-F stretching. Peak appear in  CA after 

treatment at 885 cm-1, indicates 

 O-H out of plane bending.The extra peaks 

around 700 and 550 cm-1 respectively, 

which indicates the presence of C-Cl and 

C-F stretching andthat was similar with the 

result of Poursaberi et al [30]. The FT-IR 

spectra analysis of bimetallic oxide (CA) 

displays a number of functional groups on 

their surface indicating the complex nature 

of the adsorbent. The adsorption capacity 

of adsorbent material depends upon 

porosity as well as the chemical reactivity 

of functional groups at the CA surface. 

3.2.2X-ray diffraction (XRD) 

Spectroscopy 

The XRD diffractograms were recorded in 

terms of 2θ in the range 10 – 80 with a 

scanning speed of 3.00 deg min-1. The 

mean crystalline size of the powder was 

determined by Debye-Scherer’s formula 

given by equation [3]. 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
[3] 

The result below shows a very sharp peak 

in the reflection angle range for two theta 

values (32, 45, before and around 30 after) 
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treatment with fluoridated solution, which 

indicates the high crystallinity order of the 

synthesized adsorbent. The calculated 

mean crystalline size of adsorbent was 62 

nm with peak spectra of (211). 

 

 

Figure 33XRD of CA complex (A), before 

treatment with fluoride (B), after treated 

with fluoride 

The XRD analysis Fig 3 (A, before 

treatment and B, after treatment) also 

reveals that the crystal structure of CA 

undergoes significant changes after the 

adsorption of F ions on the surface porous. 

A sharp peak of F- is seen after absorption, 

which revealed that Fˉ was absorbed onto 

adsorbents and was similar to the results of 

Raghav et al [31].This infers that the 

uptake of F ions by CA could be 

predominantly due to physisorption and in 

the form of calcium and aluminum 

fluoride salts, which leads to alteration of 

the crystal structure of CA. 

3.3 Batch adsorption study 

3.3.1 Effect of adsorbent dosage 

The effect of adsorbent dose on removal of 

fluoride using bimetallic oxide (calcium 

aluminate) was shown in Figure 4below, in 

which percentage of fluoride removal and 

capacity (fluoride uptake mg g-1 of 

absorbent) were plotted against adsorbent 

dose. It was observed that percentage 

removal of fluoride increased with the 
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increase in adsorbent dose up to 2 g L-1 

which was adsorption equilibrium dose, 

while loading capacity (amount of fluoride 

loaded per unit weight of adsorbent) 

gradually decreased for the same way that 

may be due to low concentration of 

fluoride available at higher adsorbent dose 

and the ability of porous surface almost 

occupied by the fluoride ion. 

 

Figure 44 Effect of different doses of CA 

(Initial fluoride concentration = 20 mg L-1, 

initial solution pH = 7.0 ± 0.20, 

Temperature 23 2); all measurement were 

in triplicate 

It was observed that the percentage of 

fluoride removal increased from 89.95% to 

98% with an increase in CA dose from 0.5 

to 2 g L-1 at Co of 20mgL-1. This is due to 

the increase in the active sites to fluoride 

ion ratio.After optimum dose the graph 

decrease slightly due to the saturation of 

surface by fluoride ion. This is consistent 

withthe work of Eva Kumar et al [32]that 

the increase in fluoride removal efficiency 

of the adsorbents with increasing dose 

might be due to the increase in enhanced 

active binding sites available for fluoride 

uptake. The residual 0.4 mg L-1 

concentration of fluoride ion remained out 

of 20 mg L-1 of solution at the optimum 

dose and equilibrium contact time may 

also indicate that thecalcium aluminate is 

promising for the removal of fluoride ion 

from fluoride spiked water to the 1.5 mg L-

1 level set by WHO if Ca and Al element 

isleached to its the recommended limits. 

Hence, 2 g L-1 CA was considered as 

optimal dose for further studies. 
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On the other hand, the adsorption capacity 

decreases with increasing adsorbent dose. 

To maintain maximum capacity and high 

removal efficiency the surface loading (i.e. 

the mass ratio of fluoride to adsorbent 

dose) should be lower than the optimum 

value. The surface loading for optimum 

fluoride removal obtained from Figure 4 is 

less or equal to 5 mg g-1. A dose of 2 g L-1 

corresponding to the capacity of 9.8 mg F-

g-1 of the adsorbent were considered for 

further adsorption studies. 

A distribution coefficient Kd, reflects the 

binding ability of the surface for an 

element and is dependent on the pH of the 

solution and type of adsorbent surface. The 

distribution coefficient value for fluoride 

adsorbed on the adsorbent at pH 7 was 

calculated using the following equation 

[33]: 

𝐾𝑑 =
𝐶𝑠

𝐶𝑤
(𝐿/𝑔)…………………………….. 

[4] 

Where Cs is the concentration of fluoride 

on the adsorbent (mg g-1) and Cw is the 

concentration of fluoride in water (mg L-1). 

The concentration of fluoride in the solid 

phase was calculated from the 

measurement of fluoride in the water 

before and after the adsorption of fluoride 

on the adsorbent. Figure 5 shows the value 

of Kd as a function of adsorbent dose. 
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adsorbent dose (Initial fluoride 

concentration = 20 mg L-1, pH = 7.0 ± 

0.20) 

The result shows that the Kd value 

increases with an increase in adsorbent 

dose in the experimental condition 

indicated at constant pH, which implies the 

heterogeneous nature of the adsorbent 

surface. If the surface is homogeneous, the 

Kd values at a given pH should not change 

with the adsorbent dose. 

3.3.2 Effect of contact time 

The effect of contact time on the fluoride 

removal performance was illustrated in 

Figure 6.It can be seen that the residual 

fluoride concentration decreases as contact 

time increases. The result shows that the 

uptake of fluoride increased from 89.66% 

to 93.87% as the contact time between the 

fluoride and the CA increased from 15 to 

180 min. At a time of 60 min, the 

maximum removal occurred. Beyond 60 

min the uptake of fluoride decreased 

gradually. The high uptake rate at the 

beginning was attributed due to the high 

availability of binding sites at the initial 

stage [34]. 

 

Figure 66 Effect of different contact time 

(at constant doses of CA 2 g L-1, Initial 

fluoride concentration = 20 mg L-1, initial 

solution pH = 7.0 ± 0.20); all measurement 

were in triplicate. 
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 Thus, as the interaction process progresses 

the sites for the reaction becomes 

exhausted resulting ina lower uptake rate 

of the fluoride after optimum time.After 60 

min, further increase in the contact time 

did not remarkably increase the uptake of 

fluoride due to the deposition of fluoride 

ions on the available binding sites of the 

CA, where it has attained equilibrium. A 

similar explanation was made by 

Mahapatra et al[35]for the trend observed 

on the effect of contact time on the 

fluoride removal efficiency of the 

powdered activated charcoal. According to 

Jamode et al[36]at fixed initial 

concentration of fluoride and treated bio-

adsorbent dose at optimum pH, fluoride 

removal occurs within the first 60 min 

which is taken as an equilibrium contact 

time.  

Similarly in the present study, after the 

sites have been saturated, an equilibrium 

was established and no further adsorption 

tookplace and this may indicate that 

contact time was one of the factors that 

affect fluoride removal efficiency of the 

adsorption.The optimum time for 

equilibrium concentration was 60 min 

andit was used in further studies. 

3.3.3 Effect of solution pH 

The effect of solution pH on the adsorption 

of fluoride was studied by varying the pH 

from (3, 4, 5, 6, 7, 8, 9 and 10) by keeping 

other parameters constant. The results 

shown in Figure 7 that the strong 

dependence of removal efficiency on pH 

was observed within a pH range studied.  
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Figure 77 Effect of initial solution pH on 

fluoride removal efficiency and capacity 

(dose =2 g L-1, Co = 20 mg L-1, contact 

time  60 min, shaking speed 150 rpm); all 

measurement were in triplicate. 

The most common single factor that 

impress the adsorption of ions on the oxide 

surface was the pH of aqueous solution 

[37].The effect of pH on defluoridation 

was observed that the uptake of fluoride by 

calcium aluminate was affected below and 

above neutral. As literature reveals that the 

pH of the solution significantly affects 

fluoride uptake capacity [38]. It is evident 

that the percentage of fluoride removal 

increase as the pH of the solution 

increasesfrom 3 to 10 and reaches in 

maximum at pH 7.0 0.2. The porous 

surface of the adsorbent was hindered by 

the other ions than fluoride at pH varied 

from neutral. However, it was important to 

note that the fluoride uptake efficiencyat 

pH 7.00.2 was 0.2 mg L-1 which was 

around 99 % adsorbed. At higher pH(> 7) 

there was a competition of OH- with F- to 

occupy the active surface of adsorbent 

which might not easily remove the 

expected fluoride ion and at lower pH (< 

3), there was formation of HF than binging 

to the active surface of CA and fluoride 

ion was not easily removed.The 

experimental results showed that the 

fluoride uptake capacity of this study was 

more favored within the pH range of 6 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 [38, 39]. Therefore, the extent 

of adsorption of fluoride ion on bimetallic 

oxide (CA) was governed by the pH of the 

solution near to the neutral pH range. 

3.3.4 Effect of initial fluoride solution 

concentration 

The effect of initial fluoride concentrations 

on the adsorption of fluoride was studied 

by varying the initial fluoride 

concentrations (2.5, 5, 10, 20) mg L-1 by 

keeping other parameters constant.Figure 8 

shows the percentage of fluoride removal 

efficiency and adsorption capacity as a 

function of initial fluoride concentration at 

equilibrium. As clearly seen from the 

Figure 8, there is no significant difference 

in the percentage of adsorption of fluoride 

at equilibrium with an increase in initial 

fluoride concentrations. However, residual 

concentration at equilibrium increases with 
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an increase in initial fluoride concentration. 

 

 

Figure 88 Effect of initial fluoride 

concentrations at keeping constant (contact 

time 60 min, adsorbent dose 2 g L-1, 

temperature 25 2, pH = 7.0 0.2 and 

shaking speed of 150 rpm with a magnetic 

stirrer); all measurements were in 

triplicate. 

It can be observed that the adsorption 

capacity has increased with an increase in 

initial fluoride concentration. This is due 

tothe utilization of less accessible or 

energetically less active sitesbecause of the 

increasing diffusivity of fluoride ions 

when initial concentration increases. The 

adsorption sites become less difficult to 

adsorption of the adsorbate upon 

increasing concentration. This resulted in 

more fluoride ions to bind per unit mass of 

the adsorbent (increase in adsorption 

capacity) when the initial concentration 

increases. Thusthe initial fluoride 

concentration had an influence on the 

equilibrium sorption time, andsignificant 

fluoride removal efficiency (96 %) was 

observed when the initial fluorideisequal 

to 20 mg L-1 for a contact time of 60 min. 

3.4 Adsorption study 

Adsorption process is usually studied 

through graphs known as adsorption 

isotherm.  Adsorption isotherm, which 

shows the relationship between the bulk 

aqueous phase activity (concentration) of 

adsorbate and the amount adsorbed at 

constant temperature. Adsorption 

isotherms have many important practical 

implications; such as they provide 

information on how the adsorption system 

proceeds, and indicate how efficiently a 

given adsorbent interacts with the 

adsorbate. Adsorption equilibrium 

provides fundamental physicochemical 
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data for evaluating the applicability of 

adsorption processes, usually described by 

isotherm models whose parameters 

express the surface properties and affinity 

of the adsorbent at a fixed operating 

condition.The model most suitablein a 

particular case depends on the 

characteristics of the system. In many 

cases, theconstants contained in the 

models have direct physical significance. 

The strength of the linearrelationship can 

be expressed by the correlation coefficient 

(R2). Its value is used to evaluatehow the 

isotherm model describes the experimental 

data. 

In this study, Langmuir,Freundlich, and 

Dubinin-Radushkevich (D-R) adsorption 

isotherm models were used. The isotherm 

experiments were carried out at 

sevendifferent initial fluoride 

concentrations in a range from (2.5, 5, 10, 

20, 40, 70,100)mg L-1. 

3.4.1 Langmuir isotherm 

The Langmuir model is based on 

monolayer adsorption on uniform 

homogeneous surfaces with sites of 

identical nature. The Langmuir equation is 

useful for the estimation of maximum 

adsorption capacity corresponding to 

complete monolayer coverage expressed 

by: 

𝑞𝑒 =
𝑞𝑚𝑏𝐶𝑒

1+𝑏𝐶𝑒
 [5] 

The linear form of equation (5) gives as: 

𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚𝑏
+

𝐶𝑒

𝑞𝑚
 [6] 

Where,  

Ce is the equilibrium concentration of the 

adsorbate (mg L-1), qe is the amount of 

adsorbate adsorbed per unit mass of 

adsorbent (mg g-1), qm and b are Langmuir 

constants related to adsorption capacity or 

the amount of a solute adsorbed per unit 

mass of the adsorbent for monolayer 

coverage of the surface and heat of 

adsorption or the binding strength, 

respectively. 

The higher the value of b the higher is the 

affinity of the adsorbent for the adsorbate. 

The constants can be determined from the 

slope and intercept of the Ce/qe versus Ce 

plot. The slope of the straight line gives 

1/qm and the constant b can be determined 

from the intercept. 
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Figure 99 Linear Langmuir isotherm (CA 

dose = 2 g L-1, contact time 60 min, pH = 

7.0 ± 0.20, temperature 23  2, Co 20 mg 

L-1) 

Figure 9 shows the Langmuir isotherm 

model fit for the experimental data. The 

result of the Langmuir isotherm model 

shows that the experimental data well 

fitted to the model with a correlation 

coefficient (R2) > 0.99. The maximum 

sorption capacity corresponding to 

complete monolayer coverage is found to 

be 18.93 mg F-g-1CA and the constant b 

related to adsorption intensity is 0.11L mg-

1. 

Moreover, in order to ensure that the 

adsorption process is favorable, linear, 

irreversible or unfavorable for Langmuir 

kind adsorption process, the essential 

characteristics of Langmuir isotherm can 

be expressed in terms of a dimensionless 

constant, RL[40]: 

RL=
1

1+𝑏𝐶𝑜
 [7] 

Where Co is the initial concentration in mg 

L-1 and b is the Langmuir constant (L mg-

1). 

According to Hall et al [40]the parameter 

RL indicates the types of the isotherm such 

that; if RL> 1 it is unfavorable, if RL = 1 it 

is linear, if RL = 0 irreversible, if 0< RL<1 

it is favorable. 

Adsorption of fluoride on the adsorbent 

under the experimental conditions is 

favorable, as the value of RL in all cases is 

between 0 and 1.Therefore, in this study, 

the calculated RL values lie 0.3125 which 
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is in the range of favorable isotherm 

condition. 

3.4.2 Freundlich Isotherm 

The most important multisite or multilayer 

adsorption isotherm for heterogeneous 

surfaces is the Freundlich isotherm which 

is characterized by the heterogeneity factor 

1/n. The basic assumption of this model is 

that there is an exponential variation in site 

energies of the adsorbent. The Freundlich 

equation was presented below in both the 

standard and linearized form: 

𝑞𝑒 = 𝑘𝑓𝐶𝑒
1/𝑛

 [8] 

Rearranging equation (13) tothe linear 

form of the Freundlich equation: 

log (𝑞𝑒) = log (𝑘𝑓) + 1
𝑛⁄ log (𝐶𝑒)[9] 

Where, 

qe is the amount of fluoride adsorbed per 

unit mass of adsorbent (mg g-1) at 

equilibrium, Ce is the equilibrium fluoride 

concentration (mg L-1), KF and n are 

Freundlich constants indicative of 

adsorption capacity (mg g-1) and 

adsorption intensity, respectively. When 

log(qe) versus log(Ce) is plotted a straight 

line with slope 1/n was obtained. Thus, the 

constants adsorption intensity and 

adsorption capacity can be determined 

from the slope and intercept of the graph, 

respectively.Figure 10 shows the 

Freundlich isotherm model fit of the 

experimental data. 

 

Figure 1010 Linear Freundlich isotherm 

(Adsorbent dose = 2 g L-1, contact time = 

60 min, pH = 7.0 ± 0.20) 

The Freundlich parameters along with 

correlation coefficients were obtained for 

the adsorbent (Table 1). The result 

indicated that the experimental fluoride 
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adsorption data well fitted to this model 

with the correlation coefficient of 0.9741, 

suggesting that the average energy of 

adsorption is decreasing with increasing 

adsorption density with a minimum 

adsorption capacity of 9.61 mg g-1 and 

adsorption intensity, n of 5.841. The value 

of n obtained lies between 1 and 10 

indicating Freundlich favorable sorption. 

The increase in equilibrium fluoride 

removal capacity with residual fluoride 

concentration indicated the heterogeneous 

nature of the adsorbent surface which is 

characteristic of adsorption following the 

Freundlich isotherm model fit as 

experimental value justify. 

3.4.3 Dubinin–Radushkevich (D-R) 

isotherm 

Even if the Freundlich and Langmuir 

isotherm models are widely used, they do 

not provide any idea about the adsorption 

mechanism[41]. Thus, to describe the 

mechanism of the adsorption process, the 

equilibrium data was tested with the D-R 

isotherm model. The D-R model was used 

to estimate both of the maximum 

adsorption capacity and the apparent 

energy of adsorption to distinguish 

between chemical and physical types of 

adsorptions[42]. The D-R isotherm 

assumes, a fixed sorption space close to 

the sorbent surface is where sorption takes 

place. It describes the heterogeneity of 

sorption energies within this space, which 

is independent of temperature. The model 

represented by the equation below: 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑠 − 𝛽𝜀2 [10] 

Where, qe and qs weresorbed concentration 

and maximum sorption capacity 

(theoretical saturation) respectively at the 

sorbent surface, expressed in units of mg 

g-1 and, 𝛽 is aconstant related to mean free 

energy of the adsorption, in units of 

(mol2J-2) and Ɛ, is Polanyi potential, is the 

work required to remove a molecule or ion 

away from its location in the sorption 

space. It is calculated as: 

𝜀 = 𝑅𝑇𝑙𝑛(1 +
1

𝐶𝑒
)[11] 

Where R is the universal gas constant 

(R=8.314 JK-1.mol-1), T is the temperature 

in Kelvin and Ce is the equilibrium 

concentration of sorbate in solution.  

When ln qe is plotted against Ɛ2, a straight 

line may be obtained if the sorption data 

follow the D-R isotherm. The mean free 

energy of adsorption per molecule of the 

sorbate E, is the energy required when the 

adsorbate migrates to the surface of the 

adsorbent from infinite distance in the 

solution to the sorbent surface. Thus it can 

be correlated and calculated from the 𝛽 

value by using the relation [43]: 
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E = (
1

√2𝛽
) [12] Figure 11 shows the D-R isotherm plot for 

the adsorption of fluoride on to CA. 

 

Figure 1111Dubinin-Radushkevich 

isotherm (CA dose 2g L-1, contact time 60 

min, pH 7.0 ± 0.20, T 23 2oC) 

The correlation coefficient, R2 value found 

to be 0.9908, which confirmed that the 

adsorption process can be described by 

this model. The sorption capacity 

evaluated from this model is 96.11 mg g-1. 

From the magnitude of E, the type of 

adsorption such as chemical sorption or 

physical sorption can be determined. If the 

value of E ranges from (0 - 8 kJmol-1), 

sorption is due to physical adsorption and 

if the value ranges from (9 - 16 kJmol-1), 

then the adsorption is due to chemical 

adsorption[44]. The mean free energy of 

adsorption (E) is found to be 0.87 kJmol-1, 

which implies that the adsorption is 

predominantly physisorption.   

Table 11Summary of Freundlich, 

Langmuir, and D-R isotherm model 

constants and correlation coefficients for 

adsorption of fluoride onto CA. 

 

Isotherm model Constants Correlation 

coefficients (R2) 

   

Langmuir b (Lmg-1) qm(mgg-1) 0.9926 

0.11 18.93 

Freundlich n Kf(mgg-1) 0.9741 

5.84 9.61 

Dubinin–Radushkevich (D-R) qs(mgg-1) E (kJmol-1) 0.9908 

96.11 0.87 
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3.5 Thermodynamic study 

Thermodynamic parameters of adsorption, 

namely standard free energy change (G0), 

standard enthalpy change (H0), and 

standard entropy change (S0) were 

calculated using standard methods. 

Standard free energy change (G0) is 

given by the equation [45]: 

(∆𝐺𝑜) = −∆𝐻𝑜 + 𝑇∆𝑆𝑜 [13] 

The nature of the adsorption of fluoride on 

the synthesized CA was predicted by 

estimating the thermodynamic parameters. 

The changes in thermodynamic parameters 

such as free energy(∆Go), enthalpy (∆Ho) 

and entropy (∆So) were evaluated from the 

following equations: 

∆𝐺𝑜 = −𝑅𝑇𝑙𝑛𝑘𝑐[14] 

Where G0 standard free energy change of 

adsorption (kJ mol-1), T is the temperature 

in Kelvin and R is universal gas constant 

(8.314 Jmol-1K-1) and Kc is the 

equilibrium constant and calculated as: 

𝐾𝑐 =
𝐶𝐴𝑒

𝐶𝑒
[15] 

CAe (mg g-1) and Ce (mg L-1) are the 

equilibrium concentrations for solute on 

the adsorbent and in the solution, 

respectively.  

The standard enthalpy change (H), and 

standard entropy change (S) was 

calculated using the following 

equation[45]: 

lnkc = 
−∆𝐻0

𝑅𝑇
 + 

∆𝑆0

𝑅
 [16] 

The Kc values were used to determine the 

∆Go, ∆Ho and ∆So. The Kc expressed in 

terms of the ∆Ho (kJmol-1) and ∆So (kJmol-

1) as a function of temperature. 

∆H and ∆S were obtained from the slopes 

and intercepts of the plots of lnKc against 

1/T shown in Figure 12. The free energy 

change (∆G) indicates the degree of 

spontaneity of the adsorption process and 

the higher negative value reflects a more 

energetically favorable adsorption. The 

increase in the negative value of ∆G with 

an increase of temperature showed that the 

adsorption of fluoride ion on synthesized 

CA samples increased with the rise in 

temperature. The positive values of ∆H 

shown in Table 2confirmed the 

endothermic nature of the adsorbents for 

fluoride adsorption in the studied range 20 

– 40 oC. The positive values of ∆S 

confirmed the randomness of the 

adsorption process. 
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Figure 1212Van’t Hoff plotfor determination of thermodynamic parameters of equilibrium 

constant of fluoride ion sorption with temperature (293 - 313 K) (CA dose 2 g L-1, Co 20 mg 

L-1, contact time 60 min, pH 7.0 0.2). 

Table 22 Thermodynamic parameters for sorption of fluoride ion onto CA that are computed 

from the linearized plot of lnkcversus 1/T at different temperatures. 

G (KJmol-1) H (KJmol-1) S (Jmol-1K-1) R2 

293 K 303 K 313K 293 K 303 K 313 K 16.17 0.9994 

-1607 -12595 -25372 16.03 15.5 15.01 

        
 

3.6 Adsorption kinetics of fluoride 

The fluoride adsorption kinetics of adsorbent was studied for each initial fluoride 

concentrations of 20.0, 10.0 and 5.0 mg L-1 with the corresponding adsorbent dose of (1.5, 

1.0 and 0.5) g L-1, respectively. The residual fluoride concentrations as a function of time are 

shown in Figure 13. The kinetic analysis of the adsorption data is based on reaction kinetics 

of pseudo-first-order not shown and pseudo-second-order mechanism. 
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Figure 1313 Adsorption kinetics of 

fluoride on CA adsorbents at constant 

surface loading 11.08 mg g-1 (average pH 

= 7.0 0.2). 

It can be seen in Figure 13 that in all the 

three cases, initially, the rate of adsorption 

of fluoride is high during the first 15 

minutes. Beyond that, the rate decreases 

with time, as the liquid phase 

concentration decreased. From Figure 13, 

we can also observe that the time to reach 

equilibrium seems shorter as the 

concentration becomes lower. 

Kinetic analysis of fluoride adsorption was 

studied based on reaction kinetics of 

pseudo first order not shown and pseudo 

second order mechanism using the 

Lagergren rate equation[46]. 

3.6.1 Pseudo-first-order 

The Lagergren’s rate equation is one of the 

most widely used rate equations to 

describe the adsorption of adsorbate from 

the liquid phase [47].The linear form of 

pseudo-first-order rate expression of 

Lagergren is given as: 

𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = log (𝑞𝑒 −
𝑘1𝑡

2.303
)[17] 

Where, qe and qt are the amounts of 

fluoride adsorbed on adsorbent (mg g-1) at 

equilibrium and at time t (min), 

respectively, and k1 is the rate constant of 

pseudo first-order kinetics which was not 

shown and the adsorbent fit with pseudo 

second order. 

3.6.2 Pseudo second order 

Kinetic analysis of fluoride adsorption was 

studied based on reaction kinetics of 
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pseudo-second-order mechanism using the 

Lagergren rate equation as shown below. 

𝑑(𝑞𝑒−𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2 [18] 

𝑑(𝑞𝑒−𝑞𝑡)

(𝑞𝑒−𝑞𝑡)2 =  −𝑘2𝑑𝑡[19] 

The integrated form at boundary 

conditions (t = 0 to t = t and qt = 0 to qt = 

qt) gives: 

1

(𝑞𝑒−𝑞𝑡)
=  

1

𝑞𝑒
+  𝑘2𝑡 [20] 

𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2 +  

𝑡

𝑞𝑒
 [21] 

Where,qe and qt are the amount of 

adsorbed fluoride at equilibrium and any 

time t (mg g-1),respectively, k2 is the rate 

constant (g mg-1min-1), t is the stirring time 

(min). K2 can be determined by plotting 

t/qt against t based on equation [26]. The 

larger the k2 value, the slower the 

adsorption rate. 

 

Figure 1414 Pseudo second order plot of fluoride adsorption kinetics on the adsorbent each 

with initial fluoride concentrations of (5, 10 and 20) mg L-1, to adsorbent doses of (0.5, 1 and 

1.5) g L-1, respectively (pH = 7.0 ± 0.20, contact time = 60 min) 
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Figure 1515Average pseudo second order plot of fluoride adsorption kinetics on adsorbents 

(pH = 7.0  0.2, contact time = 60 min). 

Table 33 Pseudo-second order rate constants, rate equations, correlation coefficients and their 

averages for the three different initial fluoride concentrations. 

Adsorbate(mgL-

1)/adsorbent(gL-1) 

Rate constant 

(k2)(g mg-1min-1) 

Rate equation Correlation 

coefficients (R2) 

5/ 0.5 5.15x10-4 t/qt = 0.002t+ 6.198 0.9967 

10 /1.0 8.81x10-5 t/qt = 0.0019t + 6.2213 0.9994 

20 / 1.5 2.71x10-5 t/qt = 0.00198t + 6.2059 0.9912 

Average 2.1x10-4 t/qt = 0.002t + 6.21 0.9957 

 

3.7 Desorption studies 

Regeneration of adsorbate from the adsorbate-loaded adsorbent was carried out using the 

desorbing media distilled water at pH 6.95 using 1%, 2% and 3% solutions of NaOH with 

duration of 1Hr and 2Hr. The results of the desorption of fluoride under various 

concentrations of NaOH and different conditioning durations are indicated in the Figure 16. 

 

Figure 1616 Percentage of fluoride 

desorbed with different concentrations 

ofNaOH solution after 1 Hr and 2Hr 

It can be seen from Figure 16that 

desorption was highest at 3% NaOH after 

2Hr. The displacement of adsorbed 

fluoride from the solid surface seems a 

slower process as compared to adsorption. 
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About 85.55% of fluoride was desorbed 

from the adsorbent after 2Hr. Although the 

result indicates that the possibility of 

increased desorption as the contact time 

increases, further studieson multicycles 

use willbe required to optimize the 

desorption process for the efficient 

utilization of the adsorbent. 

The regenerated adsorbent was 

investigated for its readsorption capacity to 

assess its reuse potential. It was found that 

the adsorption efficiency is 82.45% during 

the second cycle, which suggests that the 

adsorbent can be capability for reused. 

From the results of desorption and 

readsorption, it can be concluded that 

regeneration and reuse were promising for 

the adsorbent under study. 

3.8 Comparison of CA defluoridation 

capacities with the other reported 

adsorbents 

The fluoride ion adsorption capacity of 

different adsorbent varies according to the 

nature of the sorbent since it depends on 

the affinity of each adsorbent to fluoride 

ions. Thus comparison of the 

defluoridation capacity of different 

sorbents is fundamental to evaluate their 

relative potential and for the selection of 

adsorbents as a defluoridating agent. 

Hence the adsorption capacity of few 

sorbents was compared, which are 

investigated by different studies. The 

optimum contact time required for the 

adsorption of fluoride (equilibrium time) 

was also compared as indicated in Table 4. 

Table 44 Comparison of adsorption 

capacities of a few adsorbents with 

different calcium and aluminum rich 

adsorbents in aqua defluoridation. 

Adsorbents Adsorption 

capacity(mg g-1) 

Equilibrium time (Hr) Reference 

    

Natural(analcite and 

Mordenite) zeolite 

0.47 20 [48] 

Hydrated alumina 

Activated 

23.75 1 [38, 49] 

Alumina(OA-25) 1.45 6 [49] 
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AILS 

Al modified Bone char 

84.03 

0.97 

10 

72 

[38] 

[50] 

Bimetallic oxide (CA) 4.48 1 present study 

    
 

The adsorptive capacity of bimetallic CA 

to remove fluoride has been compared 

with those of other adsorbents reported in 

the literature (Table 4) based on the 

Langmuir isotherm models. It can be seen 

that bimetallic oxide exhibits considerably 

greater F-adsorption potential as compared 

to other adsorbents except locally hydrated 

alumina and aluminum hydroxide 

impregnated limestone. It was important to 

emphasize that the particle size, surface 

area, surface properties, coordination, etc., 

get modified when material dimensions 

reach nano size by calcination at a higher 

temperature scale. Thus compared with the 

traditional micro sized materials used for 

sorption processes, nano sized carriers 

possess agood performance due to high 

surface area to volume ratio and absence 

of internal diffusion resistance [32]. 

4. CONCLUSIONS AND 

RECOMMENDATIONS 

4.1 Conclusions 

The new bimetallic oxide (CA) type 

adsorbentwas synthesized by using the 

combustion method andthe method has 

resulted in fine oxide like structure and 

highly porous material, which is important 

for efficient mass transfer. 

Characterization results shows that the ISE 

experiment indicated that the slope -

59.83mV/dec which was in the Nernst 

slope range, X-ray diffraction and FTIR 

characterization studies infer that the 

formation of some amount of new species 

after treatment with fluoride spiked 

sample, which further suggests the nature 

of fluoride uptake by the adsorbent. The 

CA shows high uptake of fluoride and it 

was possible to remove fluoride ion up to 

98% of fluoride from the initial 

concentration of 20mg L-1and optimum 

dose of 2 g L-1,60 min.  

The adsorption isotherm fitted well to 

Langmuir isotherm modelfrom correlation 

coefficient output. The Dubinin Radush 

kevich isotherm model also provides 

fluoride removal mechanismand the 

adsorption process has adsorption energy 

value 0.87 kJmol-1 for fluoride ion, 

indicating the adsorption process is 

predominantly physisorption which the 

adsorbent takes place through surface 

adsorptions.  
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The kinetic studies showed that the 

adsorption of fluoride on the adsorbent 

was well described by the pseudo-second-

order reaction mechanism. The 

thermodynamic studies revealed from the 

value of ΔH, ΔS, and ΔG that adsorption 

of fluoride ion by CA were endothermic 

and spontaneous process. Desorption was 

taken place by different percent of NaOH 

solution and regeneration of CA was also 

possible and up to 82.45 % regeneration 

could be achieved.So it can be concluded 

that CA would be an alternative adsorbent 

of defluoridation from fluoride-rich water. 

4.2 Recommendations 

Most peoples in the rift valley regions of 

the country are victims of the health 

impact imposed on them from excess 

fluoride in their drinking water. Most of 

rural peoples in the rift valley region use 

groundwater as drinking without any 

defluoridation treatment. Thus, 

bimetallicoxide as adsorbent material was 

used as one of the defluoridation 

mechanism. Contributingto a sustainable 

solution for fluoride problem in the area by 

some responsible and concerned 

organizations, institutions, and individuals 

were encouraged and they have to 

strengthen their role to mitigate the 

problemin the area. Regarding the 

adsorbent studied, further studies on; the 

stability of the adsorbent, use of calcium 

aluminatein a column operational mode at 

the lab scale and scaling up, assessing the 

amount of calcium and aluminum metal 

unleached that may above or below the 

permissible limit for consumption. 
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