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Abstract 
An aluminum coated sand (AlCS) was evaluated as a metal oxide adsorbent 
for adsorption and removal of fluoride from water using a low-cost adsorbent 
with potential application in continuous flow adsorber systems. Surface cha-
racterization of the AlCS sorbent was performed using TEM, SEM/EDX, XRD 
and BET. The AlCS sorbent contained mostly amorphous aluminum oxides 
based on adsorbent characterization results. Favorable adsorption of fluoride 
onto the AlCS sorbent occurred according to the Langmuir and Freundlich 
adsorption equations, while physical adsorption of fluoride onto the AlCS 
sorbent was observed based on results from the Dubinin-Radushkevich equa-
tion. Fluoride adsorption onto the AlCS sorbent followed pseudo-second or-
der kinetics, while surface charge analysis indicated a pHPZC of 7.1 for the 
AlCS sorbent. Effective fluoride removal occurred over a broad pH range 
from 3 to 11 with a maximum fluoride removal observed at pH 4 to 5. The 
effect of co-existing ions in water resulted in a decrease in fluoride uptake in 
the presence of bicarbonate, while resulting in an increase in fluoride uptake 
in the presence of calcium. The AlCS sorbent was a low-cost and sustainable 
adsorbent for effective adsorption and rapid removal of fluoride from water 
within an hour. 
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1. Introduction 

Fluoride levels in groundwater and surface water are elevated due to geological 
causes such as slow dissolution of fluoride minerals and industrial discharge like 
semiconductor production (between 10 mg/L and 1000 mg/L release) (Bhatna-
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gar et al., 2011; Narsimh & Sudarshan, 2017). Fluoride is quickly absorbed and 
distributed in the human body via oral ingestion, inhalation, and skin contact 
(Fordyce, 2011; Liu et al., 2019). It can easily attach to calcium ions across the 
cell membrane and condense in highly compacted calcium sites like bone and 
teeth, lowering calcium levels in the body and causing fluorosis (Yang et al., 
2019). Although a fluoride (F−) content of less than 0.5 mg/L in drinking water is 
beneficial to oral health, particularly in children, any amount above 1.5 mg/L 
can cause serious health problems such as fluorosis, brain damage, thyroid dis-
ease, and cancer (Jha et al., 2013). Fluoride contamination and health issues such 
as fluorosis are estimated to affect over 200 million people worldwide, primarily 
in India, China, Africa, and Latin America (Rasool et al., 2017). Fluoride levels 
in groundwater have been found to be high in several states in the United States, 
including up to 3.58 mg/L in Ohio, 13 mg/L in Arizona, and 7.60 mg/L in Wis-
consin (Ali et al., 2016). The US Public Health Service (PHS) recommends a flu-
oride concentration of 0.7 mg/L in drinking water (U.S. Department of Health 
and Human Services, 2015), while the US Environmental Protection Agency 
(EPA) mandates a maximum contamination level (MCL) of 4.0 mg/L in public 
water systems (National Research Council, 2006), and the World Health Organ-
ization (WHO) recommends a fluoride concentration of 1.5 mg/L in drinking 
water (Tiemann, 2013).  

Several technologies have been applied to remove fluoride (F−) from water, 
including chemical precipitation, membrane filtration, ion exchange, electro-
coagulation, and adsorption. All of these techniques have advantages and disad-
vantages that make them less desirable or more appealing to use, particularly for 
large-scale treatment. Chemical precipitation is one of the successful removal 
methods discussed, but it generates a lot of hazardous sludge and has a low re-
moval efficiency (Eskandarpour et al., 2008). Membrane technology has a high 
operating and capital cost, as well as concerns about fouling and clogging, mak-
ing it a difficult solution to implement, especially for large-scale treatment (He et 
al., 2020). Electrocoagulation has shown to be effective for removal of fluoride 
from water using different electrode materials such as aluminum and aluminum 
alloys (Vasudevan et al., 2009a, 2011). Although the ion-exchange technique is a 
promising technology to apply, several disadvantages have been considered, in-
cluding the high resin cost, pH sensitivity, ion interference, and the high level of 
toxic liquid production due to the regeneration of resins used in the process (Liu 
et al., 2002; Velazquez-Jimenez et al., 2015).  

The removal of fluoride by adsorption is a convenient and cost-effective me-
thod, among others, where the development of effective and sustainable adsor-
bents is desirable (Habuda-Stanić et al., 2014; Tamrakar et al., 2019). Low-cost 
and environmentally acceptable adsorbents are needed for effective removal of 
fluoride (Habuda-Stanić et al., 2014). Metal oxides, agricultural and biosorbents, 
geomaterials, carbonaceous and carbon-based adsorbents, building and indus-
trial wastes and by-products adsorbents, and nanoparticles are among the dif-
ferent adsorbent categories that have been studied so far for fluoride removal 
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(Teng et al., 2009; Bhatnagar et al., 2011; Habuda-Stanić et al., 2014; Velaz-
quez-Jimenez et al., 2015; Yadav et al., 2018). 

Metal oxide adsorbents have shown to be capable of removing fluoride ions 
from water. In addition, they are excellent choices for use in larger-scale work 
due to their high selectivity and removal efficiency, and as a result, more atten-
tion is being drawn to this group of adsorbents (Velazquez-Jimenez et al., 2015). 
Various metal oxides adsorbents have been studied including activated alumina, 
ferric oxide/hydroxide, calcium-modified adsorbents, magnesium-modified adsor-
bents, and titanium-derived adsorbents. Among the adsorbents previously men-
tioned, aluminum-based adsorbents have the advantage of being locally available, 
environmentally friendly, and low-cost adsorbents (Fan et al., 2003; Jagtap et al., 
2012), as well as potential application in flow-through water filtration systems 
(Alhassan et al., 2021); the positive surface charge of aluminum and the negative 
surface charge of fluoride provides a strong attraction, resulting in the removal 
of fluoride from water (Chai et al., 2013; Vázquez-Guerrero et al., 2016).  

In this study, an aluminum coated sand (AlCS) sorbent was prepared at 
bench-scale as a low-cost and sustainable adsorbent to evaluate the adsorption 
and removal of fluoride from water. The base material used in this study, silica 
sand, is the second most abundant mineral (28.2%) (Zheng et al., 2021), with the 
United States being the world’s leading producer and exporter of this product 
(United States Bureau of Mines, 1980). It is an ideal filtration medium because of 
its high level of durability, nontoxicity, and ability to capture bacteria and re-
move the majority of the suspended solid material. Aluminum, the metal used as 
a coating in this design, is also the most abundant metal (8.2%) (Siddiqui & 
Chaudhry, 2017) and the eighth cheapest element (1.79 $/kg) (U.S. Geological 
Survey, 2013). This study investigated the removal of fluoride from water using 
the AlCS sorbent as a function of time, solution pH, adsorbent dosage, and 
co-existing ions.  

2. Materials and Methods  
2.1. Chemicals 

Silica sand (white quartz, 50 - 70 mesh particle size) was obtained from Sig-
ma-Aldrich (St. Louis, MO, USA). Aluminum chloride hexahydrate (99% purity, 
ACS grade), sodium hydroxide (ACS reagent pellets), hydrochloric acid (ACS 
plus grade), sodium fluoride (ACS grade), sodium bicarbonate (ACS grade), cal-
cium chloride (ACS grade), and sodium sulfate (ACS grade) were obtained from 
Fisher Scientific (NJ, USA).  

2.2. Sorbent Preparation 

To prepare the AlCS sorbent, 40 g of sand were mixed with 100 mL of 1 M solu-
tion of aluminum chloride for 24 hours. The residual coating solution was re-
moved after 24 hours of mixing, and the wet coated sand was air-dried in a dry-
ing hood for 12 hours followed by heating in a drying oven at 110˚C for four 
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hours. The dried coated sand was then calcined inside a furnace at 330˚C for 24 
hours. The final sorbent was removed from the furnace, allowed to cool down to 
room temperature, and was then stored in a plastic bottle.  

2.3. Sorbent Characterization 

The microstructural characterization of the AlCS sorbent was performed by Trans-
mission Electron Microscopy (TEM) coupled with Energy Dispersive X-ray analy-
sis using a JEOL JEM-3010 300 KV TEM. Surface characterization of the AlCS 
sorbent was obtained by Scanning Electron Microscopy (SEM) with a TOPCON 
ABT-150S SEM; Electron Dispersive X-ray Spectroscopy (EDX) was carried out 
at 10 kV in variable pressure mode at 10 Pa. The X-ray diffraction (XRD) pattern 
for the AlCS sorbent was obtained with Cu Kα radiation at 40KV and 30 mA 
using an XRD-Bruker D8 Discover System. The BET specific surface area of the 
AlCS sorbent was measured with an Accelerated Surface Area and Porosimetry 
system, ASAP 2010 (Micromeritics Instrument Corporation). 

2.4. Batch Adsorption Experiments  

Batch adsorption experiments were performed for the following experiments: 
adsorption dosage, adsorption kinetics, adsorption isotherm, effect of pH on ad-
sorption, and effect of co-existing ions on adsorption, and zeta-potential mea-
surements. All batch adsorption experiments were carried out in triplicate. The 
fluoride removal and the adsorption capacity of AlCS sorbent for fluoride uptake 
were determined as follows: 

( ) ( )0 0Removal % 100eC C C= − ×                   (1) 

( )0e eq C C m V= − ×                        (2) 

where C0 (mg/L) is the initial fluoride concentration, Ce (mg/L) is the final or 
equilibrium fluoride concentration, m (kg) is the mass of AlCS sorbent applied 
(kg), V (L) is the volume of fluoride solution, and qe (mg/kg) is the uptake of 
fluoride by the AlCS sorbent. In batch adsorption experiments, different masses 
of the AlCS sorbent and 50 mL of solution with an initial fluoride concentration 
of 5 mg/L were placed inside HPDE bottles. The bottles containing mixtures of 
the AlCS sorbent and fluoride solutions were shaken using a rotating tumbler at 
20 rpm. After shaking the bottles for 24 hours, the fluoride solution was sepa-
rated from the AlCS sorbent using centrifugation at 8000 rpm. The samples were 
analyzed for fluoride using an ion selective fluoride electrode according to Stan-
dard Method 4500 F− (Standard Methods for the Examination of Water and 
Wastewater, 2018). Batch adsorption experiments were performed for the fol-
lowing experiments: adsorption dosage, adsorption kinetics, adsorption iso-
therm, effect of pH on adsorption, effect of co-existing ions on adsorption, and 
zeta-potential measurements.  

2.5. Effect of pH on Fluoride Removal Experiments 

The effect of pH on fluoride removal using the AlCS sorbent was evaluated using 
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batch adsorption experiments with 1 g of the AlCS sorbent and 50 mL fluoride 
solution with an initial pH value ranging from pH 3 to pH 11; the initial pH was 
adjusted using 0.1 M NaOH and 0.1 M HCl. All pH experiments were performed 
in triplicate.  

2.6. Effect of Co-Existing Ions on Fluoride Removal 

The effect of co-existing ions on fluoride removal was evaluated using batch ad-
sorption experiments with 1 g of the AlCS sorbent and 50 mL fluoride solution 
with different concentrations of co-existing ions. Initial fluoride solutions were 
prepared separately for each co-existing ion; fluoride solutions were prepared 
containing different concentrations of calcium (Ca2+), bicarbonate ( 3HCO− ), and 
sulfate ( 2

4SO − ). All co-existing ion experiments were performed in triplicate. 

2.7. Zeta Potential Experiments 

One gram of AlCS sorbent was mixed with 1 liter of 1 mM solution of NaCl to 
prepare suspensions of the AlCS sorbent for zeta potential measurements. The 
zeta potential of each suspension was measured using the Zeta-meter system 3.0 
(Zeta meter Inc., VA). The zeta potential of suspension samples was measured as 
function of initial solution pH from pH 3 to pH 11. The initial pH of samples 
was adjusted using 0.1 M HCl and 0.1 M NaOH solutions.  

3. Results and Discussion 
3.1. Sorbent Characterization 

The XRD analysis of the AlCS sorbent shown in Figure 1 indicates the presence  
 

 
Figure 1. XRD pattern for the AlCS sorbent. 
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of crystalline silica and low levels of crystalline aluminum oxides. The TEM and 
SEM micrographs are shown in Figure 2. The TEM analysis of the AlCS sorbent 
showed the presence of aluminum oxides (AlOx) on the surface of the AlCS sor-
bent, while indicating that the aluminum oxides contained in the aluminum 
coating were mostly amorphous. The SEM and TEM images of the AlCS sorbent 
show that the aluminum coating contained clusters of aluminum oxide ranging 
from 1 to 10 µm in size. The SEM/EDX analysis of the AlCS sorbent presented in 
Figure 3 show that the AlCS sorbent contained aluminum, oxygen, and silicon, 
indicating the presence of aluminum oxides on the surface of silica sand. The 
BET surface area of the AlCS sorbent was determined to be 1.648 m2/g. 
 

 
Figure 2. TEM and SEM micrographs of the AlCS sorbent. 
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Figure 3. SEM-EDX Analysis of the AlCS sorbent. 

3.2. Adsorption Kinetics 

The adsorption of fluoride onto the AlCS sorbent was evaluated as function of 
time by determining the adsorption kinetics of fluoride using an initial fluoride 
concentration of 5 mg/L and an adsorbent dosage of 20 g/L. All adsorption ki-
netics experiments were performed in triplicate. The concentration of fluoride 
remaining in solution as function of time is shown in Figure 4. The results from 
Figure 4 indicate that most of the fluoride was adsorbed and removed within 60 
minutes while adsorption equilibrium was reached within 12 hours. About 73 
percent of total fluoride removal was obtained within the first 60 minutes of 
contact time, which was followed by an additional 27 percent removal of fluoride 
up to 12 hours of contact time. The adsorption kinetics of fluoride was investi-
gated using the pseudo-first order and pseudo-second order adsorption kinetic 
models. The Lagergren pseudo-first order model is described using the following 
differential and integral forms (Lagergren, 1898):  

( )1d dt e tq t k q q= −                         (3) 

( ) 1ln lne t eq q q k t− = −                        (4) 

The adsorption (uptake) of fluoride is qe (mg/kg) at equilibrium and qt (mg/kg) 
at time t, with a first-order adsorption rate constant of k1 (min−1). The pseudo- 
second order adsorption kinetics model is described in differential and integral 
forms as follows with a second-order adsorption constant of k2 (kg·mg−1·min−1): 

( )2
2d dt e tq t k q q= −                       (5)  

2
21t e et q k q t q= +                        (6)  
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Figure 4. Adsorption of fluoride onto the AICS sorbent as function of time. 

 
Table 1 shows the results obtained for pseudo-first order kinetics and pseudo- 

second order kinetics. According to Table 1, the adsorption and uptake of fluo-
ride by the AlCS sorbent followed second order kinetics with R2 = 0.9988, a k2 
value of 0.0001296 kg/mg/min (0.1296 g/mg/min) and a calculated qe of 188.7 
mg/kg which is close to the experimental qe of 183 mg/kg. The adsorption kinet-
ics results obtained for the AlCS sorbent were similar to other aluminum based 
adsorbents which also followed second-order kinetics (Maliyekkal et al., 2006; 
Maliyekkal et al., 2008; Salifu et al., 2013). Second-order adsorption kinetics was 
similarly observed by other researchers (Vasudevan et al., 2010; Vasudevan & 
Lakshmi, 2012; Kamaraj et al., 2016).  

3.3. Adsorption Equilibrium  

The effect of adsorbent dosage on fluoride removal is presented in Figure 5 for 
an initial fluoride concentration of 5 mg/L. All adsorption dosage experiments 
were performed in triplicate. The results from Figure 5 show that near maxi-
mum removal of fluoride was obtained with a dosage of 40 g/L of the AlCS sor-
bent.  

The equilibrium adsorption parameters for adsorption of fluoride onto the 
AlCS sorbent were determined using the following adsorption isotherm equa-
tions: Langmuir, Freundlich and Dubinin-Radushkevich (D-R). The Langmuir 
adsorption equation is described as follows (Langmuir, 1916): 

( )1e m L e L eq q K C K C= +                        (7) 

The qe (mg/kg) is the equilibrium adsorption of fluoride per mass of sorbent 
(uptake), qm (mg/kg) is the maximum fluoride adsorbed (adsorption capacity of 
sorbent), and the Langmuir constant KL (L/mg) is indicative of adsorption free 
energy. A linearization of the Langmuir equation is as follows.  
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Table 1. Adsorption kinetics parameters for fluoride adsorption onto AlCS sorbent.  

pseudo-first order pseudo-second order 

k1 = 0.0053 (min−1) 
qe = 96.2 mg/kg 
R2 = 0.9714 
experimental qe = 183 mg/kg 

k2 = 0.1296 g/mg/min 
qe = 188.7 mg/kg 
R2 = 0.9988 
experimental qe = 183 mg/kg 

 

 
Figure 5. Effect of adsorbent dosage on removal of fluoride using the AlCS sorbent. 
 

1e e e m L mC q C q K q= +                       (8) 

Adsorption is considered favorable for a separation factor (RL) value between 0 
and 1 where RL is calculated as follows: 

( )01 1L LR K C= +                          (9) 

The Freundlich adsorption equation is described as follows (Freundlich, 1907): 
1 n

e F eq K C=                           (10) 

The 1/n adsorption parameter is indicative of adsorption intensity or adsorption 
strength, with values of 1/n less than 1 indicative of favorable adsorption, while 
KF is indicative of adsorption capacity. A linearization of the Freundlich equa-
tion is 

log log 1 loge F eq K n C= +                    (11) 

The Dubinin-Radushkevich (D-R) adsorption equation may be used to deter-
mine the occurrence of either physical adsorption or chemisorption (Dubinin & 
Radushkevich, 1947). The D-R adsorption equation is written as follows: 

( )2expe m DRq q K= − ε                      (12) 

The D-R constant is KDR and the Polanyi potential (ε) is equal to RTln(1 + 1/Ce), 
T is absolute temperature (K) and R is the universal gas constant (8.314 J/mol-K). 
The linearization of the D-R equation is as follows: 

2ln lne m DRq q K= − ε                      (13) 
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The mean free energy of adsorption (E) is determined as follows:  

1 2 DRE K=                         (14) 

E values less than 8 kJ/mol are indicative of physical adsorption and E values 
from 8 to 16 kJ/mol are indicative of chemisorption.  

The adsorption equilibrium isotherm data for adsorption of fluoride onto the 
AlCS sorbent are shown in Figure 6. The adsorption results presented in Figure 
6 were used to determine the adsorption parameters from the linearized plots of 
the three adsorption equations. The adsorption parameters for adsorption of 
fluoride onto the AlCS sorbent are presented in Table 2. The adsorption capaci-
ty qm (maximum uptake) determined from the Langmuir equation is 454.5 
mg/kg and the Langmuir adsorption constant KL is 1.22 L/mg for the AlCS sor-
bent. The separation factor (RL) value is determined to be 0.141 for AlCS indi-
cating that adsorption of fluoride was very favorable. The Freundlich adsorption 
constants KF and 1/n determined from the Freundlich equation are 220.2 and 
0.3865, respectively. The Freundlich 1/n value of 0.3865 is indicative of favorable 
adsorption of fluoride by the AlCS sorbent. The mean free energy of adsorption 
(E) obtained from the D-R adsorption equation is 3.34 kJ/mol, which indicates 
that physical adsorption was predominant in the adsorption of fluoride onto the 
AlCS sorbent. Similar values of Langmuir constant KL and Freundlich constant 
(1/n) were obtained by other researchers (Vasudevan et al., 2012; Ganesan et al., 
2013). The free energy of adsorption (ΔG˚) related to the KL value was negative,  
 
Table 2. Adsorption equilibrium parameters for fluoride adsorption onto AlCS.  

Langmuir Freundlich D-R 

qm (mg/kg) = 454.4 
KL (L/mg) = 1.22 

R2 = 0.947 

KF = 220.2 
1/n = 0.3865 
R2 = 0.916 

 
E (kJ/mol) = 3.34 

R2 = 0.798 

 

 
Figure 6. Adsorption isotherm data for adsorption of fluoride onto AlCS sorbent.  
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indicating that the adsorption of fluoride onto the AlCS sorbent was spontane-
ous; the free energy of adsorption was negative, similar to findings by other re-
searchers (Vasudevan et al., 2009b).  

The adsorption capacity may be reported based on the adsorbent surface area 
instead of adsorbent mass; the surface normalized adsorption capacity of the 
AlCS sorbent based on the BET surface area of the AlCS sorbent (1.648 m2/g) 
is 275.7 μg/m2. For comparison, the adsorption capacity of an established ad-
sorbent such as activated alumina has been reported for several activated alu-
mina adsorbents as follows: 1450 mg/kg with surface area of 250 m2/g (Ghorai 
& Pant, 2004), 4040 mg/kg with surface area of 242.1 m2/g (Maliyekkal et al., 
2006), and 1077 mg/kg with surface area of 204.1 m2/g (Maliyekkal et al., 
2008); the surface normalized adsorption capacities of these three activated 
alumina adsorbents are 5.8 μg/m2, 16.7 μg/m2, and 5.28 μg/m2, respectively. The 
surface normalized adsorption capacities of the three activated alumina ad-
sorbents are lesser than the corresponding value obtained for the AlCS sorbent 
(275.7 μg/m2). The Langmuir adsorption constant KL obtained for the AlCS sor-
bent is 1.22 L/mg, while the Langmuir adsorption constant KL reported for the 
three aforementioned activated alumina adsorbents are 0.31 L/mg (Ghorai & 
Pant, 2004), 0.675 L/mg (Maliyekkal et al., 2006), and 0.177 L/mg (Maliyekkal et 
al., 2008); the KL value for the AlCS sorbent is greater than the KL values re-
ported for the three activated alumina adsorbents, indicating that the binding 
and adsorption of fluoride onto the AlCS is stronger than the three activated 
alumina adsorbents.  

3.4. Effect of pH on Fluoride Adsorption  

The results for the adsorption and removal of fluoride by 20 g/L of the AlCS 
sorbent from a 5 mg/L fluoride solution are presented in Figure 7 as function of 
initial solution pH. Figure 7 shows that the AlCS sorbent removed fluoride over 
 

 
Figure 7. Effect of pH on adsorption and removal of fluoride by the AlCS sorbent. 
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a broad pH range of 3 - 11, while removal of fluoride was most effective in the 
pH range of 3 to 7. The equilibrium pH increased under acidic conditions and 
decreased at initial solution pH values above 7 suggesting that adsorption me-
chanism may differ by pH range. The increase in equilibrium pH is likely due to 
ligand exchange between the fluoride and the hydroxyl anion (OH−), while the 
decrease in equilibrium pH is associated with competitive adsorption of hydrox-
yl anion. 

The speciation of fluoride is pH dependent due to the dissociation of hydrof-
luoric acid (HF) over a pH range of 1 - 11. The acid dissociation constant of HF 
is 3.17, which results in the following distribution of fluoride species: HF at pH 
below 1.17, mixture of HF and F− at pH from 1.17 to 5.17, F− at pH greater than 
5.17. The interaction of F− with the aluminum oxides groups present on the sur-
face is likely to occur as follows, where AlOH2

+ and AlOH are the surface alu-
minum groups present at lower pH and higher pH, respectively:  

–HF H F+⇔ +  

2 2AlOH F AlOH-F H O+ −+ ⇔ +  

AlOH F AlOH-F OH− −+ ⇔ +  

The data from Figure 7 show that maximum removal of fluoride occurred at 
pH 4 - 5 where F− was adsorbed onto the positively charged surface of the AlCS 
sorbent. Less fluoride was adsorbed at pH greater than 5 where the surface of the 
AlCS became less positively charged. Lesser adsorption of fluoride occurred at 
pH greater than 7 was due to the presence of less positive surface of the AlCS 
sorbent in addition to competition between F− and OH− anions for adsorption 
sites. Similar results were obtained for the effect of pH on adsorption of fluoride 
by aluminum hydroxides (Vasudevan et al., 2009a). 

3.5. Effect of Adsorbent Surface Charge on Fluoride Adsorption 

Figure 8 shows the zeta potential of the AlCS sorbent as function of solution pH 
with and without fluoride in solution.  

The results from Figure 8 show that the point of zero charge (PZC) of the 
AlCS sorbent occurred at pH 7.1, indicating that the surface of the AlCS sorbent 
was positively charged at pH less than 7.1, while the surface became more nega-
tively charged at pH greater than 7.1, leading to the observed decrease in fluo-
ride adsorption and removal at pH greater than 7 as shown in Figure 7. The 
pHPZC of the AlCS sorbent was 3.5 in the presence of fluoride in solution, show-
ing a strong shift in pHPZC from 7.1 in the absence of fluoride to 3.5 in the pres-
ence of fluoride; the major shift of PZC to the left was indicative of inner sphere 
complexation or specific adsorption of fluoride onto the surface of the AlCS 
sorbent which made the surface of the AlCS sorbent more negatively charged af-
ter adsorption of the anionic fluoride species. Based on the results from Figure 7 
and Figure 8, the adsorption of fluoride onto the AlCS sorbent is mainly due to 
electrostatic adsorption at lower pH and due to ion exchange at higher pH. 
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Figure 8. Zeta potential results for the AlCS sorbent. 

3.6. Effect of Coexisting Ions on Fluoride Adsorption  

Natural water contains different anions and cations. Natural water such as fresh 
water lakes and rivers, and groundwater may become contaminated with fluo-
ride naturally or from industrial effluents. The effect of the common co-existing 
ions found in natural water was investigated by preparing fluoride solutions with 
the following concentrations of coexisting ions: 0.5 mM to 2 mM (20 to 80 
mg/L) for calcium (Ca2+), 0.5 mM to 2 mM (48 to 192 mg/L) for sulfate ( 2

4SO − ), 
and 1 mM to 5 mM (61 to 305 mg/L) for bicarbonate ( 3HCO− ). The adsorption 
and removal of fluoride by the AlCS sorbent in the presence of co-existing ions 
is shown in Figure 9.  

The results from Figure 9 show that the adsorption and removal of fluoride 
improved in the presence of calcium while the adsorption and removal of fluo-
ride decreased in the presence of bicarbonate, whereas the removal of fluoride 
remained relatively constant in the presence of sulfate. The AlCS sorbent surface 
positive charge was enhanced by the adsorption of the calcium cation, thereby 
increasing the adsorption and uptake of the anionic fluoride species by the AlCS 
sorbent. The results show that the adsorption and uptake of fluoride by the AlCS 
sorbent was not significantly influenced by sulfate. The bicarbonate ( 3HCO− ) 
decreased the uptake of fluoride by the AlCS sorbent primarily due to competi-
tion for adsorption sites on the surface of the AlCS sorbent between the anionic 
bicarbonate species and the fluoride anion. These results can be attributed to 
both the competing effects and the unfavorably higher solution pH due to in-
creasing concentration of bicarbonate; similar results were observed for other 
metal oxide adsorbents (Sundaram et al., 2009; Zhang et al., 2012). Possible 
binding of bicarbonate onto the AlCS sorbent surface may have occurred, 
which is consistent with spectroscopic evidence indicating inner-sphere mo-
nodentate complexation on γ-Al2O3, amorphous aluminum oxide, and AlOOH 
(Wijnja & Schulthess 1999). Similar results were obtained for the effect of car-
bonate/bicarbonate on adsorption of fluoride by aluminum hydroxides (Vasu-
devan et al., 2009a, 2011). 
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Figure 9. Effect of co-existing ions on removal of fluoride by the AlCS sorbent. 

3.7. Adsorbent Recycling 

To evaluate the recyclability and reuse of the AlCS sorbent, the AlCS sorbent was 
applied in several adsorption cycles in series. One gram of the AlCS sorbent was 
repeatedly mixed in three consecutive adsorption cycles with 50 mL of 5 mg/L 
solution of fluoride. For the regeneration of spent AlCS sorbent after three con-
secutive adsorption cycles, the spent AlCS sorbent from the third adsorption 
cycle was regenerated using the following aqueous solutions of sodium hydrox-
ide: 0.001M NaOH, 0.01M NaOH, and 0.1M NaOH. The regenerated AlCS sor-
bent was then applied for continued removal of fluoride. The AlCS sorbent re-
moved 72, 32, and 22.7 percent of fluoride in adsorption cycles 1, 2, and 3, re-
spectively. Overall, 1 g of the AlCS sorbent removed 56.8 percent, 25.3 percent, 
and 17.9 percent of the total removable fluoride for the adsorption cycles 1, 2, 
and 3, respectively, where about 43.2 percent of the total removable fluoride was 
removed during the second and third adsorption cycles. The regeneration of the 
spent AlCS sorbent was highest using 0.001 M NaOH solution; after regenera-
tion, the AlCS sorbent removed 34.3 percent of fluoride.  

4. Conclusion 

The adsorption and removal of fluoride from water were investigated using an 
aluminum-coated sand (AlCS) sorbent. Based on TEM and XRD analysis, the 
AlCS sorbent contained a mostly amorphous coating of aluminum oxides. The 
adsorption equilibrium parameters for the AlCS sorbent were determined from 
adsorption isotherm experiments using an initial fluoride concentration of 5 
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mg/L. The adsorption of fluoride was favorable based on the adsorption para-
meters determined from the Langmuir and the Freundlich adsorption equations. 
The adsorption capacity of 454 mg/kg was obtained for the AlCS sorbent based 
on the Langmuir adsorption equation. Physical adsorption of fluoride onto the 
AlCS sorbent occurred according to the D-R adsorption equation with an E val-
ue of 3.34 kJ/mol. The adsorption kinetics for adsorption of fluoride onto the 
AlCS sorbent followed second-order kinetics. The AlCS sorbent removed fluo-
ride from water at pH from 3 to 11, with maximum removal of fluoride occur-
ring at pH 4 - 5. The surface charge analysis of the AlCS sorbent determined a 
pHPZC of 7.1, while the adsorption of fluoride made the surface of the AlCS sor-
bent more negative with a significant shift in the PZC to the left. The AlCS sor-
bent removed less fluoride in the presence of bicarbonate in water while remov-
ing more fluoride in the presence of calcium in water with no significant change 
in removal in the presence of sulfate. The AlCS sorbent was recycled and reused 
in three adsorption cycles.  
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