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ABSTRACT

In the present study, aluminum-modified anionic exchanger nanoparticles were synthesized by intro-
ducing AI(III) ions onto the functional sites of the polymeric anion exchanger Amberlite-402. The
modified anionic exchanger gathered the favorable sorption properties of inorganic nanoparticles
with the excellent hydraulic characteristics of polymeric beads. Hazardous persistent fluoride ions in
water were removed by the new sorbent using both batch and fixed-bed column techniques. Different
parameters that affect the adsorption process such as initial concentration, pH, and temperature have
been investigated. It is found that the adsorption of fluoride ions is efficient in a wide range of pH.
However, maximum removal is observed at pH = 3.0. In addition, the adsorption capacity is slightly
affected by temperature and is increased by decreasing the temperature from 308 to 288 K to reach
80.33 mg g'. The coexisting ions chloride and nitrate were also studied. Their existence had a signif-
icant effect on reducing the efficiency of fluoride removal from 24.5 to 17.5 mg g and 15.0 mg g7,
respectively. The study showed that the adsorption process favored the Langmuir adsorption model.
Thermodynamic parameters were also calculated and positive AG® values were related to a non-
spontaneous nature of the adsorption. Fixed-bed column experiments were carried out for investi-
gating the following parameters: influent fluoride concentrations, bed depths, and various flow rates.
The breakthrough time increased either with increasing flow rate, decreasing bed depth, or decreasing
influent fluoride concentration. The X-ray diffraction, energy dispersive X-ray spectroscopy, and scan-
ning electron microscope studies were carried out for the characterization of the new sorbent. These
studies confirmed that aluminum ions are successfully loaded onto the surface of Amberlite-402. This
study proves that novel Amberlite-IRA-Al is more efficient than other defluoridation techniques.
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1. Introduction

Fluoride is one of the persistent, non-biodegradable,
and hazardous pollutants that accumulate in wildlife and
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human [1]. According to the World Health Organization,
the maximum acceptable concentration of fluoride ions in
drinking water lies below 1.5 mg g™ [1]. Fluoride, at low
concentrations, has beneficial effects on health, however,
with increasing fluoride concentrations, the number of
adverse effects on health increased. These hazardous effects
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of fluoride ranged from mild to crippling fluorosis depend-
ing on the period and level of exposure. In the mild version
of fluorosis, teeth become mottled, however, in the highest
one, bones become embrittle [1,2]. Some studies have shown
that there is a relation between fluoride toxicity and kidney
diseases. Excessive intake of fluoride can give rise to vari-
ous diseases like osteoporosis, arthritis, cancer, brittle bones,
infertility, Alzheimer syndrome, brain damage, and thyroid
disorder [1]. The risk of fluorosis and other diseases asso-
ciated with consumption of water with high fluoride con-
centration is a serious problem in some countries [1]. Many
conventional methods are applied for fluoride removal from
water as liming accompanied by precipitation [1,3]. Other
methods include ion-exchange [1,4], activated alumina [5],
and electrocoagulation [6,7]. The usage of these methods is
limited by various unfavorable factors like high cost of oper-
ation and maintenance, generation of toxic by-products [1].

“A number of nanoscale inorganic particles (NIPs)
offer favorable properties in regard to selective separation
and/or chemical transformation of target contaminants.”
Preparation of these particles and their aggregation is oper-
ationally simple, environmentally safe, and inexpensive.
These particles offer very favorable kinetics for oxidation—
reduction and selective sorption reactions due to their high
surface area to volume ratio. However, due to poor durability
and excessive pressure drops, we cannot use these particles
in fixed-bed columns [8-10]. In contrast, the polymeric beads
are very durable, commercially available, and offer excellent
hydraulic properties. So, it would be considered necessary
to develop new materials that gather the favorable sorp-
tion properties of inorganic nanoparticles with the excellent
hydraulic characteristics of polymeric beads [8]. There also
exists an effective and popular chemical material used in flu-
oride removal which is the activated alumina; it is difficult
to be widely used due to its high cost. Hence, recent studies
focused on the research of modified methods have been rec-
ommended. Due to the high electrical affinity for fluoride ion,
some rare earth elements and metal ions such as La* [11-13],
Ce’ [14], A" [15], and Fe?* [16] are used to improve the fluo-
ride adsorption capacity of modified adsorbents. These kinds
of ions loaded onto natural materials appeared more appro-
priate and seductive in various chemical modifications.

The broad objective of this study is to modify the capac-
ity of a certain type of anionic exchanger with aluminum
nanoparticles and to explore the feasibility of this new sor-
bent for the removal of fluoride ions from aqueous solution
using batch and column techniques. In this study, we will
investigate different parameters related to batch technique
as initial concentration, pH, and temperature. In addition to
performing column studies to investigate the fluoride uptake
characteristics of Amberlite-IRA-Al under different flow
rates, bed depth, and concentration.

2. Experimental
2.1. Materials

Amberlite-402-Cl was purchased from Rohm and Haas
(Philadelphia, USA). Other chemicals used throughout the
experiments were analytical grade otherwise specified.
All required concentrations of fluoride were prepared by

diluting the stock solution of 1,000 mg L. Deionized water
was used for the preparation of all solutions.

2.2. Synthesis of the new sorbent

Amberlite-402-Cl is a premium grade strong basic anion
exchange resin with a clear gel structure. It is based on cross-
linked polystyrene and has very high bead integrity. The
preparation of the new polymeric/inorganic sorbent includes
the following three steps [17,18].

Step 1: Loading of Al(III) onto the functional sites of the anion
exchanger by passing 4% AICI, solution.

Step 2: Desorption of Al(III) and simultaneous precipitation of
AI(III) hydroxides within the gel and pore phase of the
exchanger through the passage of a solution containing
both NaCl and NaOH, each at 5% w/v concentration.

Step 3: Rinsing and washing with a 50/50 ethanol-water
solution followed by a mild thermal treatment
(50°C-60°C) for 60 min.

2.3. Batch experiments

All batch equilibrium experiments were conducted in a
250 mL polyethylene bottle, by contacting 0.1 g sorbent with
100 mL of fluoride solution at different influent initial con-
centrations and pHs. The samples were shaken for 60 min
using Shaker Bath (Stuart Scientific) SBS 30. The concentra-
tion of fluoride ions was determined spectrophotometrically
at 570 nm using SPADNS reagent [19,20].

2.4. Fixed-bed column experiments

Fixed-bed column runs were carried out using a con-
structed system, which consists of a glass column (11 mm
in diameter) and a small (in—out) constant flow water pump
connected to a power supply of 9 V. The flow rate for all runs
was adjusted to be 2 mL min™. The flow rate remained practi-
cally constant during the whole experimental time. 5 mL ali-
quot from the effluent was analyzed regularly by the suitable
technique till the breakthrough is reached [17,21,22].

3. Results and discussion

Inthe presentstudy, aluminum-modified anion exchanger
was used for the removal of fluoride ions from aqueous solu-
tion. The maximum adsorption capacity was found to be
80.33 mg g; from equilibrium experiments at 288 K with
sorbent dosage of 0.1 g. The aluminum-modified exchanger
is characterized by scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX), and X-ray dif-
fraction (XRD). The effects of various influencing parameters
such as the initial fluoride concentration, contact time, sor-
bent dosage, and pH are studied. The adsorption capacity
of modified exchanger is compared with various adsor-
bents reported in the literature [1,23]. The adsorption capac-
ity of aluminum-modified exchanger is found to be higher
than many commercially available and low-cost adsorbents
[24,25]. In the present work, the nanoporous sorbent was pre-
pared in gel form, which makes it more applicable for con-
tinuous treatment of industrial effluent streams. The results
of this study indicate that the prepared aluminum-modified
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exchanger proves to be an efficient and effective sorbent that
can be used for defluoridation of wastewater.

3.1. X-ray diffraction

The data obtained from X-ray diffraction Fig. 1, indicated
that the Amberlite-IRA-Al sorbent possesses an amorphous
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Fig. 1. XRD pattern of Amberlite-IRA-Al sorbent.
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structure due to the absence of any diffraction line which is
characteristic of the crystalline phase, this may be due to that
of the formed AI(OH), particles are smaller than the detection
limit of the instrument and located in the nano range which
cannot be detected by XRD.

3.2. SEM and EDX characterization

The scanning electron microscope (SEM) images for
Amberlite-IRA-Al sorbent Figs. 2(a)—(d) showed that the
modification does not change the surface structure of raw
Amberlite-402 and also showed that the surface was homog-
enous and no cracks formed on it. It was also observed that
the aluminum particles were formed in the nanoscale ranged
from 22.48 to 95.39 nm. The EDX spectra Fig. 3, an aluminum
peak around 1.5 eV confirms the presence of aluminum ions
onto the surface of Amberlite-402.

3.3. Parameters affecting remouval capacity
3.3.1. Effect of pH

The effect of initial solution pH on fluoride removal
by Amberlite-IRA-Al is shown in Fig. 4. The adsorption
capacity was studied at pH in the range from 3.0 to 9.0
with an initial concentration of 25 mg L. The adsorption

enter Quanta FEG230

Fig. 2. SEM micrograph for (a) Amberlite-IRA-Al sorbent at magnification 12,000x, (b) the size of aluminum particles agglomerates,
(c) Amberlite-IRA-Al sorbent at magnification 200%, and (d) Amberlite-IRA-Al sorbent at magnification 50x.
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of fluoride ions is increased with pH decreasing from 9.0 to
3.0. Similar behavior has also been reported for the removal
of fluoride in the literature [26]. The results indicated the
high dependence on pH change and extensive adsorption
capacity occurred at pH in the range of 3.0-7.0. This pH
dependence is consistent with similar results obtained by
MEDUSA software [27].

3.3.2. Effect of temperature

Fig. 5 shows the effect of temperature on fluoride
removal by Amberlite-IRA-ALl It is elucidated from Fig. 5
that the adsorption capacity decreased by increasing the
temperature from 288 to 308 K. The maximum removal of
fluoride was observed at 288 K which is consistent with
the previous comprehensive studies [25,28]. The calcu-
lated adsorption capacity of Amberlite-IRA-Al sorbent as
80.33 mg g is a considerably high value compared with
many adsorbents used to remove fluoride ion from water
(Table 1) [29].
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Fig. 3. EDAX spectra for Amberlite-IRA-Al sorbent show the
presence of aluminum as an element.
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Fig. 4. The sorption capacity was studied at pH range from 3.0 to
9.0 with initial concentration of 25 mg L.

3.3.3. Effect of contact time

The relationship between contact time and adsorption
capacity was also studied. The fluoride uptake was very fast
at the beginning accomplished almost after 8 min after which
no significant change in adsorption was observed as illus-
trated in Fig. 6.
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Fig. 5. Adsorption capacity of Amberlite-IRA-Al at different
temperatures.

Table 1
Calculated constants of Langmuir isotherm

Temperature, °C ¢, mgg’ K, Lmg" R?
15 80.33 0.01263 0.99931
20 77.55 0.01315 0.99914
25 75.89 0.01380 0.99997
30 70.57 0.01433 0.99968
35 66.38 0.01514 0.99987
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Fig. 6. Time vs. adsorption capacity of fluoride with initial
concentration of 10 mg L.
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3.4. Adsorption isotherm model studies

To determine the adsorption efficiency, it is important to
study adsorption isotherm.

One of the famous adsorption isotherms is Langmuir
model which is applied in this study. The Langmuir adsorp-
tion isotherm assumes that the adsorption occurs on the
homogeneous surface of the adsorbent material [30,31].
It also assumes that a monomolecular layer formed when
adsorption takes place without any interaction between the
adsorbed molecules [32]. The Langmuir (1916) linearized
equation is represented as follows:

c 1

e Ce

aoab o a, @

where C, is the equilibrium concentration mg L7, g, is the
amount of fluoride ions adsorbed at equilibrium mg g, b the
sorption equilibrium constant L mg™, and g, the maximum
saturation capacity of Amberlite-IRA-Al sorbent mg g™ [33].
Plotting C /g, vs. C,and g, vs. C, illustrated in Figs. 7(a) and (b),
respectively, proves the applicability of Langmuir model [32].

3.5. Adsorption kinetic studies

In this study, kinetic experiments were performed by
placing 0.1 g sorbent into 250 mL bottles containing 10 mL
of fluoride solution (25, 50, 75, and 100 mg L) at 298 K and
250 rpm shaking speed for an hour. At suitable time inter-
vals, 5 mL of the sample was withdrawn and the amount of
fluoride was determined spectrophotometrically at 570 nm
using SPADNS reagent. Pseudo-first-order and pseudo-
second-order kinetic models were used to illustrate kinetics.
The experimental data fitted pseudo-second-order according
to the following equation which represents the linear form of
this kinetic model [32].

t 1 t

= + —
q, Kg 4,

)

In Fig. 8, plotting /g, vs. time indicated that the adsorp-
tion of fluoride onto Amberlite-IRA-Al sorbent fits better
as a pseudo-second-order (R? = 0.999). Similar results were
reported for adsorption of fluoride on aluminum alginate
beads [28].

3.6. Thermodynamics studies

Thermodynamic parameters of an adsorption process
are necessary to give clear explanation whether the process
is spontaneous or not. The experimental data obtained at dif-
ferent temperatures were used in calculating the thermody-
namic parameters such as Gibbs free energy change (AG®),
enthalpy change (AH°), and entropy change (AS°) [34]. The
free energy change of the adsorption can be given as:

AG® =-RTInK, 3)

where AG® is the Gibbs free energy of sorption k] mol™, R is the
gas constant (8.314 ] mol™ K™), and K, is the Langmuir constant
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Fig. 7. (a) Langmuir isotherm for fluoride adsorption using lin-
earized equation. (b) Langmuir isotherm for fluoride adsorption.
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Fig. 8. Pseudo-second-order for removal of fluoride using
Amberlite-IRA-Al sorbent.
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for sorption. Positive DG® values indicated non-spontaneous
nature of the adsorption of F~ on Amberlite-IRA-AI (Table 2).

AH° and AS° were obtained from the slope and intercept
of the linear variation of InK with 1/T. The thermodynamic
parameters AG°, AH®, and AS° are calculated according to the
van’t Hoff equation [35]:

-AH 1 AS

InK = 22 (—) +22
" R 7R

)

The standard enthalpy and entropy changes of adsorption
were determined to be 6.761 k] mol™ and -12.872 J mol™* K,
respectively, with a correlation coefficient of 0.995. The low
value of AH® is 6.761 k] mol™ indicating that the adsorption
of fluoride is governed by physisorption process [28,36]. The
current work did not show any interaction between parent
Amberlite-IRA with F-, which indicated that no exchange
takes place and suggested that Amberlite-IRA-Al is selective
to F~. In other words, F- was adsorbed to the surface contain-
ing AI**. The low value of AH® indicates that the reaction is not
highly affected by changing temperature. Furthermore, the
calculated value of AS° was found to be —12.872 J mol! K.
The negative values of AS° indicated the increased order and

Table 2
Calculated thermodynamic parameters for the effect of
temperature on the adsorption of F~ using Amberlite-IRA-Al

Temperature Thermodynamic parameters

K, InK, AG°® AH° (k] AS°(JK* R?
(L mg™) mol?) mol™)
288 0.01263 —4.372 10.468 6.761 -12.872  0.995
293 0.01315 —4.331 10.550
298 0.01380 —4.283 10.611
303 0.01433 —4.245 10.694
308 0.01514 —4.190 10.729
' " 10ppm flouride ' '
10
84
A
—~ 6
2
>
£
5,
24
0

T T T T T T T T T T T
0.040630 0.040635 0.040640 0.040645 0.040650
Ce(mg/L)
Fig. 9. Successive adsorption cycles for IRA-Al sorbent (experi-

mental conditions: volume 100 mL; absorbent dose 0.1 g; initial
concentration 10 mg L™; and contact time 60 min).

less randomness at the solid solution interface of fluoride
with Amberlite-IRA-AI [28].

3.7. Desorption isotherm

In order for the adsorption process to be applicable and
manageable, the Amberlite-IRA-Al must be easily regener-
ated. The exhausted sorbent is subjected to a one-step pro-
cedure regeneration by adding 2% NaOH to the sorbent.
This allows the fluoride ions to be leached out the sorbent.
The Amberlite-IRA-Al sorbent is rinsed with distilled water,
dried at 50°C-60°C, and then reused [17]. The regener-
ated Amberlite-IRA-Al sorbent was reused for up to three
successive adsorption cycles with the same efficiency. Fig. 9
illustrates that the adsorption capacity of Amberlite-IRA-Al
sorbent was not affected after successive cycles. The sorbent
can be successfully regenerated and used repeatedly with-
out any loss in its adsorption capacity, which elaborate to its
advantages and would economically enhance its application.

3.8. Effect of coexisting ions

Fluoride containing water samples are always accompa-
nied with various common ions. The effect of these coexisting
ions on the removal of fluoride was studied as follows.

First, the effect of the competing ion chloride, where a
solution of 10 mg L chloride was mixed with the 25 mg L~
fluoride solution. The maximum adsorption capacity Q_
decreased upon existing of chloride ions. The decrease was
observed to be from 24.5 to 17.5 mg g (Fig. 10).

Second, the effect of existing of nitrate ions. A solution of
10 mg L™ nitrate ions was mixed with 25 mg L~ solution of
fluoride, the maximum capacity of Amberlite-IRA-Al sorbent
for fluoride removal decreased from 24.5 to 15 mg g™ (Fig. 10).

The gradual decrease in the fluoride removal in the
presence of other common anions may be attributed with
the increasing in anionic charge in solution. Interference
of multi-anion with fluoride adsorption is probably due to
columbic forces [28].

4. Removal of fluoride using fixed-bed column technique

The column experiments aimed to study the effect of
various parameters on the adsorption process in fixed-bed
column such as inlet flow rate, initial fluoride concentration,

30

1. 25 ppm flouride{gm=24.5)
2. 25 ppm flouride with 10 ppm chloride{gm=17.5)
3. 25 ppm flouride with 10 ppm nitrate(gm=15)

1 2 3

Fig. 10. Removal of 25 ppm fluoride (1) in the absence of
competing ions, (2) in the presence of 10 ppm chloride, and (3) in
the presence of 10 ppm nitrate.
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and bed depth at various throughput volumes. Samples of
the outlet bulk solution were collected at definite intervals
of time and examined for fluoride concentration. Exhausted
Amberlite-IRA-Al bed was regenerated in situ in column via
alkali treatment method as done for batch studies.

4.1. The effect of initial fluoride concentration

To investigate the effect of initial concentration of fluo-
ride on the removal process, three runs of different concen-
trations of fluoride “5.0, 7.5, and 10 mg L were carried
out. The results obtained showed that the fluoride uptake
increased with decrease in initial concentration [24]. From
Fig. 11, breakthroughs of the three concentrations used are
2,839, 2,072, and 1,610 bed volumes, respectively, which is
comparable with the same behavior recorded [37].

4.2. The effect of different doses of Amberlite-IRA-Al sorbent

The effect of weight of the new sorbent was studied using
0.25, 0.5, and 1.0 g of Amberlite-IRA-Al. Fig. 12 indicates that
the removal of fluoride increased by decreasing the weight of
the sorbent. However, we observe that when the number of bed
volumes taken into consideration the adsorption process was
found to depend on the sorbent depth in the column and not its
weight [38]. In other words, the longer the height of the sorbent
the larger the number of bed volumes as illustrated in Fig. 12.

4.3. The effect of pH

Fig. 13 shows the effect of pH on removal of fluoride using
Amberlite-IRA-Al. Three runs were carried out at pH =3, 7,
and 9. The maximum uptake observed at pH = 3, which was
consistent with results obtained in batch experiment.

4.4. The effect of flow rate

The effect of flow rate was also studied. The removal
efficiency of fluoride was investigated against different rates

0.8 T T T T T T T T
074 —m— 5 ppm flouride (BT=2839)*
{1 —— 7.5 ppm flouride(BT=2072) 4
06- —4— 10 ppm flouride(BT=1610) "
] . /
0.54 A 4 [} i
/
| /
0.4+ /
8™ L
0.3 / [ ] 7
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0.24 A /o/ [ ]
0.1 /
0.0 TR PR TR .
0 500 1000 1500 2000 2500 3000
No. of B.V

Fig. 11. The effect of initial concentration of fluoride on removal
process using IRA-Al sorbent.
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(1, 2, and 3 mL min™). The best breakthrough observed with
the flow rate of 3 mL min™ (Fig. 14). This can be explained in
terms of surface phenomenon as F~ reach the surface faster
it will be adsorbed faster. The maximum uptake recorded at
flow rate of 3 mL min™ is similar to that reported before [24].

4.5. Reusing of Amberlite-IRA-Al sorbent after column
experiments

Amberlite-IRA-Al sorbent used for the removal of
10 mg L™ fluoride was regenerated with 2% NaOH solution
and then reused for another run for the removal of fluoride in
10 ppm solution [17]. Fig. 15 shows the regenerated sorbent
exhibited higher efficiency than the original one and this may
be attributed to increasing sites of adsorption after adding
sodium hydroxide which is already the preparing reagent in

0.8 T T T T T T T T
A —m— 25 g (BT=1800)
0.7 —e—0.5¢g (BT=1610)
7 —A-1g (BT=1605) -
0.6—- /l
0.5 i
8 0.4
O |
0.3 T
0.2+
0.1
00 AET‘-‘IA-A:_-rA.A:AAA I
0 500 1000 1500 2000
No. of B.V

Fig. 12. The effect of using different doses of Amberlite-IRA-Al
sorbent on removal process of fluoride.
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Fig. 14. The effect of flow rate on removal process of fluoride
using Amberlite-IRA-Al sorbent.
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Fig. 15. Reusing of Amberlite-IRA-Al sorbent for two successive
runs.

synthesizing the sorbent. This indicates that the Amberlite-
IRA-AL is viable and economically preferable as a sorbent
and this adds to its advantages as a commercial adsorbent
for fluoride.

5. Conclusion

In this study, the novel Amberlite-IRA-Al is prepared and
evaluated for the removal of fluoride in both batch and column
techniques. It was concluded that it is a suitable adsorbent for
the removal of fluoride even in low concentration solutions
(5 mg L™). High adsorption capacities were observed in both
batch and column techniques and can be regenerated and
reused for successive cycles with efficiency 99% (up to three
successive cycles). Batch experiments indicate that the time
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to attain equilibrium was 8 min and adsorption followed the
pseudo-second-order kinetic model. The regression analysis
of the equilibrium data fitted the Langmuir isotherm, and
the adsorption capacity was 80.33 mg g™. The defluoridation
process strongly depends on the pH of the feed and extensive
removal was observed over the range from 3.0 to 7.0. The ther-
modynamic parameters suggested that the adsorption process
with aqueous solutions is governed by physisorption process.
The fixed-bed column experiments were analyzed at different
flow rates, bed depth, and initial fluoride concentration. The
longest breakthrough corresponds to the lowest concentration
fed 5 mg L™ and with the highest flow rate applied 3 mL min™.
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Supplementary materials

To calculate the breakthrough we make use of the follow-
ing equation:

Bed volume (B.V.) = () (?) (h)

where r = is the radius of column (5.5 mm); & = is the height of
exchanger in the column.

Also the number of bed volumes can be calculated as
follows:

No. of BV = volume of water passed x flow rate

B.V.

S
. e

Fig. S1. (a) Constructed system, (b) schematic diagram of the
set up used in treatment is as follows: a, power supply (9 V); b,
influent; ¢, input and output valves; d, effluent; e, glass wool; f,
exchanger beads; g, contact liquid; and &, water pump.

All experimental data are plotted in figures between
the concentration ratio (C/C)) of the pollutant under
investigation, where C_ is the starting concentration before
passing through bed and C is its concentration after passing
through bed at varies intervals. This ratio is plotted on the
y-coordinate against the no. of B.V. as x-coordinate. The
breakthrough reached when half of the initial concentration
appears in the effluent solution.

Table S1

Parameters obtained from pseudo-first-order
Concentration (mg L) K, (min™) R?
25 0.056 0.722
50 0.118 0.757
75 0.119 0.870
100 0.122 0.857

Table S2

Parameters obtained from pseudo-second-order

Concentration (mg L") K, (gmg”' min) R

25 0.167 0.9999
50 0.131 0.9999
75 0.058 0.9999
100 0.028 0.9999
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Fig. S2. Plot of InK vs. 1/T for the adsorption process using
Amberlite-IRA-Al sorbent.



