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Abstract

In this study highly efficient sorbent, chitosan-Fe®* complex with high chemical stability material was synthesized
and the performance towards Fluoride adsorption was evaluated by batch experiments. The adsorption process
reached equilibrium at 1 hour. The maximum adsorption capacity reached 2.34 mg/g of F- at an initial concentration
of 50 mg/L of F- and adsorbent dosage of 10 g/L. Moreover, no significant change in the fluoride removal efficiency
was observed in the pH range of 3.0-10.0. The adverse influence of sulphate on fluoride removal was the most
significant, followed by bicarbonate and nitrate, whereas chloride had slightly adverse effect. Adsorption process
followed the pseudo-second-order kinetic model, and the experimental equilibrium data were fitted well with the
Langmuir-Freundlich and D-R isotherm models. Thermodynamic parameters revealed that fluoride adsorption was a
spontaneous and exothermic process. The chitosan-Fe®* complex could be effectively regenerated by NaCl solution.
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Introduction

Fluoride toxicity is characterized by a variety of signs and symptoms.
Poisoning most commonly occurs immediately after ingestion
(accidental or intentional) of fluoride containing products. Symptom
onset usually occurs within minutes of exposure. Fluoride related
health hazards (fluorosis) are a major environmental problem in many
regions of the world. Literature review revealed that India is among the
25 nations around the globe, where health problem occurs due to the
consumption of fluoride contaminated water. In India, seventeen states
have been identified as epidemic for fluorosis and Odisha is one of
them. The fluoride contamination in Odisha is wide spread, where ten
districts out of thirty have excess of fluoride in ground water. Fluoride
present in the drinking water can have beneficial as well as detrimental
effect depending on its concentration and total amount ingested [1].
Excess of fluoride (>1.5 mg/L) in drinking water is harmful to the
human health [2]. The physiological effects of fluoride upon human
health have been studied since the early part of 20th century. Several
reports and studies [3] established both the risk of high fluoride dosing
and the benefits of minimal exposure [4,5]. A low dose of fluoride is
deemed responsible for inhibiting dental caries while a higher daily
dose is linked to permanent tooth and skeletal fluorosis [6]. Various
treatment technologies, based on the principle of precipitation [7], ion
exchange, electrolysis, membrane and adsorption process have been
proposed and is tested for removal efficiency [8-12]. Among these
methods, adsorption has been found to be superior to other techniques
for fluoride removal based on initial cost, flexibility and simplicity of
design, and ease of operation and maintenance. A large number of
adsorbents have been studied for the removal of fluoride ions, including
polycinnamamide thorium (IV) phosphate, activated alumina, calcite,
fly ash, charcoal, amberlite resin and layered double hydroxides [13-19].
Among these adsorbents, activated alumina seems to be widely used
because of its efficiency and low cost. However, the main disadvantage
of activated alumina is its residual aluminum and soluble aluminum
fluoride complexes, the generation of sludge and narrow available pH
range (5-6). In addition, most of these materials are available only as
fine powders that are difficult to separate from liquid after adsorption.
Studies on ion exchange [20-22] and the membrane processes such as
reverse osmosis, nanofiltration, electrodialysis etc. [23-26] have also

been reported in literatures. The most commonly adopted method
in India, Nalgonda technique of community defluoridation is based
on precipitation process [27]. The major limitations of Nalgonda
technique were daily addition of chemicals, large amount of sludge
production, least effective with water having high total dissolved solid
and hardness. Moreover it converts a large portion of soluble ionic
fluoride into soluble aluminum complex and practically removes
only a small portion of it (18-33%) [27]. Residual aluminum ranging
from 2.01 to 6.86 mg/L was also reported in Nalgonda technique [28],
which is dangerous to human health as aluminum is a neurotoxin,
concentration as low as 0.08 mg/L in drinking water has been reported
to cause Alzheimer’s disease [29-31] and is a strong carcinogenic agent
[32-35]. Nowadays, technology is devoted to the development of new
materials which are able to satisfy the specific requirements in terms of
both the structural and functional properties.

Chitosan, a natural product derived from deacetylation of the
polysaccharide chitin, had received vast interests due to its excellent
properties, such as abundant source, non-toxicity, biodegradability
and adsorption properties [36]. Chitosan containing enormous free
amino and hydroxyl groups had the ability to coordinate with many
transition metal ions through a chelation mechanism [37]. Chitosan-
Fe** complexes prepared by different approaches had successfully
employed to adsorb textile dye [38], Cr (VI) [39], phosphate [40], As
(IIT) [41], As (III) and As (V) [42]. However, there were few reports for
using the chitosan-Fe** complex as an adsorbent to remove Fluoride
from aqueous solution. To verify the feasibility of the chitosan-Fe**
complex for the Fluoride removal, Fluoride adsorption performance
was evaluated by investigating the effect of adsorbent dosage, initial
Fluoride concentration, contact time, pH and co-existing ions on the
Fluoride removal in this study. Adsorption isotherm and adsorption
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kinetics were studied to reveal the Fluoride adsorption mechanism of
the chitosan-Fe** complex. Furthermore, desorption studies were also
conducted to evaluate the reusability of adsorbent.

Materials and Methods
Materials

All the chemicals used are of Analytical Grade Reagent (AR) grade.
Sample solutions were prepared by dissolving the sodium fluoride
obtained from Merck in double distilled deionized water. 100 mL of
the ion solution of known initial concentration (2.5 mg/L, 5 mg/L, 7.5
mg/L, 10 mg/L, 25 mg/L, 50 mg/L, 100 mg/L) was prepared.

Adsorbents

Prawn shell waste was obtained from Chilika Lake, Odisha, India.
Chitosan was prepared from air-dried prawn shell waste that was first
chopped by a mortar. Chitin was isolated from prawn shell using the
standard Hackman method. Chitosan was prepared by deacetylation of
purified chitin according to the methodology followed by Muzzarelli
[43]. The prawn shells soaked in a 5% HCI solution for one hour at
room temperature to remove calcium salt. After being washed in water
to remove HCI, the shells were soaked in 50% NaOH solution at 90°C
for one hour to cause deacetylation. Protein was also removed by the
foregoing NaOH treatment, after which the shells were rinsed in water,
the pH was adjusted to neutral by HCI, and then the chitosan were air
dried. Chitosan powder (9.0 g) was dissolved in 0.2 M FeCl, aqueous
solution (300 mL), and then stirred at room temperature for 1.5 h.
Subsequently, the resulting chitosan-Fe** solution was added drop wise
into ammonia solution (12.5% v/v) using a disposable syringe. After
stabilized for 1.0 h, the spherical hydrogel beads formed were separated
and sufficiently washed with deionized water, then dried at 50°C for 7.5
h. The dried beads were immersed in deionised water (liquid-solid ratio
of 10 mL/g) at 40°C for 4 h in a horizontal shaker. The swelling effect
occurred during the immersion, which would contribute to improving
adsorbent surface property and promoting adsorption capacity. After
separation, washing and drying, the chitosan-Fe®* complexes were
obtained, and then stored in sealed plastic jars at room temperature
for further study. The chitosan beads were prepared to compare the
fluoride adsorption capacity with the chitosan - Fe’* complex.

Batch experiments

100 mL of fluoride solution was poured in 250 mL conical flasks
for batch experiments, which were sealed and agitated at 140 rpm in a
thermostatic shaker at 25°C for 1.5 h.

Fluoride adsorption experiments: 100 mL of fluoride solution
was poured in 250 mL conical flasks for batch experiments, which were
sealed and agitated at 140 rpm in a thermostatic shaker at 25°C for 1.5
h. The solution pH was adjusted with 0.1 M HCI or 0.1 M NaOH to
obtain the desired pHs. A pH buffer was not used to avoid potential
competition of buffer with fluoride sorption. One sample of the same
concentration solution without adsorbent (blank) was also treated
under same conditions as the samples containing the adsorbent and
was used to establish the initial concentration of the samples. The
solutions were placed in a shaker for a fixed time, followed by filtration
to remove the adsorbent. The filtrate was then analyzed for the final
concentration of fluoride using Orion ion selective electrode and Orion
720 A" jon analyzer. Adsorption capacity of the chitosan-Fe** complex
was calculated at equilibrium using the following equation [13]:

q=[C-CHVI/M 1

where, q (g/g) is the solid phase concentration, C, (g/L) is the initial
concentration of fluoride in solution, C, (g/L) is the final concentration
of fluoride in treated solution; V (L) is the volume of the solution, and
M (g) is the weight of the chitosan - Fe** complex.

Kinetic experiments: Adsorption kinetics was examined with
various initial concentrations at 25°C. These studies were performed at
adsorbent dosage of 20 g/L. Kinetic studies were carried out at different
fluoride concentrations (20, 50 and 100 mg/L of F) at certain intervals
(5, 10, 15, 20, 25, 35, 45, 60, 90 and 120 min). Isotherm studies were
performed at different initial concentrations (20, 30, 40, 50, 75,100,
120, 150, 180 and 200 mg/L of F").

To determine the reaction rate constants of fluoride adsorption
onto chitosan — Fe** Complex, both the pseudo-first-order and pseudo-
second-order models were used. Kinetics of the pseudo-first-order
model can be expressed as:

In (q,-q)=Inq -kt (2)

Where, k (min™) is the rate constant of pseudo-first-order
adsorption, q, (mg/g) is the amount of fluoride adsorbed at time t (min),
and q, (mg/g) is the amount of adsorption at equilibrium. The model
parameters k and q, can be estimated from the slope and intercept
of the plot of In(q,—q,) vs t. The pseudo-second-order model can be
expressed as follow [44]:

t/q=(t/q,+1/K,q,}) 3)

Where, k, (g/mg per minute) is the pseudo-second-order reaction
rate. Parameters k, and g, can be estimated from the intercept and slope
of the plot of (t/q) vs t.

In order to investigate the effect of co-existing ions, anions (CI,
HCO,, NO, and SO,*) were added at every anion concentration of 4
mmol/L, and cations (K*, Na*, NH,*, Ca*", Mg**) were added by fixing
a chloride ion concentration at 4 mmol/L.

Isotherm models: Adsorption isotherms such as the Freundlich
or Langmuir models are commonly utilized to describe adsorption

equilibrium. The Freundlich isotherm model is represented
mathematically as:
qe:kfceu“ (4)

Where, g, (mg/g) is the amount of fluoride adsorbed, C, is the
concentration of fluoride in solution (g/L), K, and 1/n are parameters
of the Freundlich isotherm, denoting a distribution coefficient (L/g)
and intensity of adsorption, respectively. The Langmuir equation
is another widely used equilibrium adsorption model. It has the
advantage of providing a maximum adsorption capacity q, (mg/g)
that can be correlated to adsorption properties. The Langmuir model
can be represented as:

2,59, (K C)/ (14K, C))] ®)

Where, g, (mg/g) and K, (L/mg) are Langmuir constants
representing maximum adsorption capacity and binding energy,
respectively.

Analysis

The concentration of F- was determined by Orion ion selective
electrode and Orion 720 A+ ion analyzer. Total ionic strength
adjusting buffer solution was added to both samples and standards
in the ratio 1:10. The electrode is selective for the fluoride ion over
other common anions by several orders of magnitude. The surface
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morphology was observed with a scanning electron Microscope (SEM)
(SSX-550, Shimadzu, Japan). FTIR spectra of chitosan beads and
the chitosan-Fe** complex before and after fluoride adsorption were
recorded on a Fourier transform infrared spectrometer using KBr
pellets over the wave number range of 4000-400 cm™ with a resolution
of 4 cm™ (SPECTRUM RX-I). The ratio of the sample to KBr was 1:50
and the pellet was prepared at a pressure of 5 Ton. Scanning electron
micrographs of the sample was obtained by JEOL JSM-6480LV
scanning electron microscope. The sample was coated with platinum
for 30 s ata current of 50 mA before the SEM micrograph was obtained.

Results and Discussion

Characterization of chitosan-Fe** complex

FTIR: The FTIR spectra were analyzed to identify the vital functional
groups accounting for the nature of fluoride adsorption. The broad and
intense adsorption band at approximately 3419 cm™ for the spectrum
of pristine chitosan (curve in Figure 1) was ascribed to intermolecular
hydrogen bonds and the overlap between O-H and N-H stretching
vibration. The characteristic peaks at 2923 and 2881 cm™ were assigned
to C-H stretching vibration of ~CH, and -CH, aliphatic groups,
respectively [45,46]. Two new peaks appeared at 2337 and 2363 cm
were attributed to the amino protonation of -NH, and -NHCOCH,
group. The peak at 1648 and 1559 cm referred to C=0O stretching
vibration of acetyl group and the stretching vibration of amine group,
respectively. The peaks at 1155, 1032, 1419 and 1384 cm™! were related
to C-O-C stretching vibration and C-H symmetric bending vibration,
separately. It had been reported that the characteristic peak of fluoride
existed at around 1384 cm™ [47,48]. The peak at 1261 and 1073 cm
corresponded to the stretching vibration of C-O in chitosan molecule
on C-3 and C-6 position, respectively. It was observed that C-H out-of-
plane bending vibration and N-H wagging vibration occurred at ca. 898
and 660 cm™ [49]. It was clearly seen from the curve b in Figure 1 that
the peaks at 1559 and 660 cm™ disappeared for chitosan after reaction,
and the transmittances at 2374 and 2341 cm™ sharply increased due
to the occurrence of dipole moment change compared with original
chitosan, which implied that the interaction did occur between fluoride
ions and protonated amine groups. Moreover, it was observed from the
curve c and d in Figure 1 that there were few changes as to the FTIR
spectra of chitosan- Fe** complex before and after fluoride adsorption,
indicating no new chemical bond appeared between fluoride ions and
the chitosan- Fe** complex.

SEM: SEM images of chitosan - Fe’* complex before and after
fluoride adsorption were shown in Figure 2. It was evident that the
chitosan- Fe** complex possessed poorly developed pore and extremely
heterogeneous surface morphology, which were partially attributed
to the uneven volatilization of ammonia and water molecule on the
chitosan - Fe’* hydrogel beads surface during desiccation. The irregular
surface with fingerprint-like textures increased specific surface area and
thereby provided more active sites for fluoride adsorption. Adsorbent
surface before fluoride adsorption was observed at a compact gel
state, while adsorbent surface after fluoride adsorption had higher
surface roughness. This phenomenon was due to the occurrence of
swelling effect of the chitosan- Fe** complex in the process of fluoride
adsorption.

Effect of adsorbent dosage

Adsorbent dosage was a vital parameter influencing adsorption
capacity and effluent concentration [46]. The effect of adsorbent dosage
on fluoride removal was depicted in Figure 3a and 3b. It was evident

Figure 1: a) FTIR spectra of chitosan before fluoride adsorption; b) chitosan
after fluoride adsorption; c¢) chitosan- Fe** complex before fluoride adsorption;
d) chitosan- Fe®* complex after fluoride adsorption.

(@) (b)

Figure 2: SEM images of the granular chitosan-Fe®** complex: (a) before
fluoride adsorption; (b) after fluoride adsorption.
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Figure 3: a) Fluoride removal efficiency and b) Fluoride adsorption capacity
under different dosage conditions.

that the fluoride removal efficiency increased from 27.6% to 90.4% with
the increase in adsorbent dosage from 2 to 40 g/L. The increment was
ascribed to availability of more active sites and larger surface area at
higher dosage [50]. However, the equilibrium adsorption capacity of
adsorbent decreased from 6.99 to 1.15 mg/g for fluoride, which was
due to the fact that the increase in adsorbent dosage for a given amount
of fluoride resulted in unsaturation of adsorption sites [51]. Moreover,
it was found that further increase in dosage beyond 20 g/L rarely
affected adsorption capacity of adsorbent. Adsorption capacity of the
chitosan-Fe** complex reached 2.04 mg/g for Fluoride compared with
the chitosan- Fe** complex (1.38 mg/g for F) that was not immersed in
deionized water.
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Effect of pH

The pH of solution affected not only surface charges and
dissociation of functional groups, but also chemical speciation and
diffusion rate of solute [52,53]. The influence of initial pH on fluoride
removal was illustrated in Figure 4. It was observed that no significant
change occurred in terms of fluoride removal efficiency exceeding 80%
in the pH range of 3.0-10.0, indicating adsorption process was almost
independent of initial pH. Moreover, adsorption capacity of chitosan-
Fe** complex (2.04 mg/g for fluoride) was superior to chitosan (1.95
mg/g for Fluoride) at an initial concentration of 50 mg/L Fluoride and
adsorption dosage of 20 g/L, implying electrostatic attraction between
negatively charged fluoride ions and positively charged anime groups
of chitosan was not a unique mechanism of fluoride removal [54].
However, the free amine groups of chitosan could not be protonated
at alkaline medium, which did not facilitate electrostatic attraction.
Anion was proposed to be adsorbed on adsorbent through nonspecific
adsorption including electrostatic attraction or specific adsorption
involving ion exchange [55]. For this reason, ion exchange mainly
occurred between exchangeable chloride ions of adsorbent and fluoride
ions in alkaline solution, which was consistent with the results of D-R
isotherm model.

The sharp decrease in fluoride removal efficiency appeared
when initial pH exceeded 11.0, which was probably ascribed to the
competition between hydroxide and fluoride ions for adsorption sites
and the increase in diffusion resistance of fluoride caused by abundant
hydroxide ions [55,56]. In addition, the final pH of solution was located
between 5.0 and 6.0, indicating the chitosan- Fe** complex had buffer
capacity in the pH range of 3.0-10.0.

Effect of co-existing ions

The fluoride-contaminated water generally contained a series
of chemical compositions, which could exert a negative influence
on adsorption process. Consequently, it was extremely important to
explore the effect of co-existing ions on fluoride removal in binary
component solution. As shown in Figure 5, anions presenting in fluoride
solution had a detrimental effect on adsorption process, resulting in the
decrease in fluoride removal efficiency. The adverse influence nitrate
on fluoride removal was the most significant, followed by bicarbonate
and sulphate, whereas chloride had slightly adverse effect. These anions
occupied adsorption sites on the adsorbent surface and increased
electrostatic repulsion between the chitosan- Fe** complex and fluoride
ions, leading to the decrease in fluoride removal efficiency. Wan et al.
[57] pointed out that multivalent anion with higher charge density was
adsorbed more readily than monovalent anion. Thus, the chitosan- Fe**
complex had a greater affinity for fluoride ions compared with other
anions. On the other hand, the fluoride removal efficiency had no
distinct difference among five cations, implying these cations did not
disturb fluoride adsorption. The decrease in fluoride removal efficiency
was caused by the competition between fluoride and chloride ions for
adsorption sites.

Effect of initial fluoride concentration and adsorption
isotherm

In the present study, adsorption capacity increased dramatically
from 0.90 to 4.62 mg/g of F- with the increase in initial F-concentration,
because higher concentration gradient acting as a driving force
overcame mass transfer resistance between bulk solution and adsorbent
surface [58]. Few sufficient adsorption sites accommodated fluoride
ions for a certain amount of adsorbent when fluoride content exceeded
a certain concentration, resulting in the decrease in removal efficiency

100
80

60
40
20

Fluoride Removal Efficiency

Figure 4: Effect of pH on Fluoride removal efficiency.

150 ~

100 -

FLuoride removal Efficiency

lons

Figure 5: Effect of co-existing ions on Fluoride adsorption (1- K*, 2- Na*, 3-
NH,*, 4- Ca*2, 5- Mg*?, 6- CI, 7- HCO,, 7- NO,, 8- SO,").

from 93.1% to 47.1% with the increase in initial concentration from
20 to 200 mg F L. Adsorption isotherm models were commonly used
to predict maximum adsorption capacity, which helped to realize how
optimized an adsorption system. The mutual correlation of adsorption
capacity and equilibrium concentration was investigated by fitting
experimental data using the Langmuir [41], Freundlich [38], Langmuir
— Freundlich [54] and Dubinin-Radushkevich [59] isotherm models,
respectively. The nonlinear forms of these models were given as:

9,=(q,K,C)/(1+K,C) (6)
9=(K,C.") )
q,=(q K., C™M/(1+K,_ ,C™) (8)
q9.=1q,, exp(- pe*)=gm exp(- [RT In(1+1/C)]* )
Where, g, (mg/g) is the calculated adsorption capacity at

equilibrium according to Eq.1, C, (mg/L) is the equilibrium fluoride
concentration, K, (L/mg) is the Langmuir constant, g_ (mg/g) is the
fitting maximum adsorption capacity, K, ((mg/g) (L/mg)"") is the
Freundlich constant related to adsorption capacity, # is an empirical
parameter related to adsorption intensity, K, | (L/mg) is the Langmuir-
Freundlich adsorption constant, m is the heterogeneity factor,  (mol?/
kJ?) is a constant related to the adsorption energy, € (kJ/mol) is Polanyi
potential, R (8.314 J/mol/K) is the universal gas constant, T (K) is the
temperature in Kelvin. The corresponding information was shown in
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Langmuir Freundlich
q,, (mg/g) 4.99 K: [(mg/g)(L/mg)"""] 0.89
K, (L/mg) 0.071 n 2.72
R? 0.973 R?

0.992

Langmuir-Freundlich Dubinin-Radushkebbich

q,, (mg/g) 8.30 q,, (mg/g) 9.25
K (L/mg) 0.089 B (molK/J?) 4.6 x10°
R? 0.997 R? 0.998

Table 1: Analysis of constants of the Langmuir, Freundlich, Langmuir-Freundlich and D-R isotherm models.

Table 1.

The essential feature of Langmuir isotherm could be conveyed by a
dimensionless constant separation factor (R, ), which was defined as [54]:

R=1/(1+K,C) (10)

It was generally stated that the R value with the range 0<R <1
indicated favorable, while the n value in the range from 2 to 10
represented good [60]. It was obvious that the calculated R, and n
values in this study were 0.24 and 2.82, respectively, suggesting fluoride
adsorption on the chitosan-Fe** complex was favorable. It was difficult
to decide which isotherm was better fitted with the experimental data
because the R? values exceeded 0.96 for the first three isotherm models.
Additionally, the m value of Langmuir- Freundlich isotherm was not
more than 1. These results indicated fluoride adsorption on chitosan-
Fe’* complex was a multilayer adsorption.

Adsorption kinetics

In order to accurately reflect the variation trend of fluoride
concentration with time and reveal the reaction pathway of adsorption
process, several kinetic models were employed to examine the
experimental data. The nonlinear pseudo-first-order and pseudo-
second-order kinetic models were expressed as follows [46]:

9=9,(1-e*") (11)
q=(qk,H/(1+g k,t) (12)

Where, g, (mg/g) and g, (mg/g) represent the amount of fluoride
adsorbed at equilibrium and at time t, respectively, k, (min™) and k, (g/
mg/min) denote the pseudo-first-order and pseudo-second-order rate
constants, separately, t (min) is the contact time.

In addition, the intra particle diffusion model [47] was utilized
to predict whether intraparticle diffusion was rate-determining step,
which was given as:

4K, #5+C (13)

Where k  (mg/g min ) is the intra particle diffusion rate constant,
C (mgg") is the intercept related to the thickness of the boundary layer.

It was observed from Figure 6 that adsorption reaction was rapid
in the first 15 min, followed by a sluggish stage until equilibrium. The
equilibrium time of the chitosan-Fe** complex (1.5 h) was inferior to
that of chitosan hydrogel beads (10 h) [35] and organoclay (4 h) [1].
Compared with the pseudo-first-order kinetic, it was evident from
Table 2 that the pseudo-second-order kinetic was fitted well with the
experimental data in terms of correlation coefficient. For the intra
particle diffusion model (Figure 7), three segments of straight line
could perfectly match a fitting curve of g, versus t*%, implying intra
particle diffusion was not an exclusive rate-determining step.

Regeneration

High adsorption capacity and good reusability were of utmost
importance for any adsorbent, which would significantly promote
economic value of adsorption method. In the present study, desorption

Figure 6: Kinetic studies of Fluoride removal with an initial concentration of
50 mg/L of F [pseudo-first order kinetic (the dash line), pseudo-second-order
kinetic (the solid line)].

Figure 7: Kinetic studies of Fluoride removal with an initial concentration of 50
mg/L of F (intra particle diffusion).

efficiencies of 0.1 M NaCl, 0.1 M NaOH and 0.1 M Na,SO, solution
were found to be 84.3%, 95.3% and 93.8%, respectively. Consequently,
the chitosan-Fe** complex was better than layered double hydroxide
whose desorption efficiency was less than 2% [61]. It was evident that
these desorption reagents could efficiently regenerate the chitosan-
Fe’* complex based on ion exchange reaction, which conduced to
recovering fluoride from fluoride-contaminated water. However, when
the regenerated chitosan-Fe** complex was firstly applied to adsorb
fluoride, fluoride removal efficiencies were 78.1%, 0.8% and 22.5% for
NaCl, NaOH and Na,SO, solution, respectively. These results were
explained by the fact that hydroxide and sulphate ions irreversibly
occupied adsorption sites during regeneration, and thereby available
adsorption sites for the first reuse significantly decreased. Moreover,
fluoride removal efficiency slightly decreased from 78.1% to 76%
undergoing four circles using 0.1 M NaCl solution as the eluent,
indicating there were few irreversible adsorption sites on adsorbent
surface [13]. Therefore, NaCl was a promising desorption reagent.
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Pseudo-first-order Pseudo-second-order Intraparticle diffusion
k k
q, (mg/g) 2.00 q, (mg/g) 2.18 (mg/g/%in"’ﬂ 0.416 (mg/g/ﬁ]in»o.s) 0.107
k, (min”) 0.114 k,(g/mg/min) 0.080 C, (mg/g) 0.030 C,(mg/g) 1.26
R? 0.987 R? 0.997 R? 0.990 R? 0.962

Table 2: Kinetic constants for adsorption of fluoride on the chitosan-Fe** complex.

Conclusion

The synthesized chitosan-Fe** complex had high performance
for fluoride adsorption. The maximum adsorption capacity reached
2.34 mg/g Fluoride at an initial concentration of 50 mg/L of fluoride
and adsorbent dosage of 10 g/L. The chitosan- Fe** complex had
relatively large particle size (1.04-1.16 mm) and short equilibrium
time (1.5 h). Adsorption process infrequently suffered from initial
pH and temperature, reflecting high chemical stability and good
environmental abatement. The adverse influence of sulphate ions on
fluoride adsorption was more significant compared with other anions,
while common cations rarely interfered with fluoride adsorption. The
chitosan - Fe** complex could be regenerated using NaCl solution.
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