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Synthesis and characterization of amino-functionalized magnetic
nanocomposite (Fe,O,~NH,) for fluoride removal from aqueous solution
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ABSTRACT

Paramagnetic nanoparticles (Fe,O,~NH,) were prepared by simply treating the Fe,O, nanoparticles
with 1,6-hexanediamine at 198.8°C, and the defluoridation ability of the resulted nanoparticles (Fe,O,~
NH,) was evaluated. The synthesized sorbent was verified by scanning electron microscope, transmis-
sion electron microscope, X-ray powder diffractometer, and vibrating sample magnetometer. Besides,
various factors such as pH, contact time, temperature, initial concentration, and sorbent dosage that
influenced the efficiency of fluoride ions removal were evaluated. The equilibrium data were studied
using Langmuir and Freundlich isotherms. The best interpretation for the adsorption of fluoride ions
was found to follow the Langmuir isotherm, and the maximum adsorption capacity was 52.91 mg g™
at pH =2 and 313°K. In addition, the adsorptive properties of Fe,O,-NH, were extremely pH depen-
dent. Adsorption of fluoride ions attained equilibrium within 30 min, and the best sorbent dose was
observed to be 0.4 g/L. The maximum fluoride removal was found to be 76.8% at the best conditions.
Finally, the adsorption mechanism studies revealed that the adsorption of fluoride ions on Fe,O,—NH,
could be related to electrostatic attraction.

Keywords: Fluoride removal; Amino-functionalized magnetic nanocomposite; Langmuir isotherm;
Adsorption; 1,6-hexanediamine

1. Introduction world, fluoride compounds are employed in industry for a
wide range of applications, such as aluminum production,
glass fiber, phosphate fertilizers, bricks, tiles, ceramics,
drinking water fluoridation, and toothpaste [3]. Review of
the literature indicated that long-term ingestion of high-
fluoride drinking water could lead to fluorosis, which is a
* Corresponding author. chronic disease manifested through mottling of the teeth in

Fluoride contamination in drinking water has been rec-
ognized as one of the major problems worldwide because of
natural and anthropogenic emission [1,2]. Throughout the
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mild cases, softening of bones, ossification of tendons and
ligaments [4,5], and neurological damage in severe cases
[6]. A large proportion of the population in North Africa,
China, and India suffers from fluoride poisoning [6,7].
Experiences from different parts of the globe show that dif-
ferent techniques are used for water defluoridation [8]. The
most commonly used methods for water defluoridation
include adsorption [1,6,8-16], ion exchange [17], and precip-
itation [8]. Adsorption is one of the most dominant methods
because of its simplicity and availability of a wide range of
adsorbents [1]. Among the sorbents thought to be useful for
defluoridation, amino-functionalized magnetic nanocom-
posite (Fe,O,-NH,) is better because of its low cost, lack of
secondary wastes (without sludge generation), availability,
higher defluoridation capacity, and fast separation for large
volumes of solutions [18]. In addition, Fe,O,-NH, has a lot
of amino-groups that can be used as chelation sites and elec-
trostatic attraction. Therefore, an amino-group on the surface
of Fe,O, nanoparticles is able to adsorb cations and anions in
water and wastewater [18-25]. Moreover, it is usually diffi-
cult to segregate adsorbents from large volumes of solutions
rapidly, while Fe,O,—NH, can solve this problem since it can
be easily separated from the solution by an external magnetic
field [20].

Based on what was mentioned above, we aimed to find
an efficient, reliable, and simple method to quickly separate
adsorbents [24] from aquatic solutions. Thus, we prepared
Fe,O,—~NH, as a practical approach for fluoride removal pro-
cess and the adsorbent was characterized by transmission
electron microscope (TEM), X-ray powder diffractometer
(XRD), vibrating sample magnetometer (VSM), and scan-
ning electron microscope (SEM). The majority of magnetic
nanoparticles have been used for removal of heavy met-
als, but we used Fe,O,-NH, for the first time for removal of
anions, particularly fluoride ions. Finally, fluoride adsorption
isotherms by Fe,O,-NH, were analyzed.

2. Materials and methods

2.1. Synthesis of amine-functionalized magnetic nanoparticles
(Fe,O,-NH,)

All the necessary chemicals that were used in this study
were of analytical grade with further purification, and were
purchased from Merck Co. (Germany). All aqueous solutions
were prepared by using double distilled water. Besides, the
magnetic nanoparticles (MNPs) modified with 1,6-hexane-
diamine were synthesized by 1.0 g FeCl,-6H,O as a single
iron source in 30 mL ethylene glycol followed by adding
4.0 g of anhydrous sodium acetate and 1,6-hexanediamine
(3.6 g) as nitrogen source and were stirred vigorously to
make a transparent solution. Finally, this solution was
moved into a Teflon-lined autoclave and was continuously
reacted at 198.8°C for 8 h. The product was washed with
water and ethanol for 3 times to remove the ethylene gly-
col and redundant 1,6-hexanediamine effectively. Also, the
product was isolated from various solvents by using a per-
manent handheld magnet during each step and was then
dried in a vacuum oven at 50°C to gain the black powder.
This black powder abbreviated as Fe,O,-NH, was originally
prepared by Wang et al. [24].

2.2. Characterization

The purity of the amine-functionalized MNPs was con-
firmed by a number of techniques. The morphology of
Fe,O,-NH, was studied using a field emission SEM (ZEISS,
Germany) and TEM images that were determined using
a field emission TEM (Tecnai F20, USA). Besides, the crys-
tal structure of Fe,O-NH, was measured by X'Pert PRO
(Philips, Holland) using Cu Ka radiation (A = 0.1541 nm)
ranging from 20° to 70° (20) at 30 kV and 30 mA. The para-
magnetic properties of Fe,O,—NH, were also investigated at
room temperature by the magnetization curve measured by
using a VSM (LDJ 9600, LDJ Electronics Company of USA).
Finally, the concentration of fluoride ions in the solutions was
measured by a spectrophotometer DR/5000 (Method 8029).

2.3. Fluoride ions adsorption

First, the fluoride solutions were prepared. Sodium flu-
oride (NaF) was used to prepare the fluoride stock solution.
Then, fluoride solution 100 mg/L followed by 3, 5, and 7 mg/L
solutions were made from the stock solution. Afterward, it
was important to determine the best conditions. In doing
so, 50 ml water samples containing fluoride and a specific
amount of nanoparticles, as the absorbent, were poured into
Erlenmeyer flasks. To determine the best pH, the samples’
pH was adjusted in acidic, basic, and neutral ranges until the
effects of several pH levels on fluoride removal were spec-
ified. It was found that fluoride was removed at acidic pH
(pH = 2). Therefore, first, the level of pH was adjusted at the
best level, and then, the samples were placed on a reciprocat-
ing shaker (model 3018GFL) at different speeds, times, and
adsorbent dosages. Then, the best speed of shaker, retention
time, and adsorbent dosage were determined. After that, the
effect of Fe,O,~NH, on the removal of fluoride from water
samples was investigated. Finally, the best conditions for
fluoride removal were applied at 3, 5, and 7 mg/L fluoride
concentrations. In each experiment, pH of the sample was
adjusted, and 20 mg of Fe,O,-NH, in 50 ml of the sample
solution was applied for a specified reaction time. After that,
Fe,O,~NH, was deposited using a magnet, and the superna-
tant was removed from the flask. Finally, the fluoride concen-
tration was measured using a spectrophotometer DR/5000
(Method 8029). The detection limit was 0.02-2 mg/LF-.

3. Results and discussion
3.1. Characterization of Fe,O,~NH,
3.1.1. Particle size and morphology

The morphology of NH,-Fe O, was studied by TEM.
The TEM image of NH,-Fe O, has been illustrated in Fig. 1(a).
The NH,~Fe,O, prepared in this study was multidispersed
with an average diameter of around 35 nm. It is known that
magnetic particles of less than 30 nm show parmagnetism [26].
This suggests that these nanoparticles can be easily dispersed
into aqueous solutions as adsorbents, which is attributed to
addition of amino groups on the surfaces of Fe,O, nanopar-
ticles [27]. The SEM image presented in Fig. 1(b) reveals that
the size of the synthesized NH,-Fe,O, was less than 100 nm.
The image also shows that the size of NH -Fe,O, was much
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Fig. 1. (a) TEM image of Fe,O,-NH, and (b) SEM image of Fe,O,-NH,.
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Fig. 2. (a) XRD image of Fe,O,-NH, and (b) VSM image of Fe,O,-NH,.

smaller compared with the naked particles, proving the
coating of 1,6-hexanediamine [18].

3.1.2. X-ray powder diffractometer

The crystalline structure of NH,-Fe O, was verified by
XRD, as shown in Fig. 2(a) [28]. The XRD pattern of NH,-
Fe,O, showed the six characteristic peaks of Fe,O, at about
20 = 30.1°, 35.5°, 43.1°, 53.4°, 57.0°, and 62.6° corresponded
to their intensity indices (220, 311, 400, 422, 511, and 440,
respectively). This indicated that amino groups did not cause

significant changes in the phase property of Fe,O, cores and
that NH, occurred only on the surface of the Fe,O, cores,
which is in accordance with the reports by Wang et al. [24]
and Zhao et al. [25]. Moreover, the strong and sharp peaks
proved that NH,-Fe,O, was well crystallized.

3.1.3. Vibrating sample magnetometer

The plots of magnetization vs. magnetic field (M-H loop)
for NH,-Fe O, were assessed by employing VSM at room
temperature, and the results have been shown in Fig. 2(b) [28].
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The M-H curves showed that NH,—Fe,O, was essentially super-
paramagnetic, and NH,-Fe,O, had magnetization saturation
(Ms) value of 77.32 emu g. Besides, MNPs showed super-
paramagnetic property with Ms value of 90.43 emu/g™ [18].
This result suggested that decrease in Ms might be associated
with increased mass of -NH, on the surface of Fe,O,. Moreover,
the results illustrated in Fig. 3 revealed that NH,—Fe,O, could be
completely separated from the aqueous solution with an exter-
nal magnetic field within 30 s [28]. Therefore, NH,—Fe,O, could

be regarded as a potential candidate for practical application.

3.2. The effect of various parameters on the adsorption process of
fluoride ions

3.2.1. The effect of pH, adsorbent dose, contact time, and
different initial concentrations on the removal of fluoride ions

Generally, pH is the most important parameter that influ-
ences the adsorption process. To find the best pH for maxi-
mum removal of fluoride by NH,-Fe,O,, the experiments were
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Fig. 3. Demonstration of magnetic separation at 30 s.

()
12
10 A
8 A
6 o N
— O -
oo O — B
T g T
E O—0 D
- -
T 2
—o—3mg/l ——5mg/l —a—Tmg/l
0
0 2 4 6 8 10

pH

A.N. Baghani et al. / Desalination and Water Treatment 65 (2017) 367-374

conducted at pH of 2-9 by keeping other parameters constant
(initial concentration = 3 mg/L, NH,~Fe,O, dose = 0.4 g/L, and
shaker speed = 200 rpm). Based on the results, the removal of
fluoride was decreased from pH 2 to 9 (76.8% to 30%), and the
maximum adsorption (76.8%) was gained at pH = 2. pH value
affected the adsorption efficiency due to its influence on the
amino groups modified on the surface of Fe,O,-NH,. Moreover,
the effect of the solution’s pH and concentration on the adsorp-
tion of fluoride onto Fe,O,-NH, was investigated by varying the
initial concentrations of fluoride at 3, 5, and 7 mg L. The effects
of solution’s pH and concentration on the adsorption of fluoride
on Fe,O,—-NH, have been depicted in Fig. 4(a). Accordingly, the
adsorption capacity decreased when pH increased from 2.0 to
9.0 because of the decrease in the amount of fluoride adsorbed
per unit mass of the adsorbent. In fact, the amount of adsorbed
fluoride decreased from 5.76 to 2.25, 8.05 to 2.625, and 9.852 to
2.94 mg g! at the fluoride concentrations of 3, 5, and 7 mg L7,
respectively. Therefore, the maximum adsorption of fluoride
ions occurred at pH = 2. Moreover, adsorption of fluoride
ions depended on protonation or deprotonation of functional
groups on the surface of Fe,O,-NH.,.

The pHZPC for Fe,O,-NH, was 5.8. Therefore, at pH < 5.8,
the surface charge of Fe,O,-NH, was positive, and the elec-
trostatic interactions between fluoride ions and the adsor-
bent enhanced [18]. The protonation/deprotonation reactions
of the amino groups of Fe,O,~NH, in the solution have been
shown in Eq. (1):

R-NH, + H* <> R- NH* (amino protonate) (1)

This could be attributed to the fact that under acidic
conditions (at pH = 2), amino groups (NH,) are easily pro-
tonated to -NH?*, and electrostatic attraction takes place
between -NH* and F~ [21,23,25,29-32].

A scheme for the binding and amino-functionalization
procedure of NH,-Fe,O, and the presumed mechanism of
adsorption of fluoride on NH,-Fe,O, has been shown in
Fig. 4(b).

Adsorbent dose is an important parameter that affects
fluoride removal efficiency. In the current study, the adsor-
bent dose ranged from 0.2 to 2 g/L. The initial fluoride ion
concentration was fixed at 3 mg/L, and the contact time was

(b)

ﬂ"z NH3*
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Fig. 4. (a) The effect of solution’s pH and concentration on the adsorption of fluoride from aqueous solution by Fe,O~NH, and
(b) a scheme for the binding and amino-functionalization of Fe,O,~NH.,.
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held as 30 min, while pH was kept at 2. The results showed
that NH,—Fe O, was efficient for removal of 50.6% and 52.7%
of fluoride ions at the adsorbent doses of 0.2 and 2 g/L,
respectively. In addition, the results demonstrated that the
best adsorbent dose was 0.4 g/L for fluoride concentration of
3 mg/L, giving 76.8% fluoride ion removal efficiency. Hence,
adsorbent dose of 0.4 g/L was chosen for further studies.
Overall, the results indicated that the removal of fluoride
decreased with increasing the adsorbent dose.

Considering the effects of different contact times (from 10
to 120 min) on fluoride removal while keeping other parame-
ters constant (adsorbent dose = 0.4 g/L, fluoride concentration
=3 mg/L, pH =2, and stirring rate = 200 rpm), adsorption of
fluoride increased with increase in contact time up to 30 min.
However, further rise in contact time did not increase the flu-
oride adsorption process due to deposition of fluoride ions
on the available adsorption sites on NH,—Fe,O,. Therefore,
the adsorption of fluoride was 76.8% in the best conditions
(adsorbent dose = 0.4 g/L, fluoride concentration = 3 mg/L,
pH = 2, and stirring rate = 200 rpm) after 30 min. In other
words, the remaining fluoride concentration in the aqueous
solution was below 1 mg/L that was within the permissible
limit suggested by World Health Organization (WHO); i.e.,
1-1.5 mg/L [33]. Hence, 30 min was chosen as the contact
time at 298°K.

This study assessed the effects of different initial fluoride
concentrations (3.0-7.0 mg/L) at the adsorbent dose of 0.4 g/L,
pH of 2, stirring rate of 200 rpm, and contact time of 30 min
at 298°K. The results disclosed that the removal of fluoride
decreased with increase in the initial fluoride ion concen-
tration because the capacity of the adsorbent is consumed
slowly with the increase in the initial fluoride concentration.
The removal rates of fluoride at the initial concentrations of
3, 5, and 7 mg L were 76.8%, 64.4%, and 56.3%, respectively.
In addition, the remaining concentrations of fluoride in the
aqueous solution were 0.67, 1.61, and 3.06 mg L™ at 3, 5, and
7 mg L fluoride concentrations, respectively. Thus, the remain-
ing concentrations increased with increase in the initial fluo-
ride concentration. This could be attributed to the fact that the
total available adsorption sites (-NH,) are limited for a fixed
adsorbent dosage and become saturated at a certain concen-
tration. Thus, increase in the initial fluoride ion concentration

Table 1

was accompanied by decrease in the removal percentage.
Similar trends have also been reported for fluoride removal
by activated charcoal and eggshell powder [34,35].

4. Adsorption model

The equilibrium adsorption capacity for each adsorbent,
g, (mg g™), can be calculated using Eq. (2) [36]. Adsorption
isotherm data are commonly fitted to Langmuir (Eq. (3))
and Freundlich (Eq. (5)) models [31,36]. In this equation, b
and q, are the Langmuir constants, which are related to the
apparent heat change and the maximum adsorption capacity,
respectively. In the Langmuir model, the form or character-
istics of the isotherm can be employed to portend the favor-
ability of the adsorption process under given experimental
conditions. The essential characteristics of the isotherm can
be shown by a dimensionless constant separation factor, R,
which has been described in Eq. (4) [37]. In the Freundlich iso-
therm, K, [(mg g) (mg L™)]"" and 7 are the constants, which
are related to an indicator of the adsorption capacity and a
characteristic coefficient related to the adsorption intensity,
respectively [31,36]. The relevant equations for kinetic stud-
ies, adsorption capacity, and separation factor (R,) have been
shown in Table 1.

The constant of the Langmuir isotherm and the value of
R, have been summarized in Table 2. Accordingly, the value
of R, at all temperatures was between 0 and 1. Therefore,
adsorption was favorable. In addition, the results pre-
sented in Fig. 5(a) demonstrated that the experimental data
of Fe,O,-NH, at all temperatures corresponded well to the
Langmuir isotherm equation because the correlation coeffi-
cients were >0.9204 at all temperatures (R? = 0.9204, 0.9676,
and 0.9815 for 298°K, 303°K, and 313°K, respectively). The
maximum fluoride sorption capacity of NH,-Fe O, was
found to be 52.91 mg/g at 313°K. Besides, g, values increased
with increase in temperature (Table 2).

The correlation coefficients (R*>0.92) and R, (0 <R, <1)
proved that the Langmuir isotherm fitted better for adsorp-
tion of fluoride on NH,-Fe O, Langmuir isotherm was
depicted with 1/C, vs. 1/q, as shown in Fig. 5(a). Considering
the constants of the Langmuir isotherm, g, values were found
to be 22.52, 47.39, and 52.91 at 298°K, 303°K, and 313°K,

The isotherm equations and separation factors used for adsorption of fluoride onto Fe,O,-NH,

Eq. (2) Langmuir isotherm

Eq. (3) Freundlich isotherm

Eq. (4) Equilibrium adsorption capacity
Eq. (5) Separation factor (R,)

: ( : ] L [31,36]
—_= — |— 4+ —
q, \bq,)C, 4,

1 [31,36]
Qc = KFC?H

(c,~C)v [31,36]

g =———

m
R, =1/(1+bC,) (371

Note: If: R, > 1, the adsorption is unfavorable; R, =1, the adsorption is linear; 0 < R, <1, the adsorption is favorable; and

R, =0, the adsorption is irreversible [37].

If: 1/n <1, the adsorption is favorable, and 1/n > 1, the adsorption is unfavorable [31-36].

q, (mg/g), q, (mg/g), Kp (mg/g min™%), C, (mg /L), V (mL), m (mg), n (Freundlich constant), b (L mg™), and K, [(mg g™") (mg L.
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Table 2
Isotherm parameters of fluoride adsorption by Fe,O,~NH,

Langmuir model

Freundlich model

Temp. (K) g, (mgg") b(Lmg") R? R, K, (mgg") (Lmg™")'" R? n 1/n
293 22.523 0.089 0.9204 0.789 1.47 0.9014 0.9228 1.08
303 47.393 0.045 0.9676 0.8810 1.28 0.8593 0.5784 1.72
313 52.91 0.046 0.9815 0.8787 1.40 0.8331 0.6991 1.43
1
09 08
¢ .
08 313 07 y=09228x+03842
07 o) 06991x+0.3382
; y=06991x+0.
06 ¢ ¢ 2
R2=08331
06 4293 g
y w 0o | Y
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L] y=0.497x-0.0444 B303
04 R=0.9204
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0.2 ¢
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Fig. 5. (a) Langmuir and (b) Freundlich isotherms for adsorption of fluoride.

respectively. Besides, b values were obtained as 0.089, 0.045,
and 0.046 at 298°K, 303°K, and 313°K, respectively. Moreover,
the values of 1/n presented in Table 2 were more than 1.
Thus, the adsorption was unfavorable. The Freundlich iso-
therm was depicted with logg, vs. logC, as shown in Fig. 5(b).
Accordingly, K, values were 1.47, 1.28, and 1.40 at 298°K,
303°K, and 313°K, respectively. Additionally, 1/n values were
1.08, 1.72, and 1.43 at 298°K, 303°K, and 313°K, respectively.
The experimental data of Fe,O,~NH, did not well correspond
to the Freundlich isotherm equation at all temperatures
because the correlation coefficients were <0.9014 (R?=0.9014,
0.8593, and 0.8331 at 298°K, 303°K, and 313°K, respectively).

4.1. Comparison of adsorption capacity of NH,~Fe,O, with other
adsorbents

Comparison of the adsorption capacity of Fe,O-NH,
fitted with Langmuir isotherm with other adsorbents for
removal of fluoride has been summarized in Table 3. It is dif-
ficult to compare this adsorbent with other adsorbents due
to different applied experimental conditions. Yet, removal of
fluoride by NH,-Fe O, had a much higher maximum adsorp-
tion capacity compared with other adsorbents. This can be
attributed to the role of amino groups in the adsorption
process of fluoride in aqueous solutions. In fact, increase of
nitrogen percentage in Fe,O,~NH, can cause an increase in

the value of q, . Therefore, because of high adsorption capac-
ity and simple preparation of NH,-Fe O,, it can be used for
the removal of fluoride from water and wastewater.

4.2. Material stability desorption and reusability of Fe,O,~NH,

Considering the practical application, the sorption/
desorption cycle was repeated for 5 times using the same
nanoparticles. In addition, each sorption/desorption process
experienced a base and a heat treatment [15,28]. According to
the results, leaching of the sorbent components in the treated
water was undesirable. In order to evaluate the effect of time
on leaching of NH,-Fe,O,, 50 mg NH,-Fe,O, laden with flu-
oride (after testing under acidic condition sat pH < 3), which
was re-suspended in 50 mL deionized water, and the super-
natant was measured for Fe concentrations for 6 d. The insig-
nificant leaching of the material components of NH,-Fe,O,
has been presented in Table 4.

5. Conclusions

In the present study, magnetic Fe,O,~NH, was synthe-
sized via one-pot method for the removal of fluoride ions
from aqueous solutions and was characterized by SEM,
TEM, XRD, and VSM. According to the results, binding and
amino-functionalization did not cause significant changes
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Table 3

Comparison of fluoride adsorption capacity of Fe,O,-NH, and other adsorbents
Adsorbents Capacity g, (mg g™) pH T (K) Adsorption isotherm Refs.
Bark of babul 1.891 8 293 Langmuir [38]
Eggshell powder 1.09 6.0 303 Langmuir [35]
PPy/Fe,O, nanocomposites 17.6-22.3 6.5 298-318 Langmuir-Freundlich  [9]
Fe,O,@Al(OH), 88.48 6.5 298 Langmuir [6]
PURAL®MG-20 5.62 5-7 3052 Langmuir [12]
Activated carbon 2.5 3.5 293 Langmuir [13]
Activated charcoal q,=0.462C /(1 +0.429C) 2 - Langmuir [38]
KMnO, modified carbon 159 2.0 298 - [39]
Acid treated spent bleaching earth 7.752 3.5 - - [40]
Nanoscale aluminum oxide hydroxide 3.259 52+02 298 - [41]
NH,-Fe,O, 22.523 2 298 Langmuir This
NH,-Fe,O, 47.393 2 303 study
NH,-Fe,O, 5291 2 313

Table 4 Public Health, for their cooperation. They are also grateful to

Leaching of Fe ions after re-suspending the MNPs-NH, laden
with fluoride in deionized water for 6 d

Time (d) Fe (ng mL™)
0.5 2.601
1 3.652
2 7.959
3 10.28
4 11.31
5 14.68
6 17.62

in the structure and magnetic property of Fe,O, cores. The
effects of controlling parameters, such as contact time, tem-
perature, pH, adsorbent dose (Fe,O,-NH,), and initial con-
centration of fluoride, were studied, as well. Based on the
findings, the best dose of Fe,O,-NH, was 0.4 g/L at the fluo-
ride concentration of 3 mg/L, and the maximum adsorption
of fluoride ions was found at pH of 2 and temperature of
313°K. Additionally, the best contact time was 30 min. The
equilibrium data were applied using the Freundlich and
Langmuir isotherm models. The results showed that the
sorption of fluoride ions was well fitted to the Langmuir
isotherm, with the maximum fluoride sorption capacity
of 22.52-52.91 mg g™ at 298°K-313°K. Moreover, Fe O~
NH, could remove about 76.8% of fluoride from aqueous
solutions. Therefore, Fe,O,-NH, could be quickly sepa-
rated with an external magnet and could be regarded as a
potential candidate for fluoride ions removal from aqueous
solutions.
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