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ABSTRACT

The Al-doped Fe,O /hydroxyapatite (HAP) nanocomposites prepared in pectin matrix was
employed as adsorbent that offers high adsorption capacity for fluoride, magnetic separabil-
ity and good stability. Powder X-ray diffraction and transmission electron microscopy charac-
terizations were used to determine the structure and morphology of as-prepared samples. The
needle-like Al-doped Fe,O,/HAP nanocrystals were coated with pectin molecules, which not only
induced the nucleation, but inhibited the further growth of nanocrystals. The results of thermo-
gravimetric analysis and Fourier transform infrared spectra showed that the obtained products
are organic-inorganic nanocomposites; and the Al doping in composites increased the amount
of hydroxyl groups, which could supply more adsorption sites for fluoride. In bath experiments,
the adsorption capacity of Al-doped samples was significantly higher than that of pure HAP due
to the high affinity of aluminium toward fluoride. The effect of reaction parameters such as pH,
calcination temperature, co-existing anions and Al/Ca molar ratio on the adsorption capacity was
also investigated to determine optimum adsorption condition. The Al-doped Fe,O,/HAP nanocrys-
tals exhibited high adsorption rate for fluoride during the first 30 min and reached equilibrium
within 80 min. The adsorption kinetics and isotherms were well-fitted by the pseudo-second-order
kinetic model and the Freundlich isotherm model, respectively. In addition, the adsorption mech-
anism of fluoride on Al-doped Fe,O,/HAP nanocomposites was investigated, which can be mainly
attributed to electrostatic attraction and ion-exchange.

Keywords: Al doping; Fluoride adsorption; Hydroxyapatite; Magnetic materials; Nanocomposites;
Polysaccharide-assisted synthesis

1. Introduction

As essential micronutrient for human health, fluo-
ride is usually ingested through food and drinking water.
However, excess ingestion of fluoride can cause a series of
diseases such as skeletal and dental fluorosis, muscle fibre
degeneration, skin rashes, even neurological damage [1,2].

* Corresponding author.

The World Health Organization (WHO) recommends that
the maximum acceptable concentration of fluoride in drink-
ing water should not exceed 1.5 mg/L. Up to now fluoride
contamination in drinking water possesses a great risk to
millions of people in many regions of the world, especially
in North Africa, China and India [2]. For this reason, differ-
ent technologies have been adopted to abate excess fluoride
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from aqueous solution, including adsorption, ion exchange,
precipitation, and membrane filtration [3-5]. Among these
methods, adsorption is an economical and effective meth-
ods for removing fluoride from the water without genera-
tion of hazardous by-products [6,7].

To date, various materials have been as adsorbents for
the treatment of pollutants in water, such as activated car-
bon, zeolite, biomass, mesoporous silica, clay and hydroxy-
apatite [8-12]. Hydroxyapatite has been considered to be an
attractive absorbent for removal of heavy metal and dyes
from aqueous solution on account of its biocompatibility,
low water solubility, low cost and high stability [13-15].
For example, Si et al. synthesized porous HAP nanopar-
ticles with a large surface area by hydrothermal method,
and the as-prepared HAP nanoparticles exhibited high
adsorption capacities for the Cr(III), Pb(II) and Cu(II) ions
[16]. Moreover, much interest has focused on producing
and improving adsorption performance of hydroxyapatite
by doping with impurities in recent years [14,17]. The dop-
ing of metal ions in HAP often possesses unique structure
and property due to complementary or synergistic effects,
leading to significantly enhanced adsorption performance.
Some substituting cations like Mg, La, Al, Na and Fe can
be easily induced into the apatite crystal lattice, which
increased the content of hydroxyl group of HAP, and thus
improved adsorption capacity with fluoride ions [14,17-19].
Based on pertinent reports, it has been acknowledged that
Al ion as hard acid has a high affinity to fluoride (hard
base), which benefits the fluoride adsorption. For exam-
ple, the study by Chen et al. showed that defluoridation
capacity of Al-doped hydroxyapatite was larger than that
of La and Mg-doped hydroxyapatite [17]. Liu et al. reported
the synthesis of a biocompatible AI-HAP adsorption mem-
brane for rapid removal of fluoride from aqueous solu-
tion [20]. The major limitations for large scale application
of hydroxyapatite-based adsorbents are its powder form
and insufficient strength, which results in high turbidity,
difficulty in separation from aqueous and low recovery.
The use of magnetic nanoparticles, easily recovered from
solution by an external magnetic field, offers a good way to
remediate this problem. Recent studies showed that Fe,O,
magnetic nanoparticles can be hybridized with adsorbents
to facilitate the recovery of the adsorbents from aque-
ous solution [21,22]. The presence of ferroferric oxide in
nanocomposites leads to the absorbent can be easily sepa-
rated and reused by an external magnetic field, which also
avoids the secondary pollution caused by adsorbents.

Different synthetic methods have been developed for
the size- and shape-controlled synthesis of hydroxyap-
atite nanocrystals, such as sol-gel processing, chemical
bath deposition, hydrothermal/ solvothermal methods.
However, these methods have some disadvantages involv-
ing harsh reaction conditions, requirement of toxic organic
solvents or ligands. Recently, to eliminate the use of toxic
organic solvents, biomolecules such as polysaccharides,
amino acids, peptides, proteins and other eco-friendly
biological agents were chosen as templates to synthe-
size shape and size-controllable inorganic nanomaterials
because of their multiple functional groups, specific geo-
metrical configuration, and electronic structure [23,24].
Moreover, these hybrid nanocomposites offer the dual

advantages of inorganic and organic materials like rigidity,
thermal stability, flexibility and processability. The pectin
is a water-soluble polysaccharide existing in most plants
cell wall, which has been widely used in the biomedical
fields, such as drug delivery, tissue engineering, and bone
repairing due to its biocompatibility, low cost and easy
availability [25]. In some cases of biosynthesis, pectin was
used as matrix to stabilize and modify inorganic nanoma-
terials to remove pollutants [26,27]. For example, stable
water-soluble pectin-Ag (0) nanobiocomposites were pre-
pared by using a pectinic polysaccharide as matrix isolated
from bark, in which the coatings are formed through the
binding of the pectin polymer chains and Ag nanoparticles
into a complex with non-covalent interactions [28].

Herein, we report a facile microwave-assisted method
for the preparation of Al-doped Fe,O,/hydroxyapatite mag-
netic nanocomposites in pectin matrix. The as-prepared
nanocomposites were investigated as adsorbent for remov-
ing fluoride from aqueous solution. Microwave-assisted
synthesis has the advantages of short reaction time, small
particle size and high purity of prepared samples, and the
resulting products are more uniform in terms of size and
composition. The effects of adsorption time, pH value, cal-
cination temperature, co-existing anions and Al/Ca molar
ratio on the performance of defluoridation were examined. In
general, the goal of this study is to develop a biocompatible,
low cost and efficient magnetic nanocomposite adsorbent
with high adsorption capacity for fluoride in water.

2. Materials and methods
2.1. Materials

Pectin (galacturonic acid dry basis > 74%), NaF and
AL(SO,), 18H,0 were purchased from Aladdin Chemical
Reagent Company. FeCl-6H,0, FeCl,-4H,O, CaCl, and
(NH,),HPO, were purchased from Sinopharm Chemical
Regent Company. All chemicals were of analytical reagent
grade and can be used without further purification.
Deionized and doubly distilled water with a resistivity of
18.25 MQ-cm was used throughout this work.

2.2. Preparation of Al-doped Fe,O,/HAP magnetic
nanocomposites

Al-doped Fe,O,/HAP nanocomposites were synthe-
sized in pectin matrix by a simple microwave-assisted
method. In a typical experimental procedure, 0.54 g of
FeCl,:6H,0 and 0.20 g of FeCl-4H,O were dissolved in
200 mL of pectin solution (10 g/L) with vigorous stirring
under N, protection, and the pH value was adjusted to 11
by addition of 2 mol/L of NaOH. The mixed solution was
rapidly microwave-heated in the microwave reaction sys-
tem (2450 MHz, 400 W) for 5 min. Then, the reaction solu-
tion was maintained at 90°C for 1 h, and cooled down to
room temperature naturally. The obtained Fe,O, nanocrys-
tals were washed several times with water and ethanol,
freeze-dried at —4°C for further use.

For the synthesis of Al-doped Fe,O,/HAP nanocom-
posites, 0.555 g of CaCl, was dissolved in 100 mL of pectin
solution (10 g/L), and the mixed solution was shaken for 1 h
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to obtain pectin-Ca* homogeneous emulsion. 0.289 g of Fe,O,
was added into the above solution with ultrasonic treatment
for 5 min. Subsequently, 0.395 g of (NH,),HPO, (Ca/P molar
ratio = 1.67) was dissolved in 100 mL of pectin solution
(10 g/L) and slowly added into as-prepared pectin-Fe,O,/
Ca? solution with vigorous stirring at room temperature. In
this process, the pH value of the solution was maintained
at about 10 adjusting by 10% of NaOH solution. Then,
the reaction system was heated for 15 min by microwave
(2450 MHz, 240 W). After the reaction completed, 20 mL of
freshly prepared AL(SO,), solution was injected pectin-Fe,O,/
HAP emulsion with vigorous stirring, and the pH value was
adjusted to about 7. Finally, the mixed solution was located
on a microwave system (2450 MHz) and heated at 240 W for
12 min. The obtained products were separated by high-speed
centrifuging at 12,000 rpm, and dried at 60°C in vacuum for
36 h.

2.3. Batch adsorption experiments

A stock solution of fluoride (1,000 mg/L) was prepared
by dissolving appropriate amount of NaF in double distilled
water. The experimental solution was obtained by diluting
the stock solution with deionized water to the desired initial
fluoride concentration. All the bath adsorption experiments
were carried out in a thermostated shaker with a shaking
speed of 100 rpm using 100 mL polyethylene vials. The 50 mL
of fluoride solution with different concentrations and 0.05 g
adsorbent were filled with vials and placed in water bath to
shake at certain time intervals and temperatures. At the end
of the adsorption process, adsorbent was separated from
the solution by magnet; and the solution was filtered using
microporous filter membrane. The concentration of fluoride
left in the supernatant was determined with a fluoride-selec-
tive electrode (PF-101, Rex Electric Chemical) by using TISAB
buffer solution to adjust total ionic strength.

The amount of fluoride at equilibrium g, (mg/g) on
the adsorbent samples was calculated from the following
equation:

C -C )V
q;u 1)

m

where ¢, and ¢, (mg/L) are the fluoride concentrations at ini-
tial and equilibrium, respectively; V (L) is the volume of the
solution and m (g) is the mass of adsorbents.

2.4. Characterization techniques

Powder X-ray diffraction (XRD) characterization was car-
ried out on a Rigaku Smartlab diffractometer. Transmission
electron microscopy (TEM) and energy-dispersive X-ray
spectrum (EDX) were acquired on a JEOL JEL-2010 trans-
mission electron microscope equipped with an X-ray ener-
gy-dispersive detector. Thermogravimetric analysis (TGA)
was performed on a TA Q-600 thermogravimetric appa-
ratus. Aluminium residual concentration was determined
by inductively coupled plasma optical emission spectrom-
eter (ICP-OES, Agilent 725ES). Fourier transform infra-
red (FT-IR) spectra were collected on a Bruker Tensor-37

spectrophotometer in the wave number range of 4,000-
400 cm™. Surface charges of adsorbents were measured by a
laser Doppler velocimetry (Malvern NanoZS-90).

3. Results and discussion

Fig. 1a shows the XRD patterns of pectin modified
Fe,O,, Fe,O,/HAP and Al-doped Fe,O,/HAP nanocompos-
ites. The low intensity and broadening of the XRD peaks
are due to the very small size of the as-prepared nanocom-
posites. The major diffraction peaks at 20 of 31.34°, 35.45°,
43.18°,53.98°, 56.71° and 63.39° can be respectively indexed
to (220), (311), (400), (422), (511) and (440) crystal planes of
Fe,O, with spinel structure. As shown in XRD pattern of
Fe,O,/HAP, the 20 peaks at about 25.93° (002) and 32.11°
(211) are assigned to characteristic peaks of HAP. The Ca/P
molar ratio determined by ICP-OES analysis is 1.64, which
is close to 1.67 for stoichiometric HAP, indicating the for-
mation of HAP. EDX spectrum (Fig. 1b) result shows that
the existence of Al, Ca, P, Fe in nanocomposites, note that
Cu-related peaks come from the TEM grids. However,
the Bragg reflections corresponding to Al(OH), are not
observed in the XRD pattern of Al doped Fe,O,/HAP nano-
composites, which suggests the amorphous nature of the
Al(OH),. ICP-OES analysis shows that the Ca/P molar
ratio (1.48) of Al doped Fe,O/HAP is lower than that
of HAP, confirming the replacement of Ca with Al ions.

The morphology of pectin-conjugated Al-Fe,O,/HAP
nanocrystals was depicted by TEM measurement. Fig. 2a is
the TEM image of pectin-Fe,O, nanocrystals, clearly show-
ing that the nanoparticles are approximately spherical in
shape with size at about 3~6 nm. Some Fe,O, particles are
prone to aggregation and grow to form larger clusters/
nanoparticles (15~25 nm), and these nanoparticles are well
dispersed from each other due to the surface modification
by pectin molecules. Fig. 2b shows a representative TEM
image of Al-doped Fe,O,/HAP nanocrystals in the pectin
solution from the typical experiment. From the figure,
these nanocrystals are needle-like morphology with about
150~300 nm in length and 10~20 nm in width. The HRTEM
image in Fig. 2c provides further insight into the structure
of the as-prepared products. It reveals that many Fe,O,
nanoparticles exist on the inside of HAP, which guaran-
tees the magnetic properties of the samples. The HRTEM
image looks fuzzy and well-defined crystal lattice is not
observed, suggesting the surface coating of samples by
pectin film. To investigate the influence of pectin on the
formation of Al-doped Fe304/HAP nanocomposites, con-
trol experiment was carried out in the aqueous solution
without pectin. As shown in Fig. 2d, it is becoming clear
that obvious aggregation is associated with the absence of
pectin, which is unfavorable for the adsorption of fluoride
because of smaller specific surface areas. It was suggested
by Ribeiro et al. [29] that the long-chain structure of pectin
molecules containing hydroxyl-, ester-, carboxylate- and
amine groups can act as surface ligands interacting with
the surface of nanocrystals to control the size and morphol-
ogy. The TGA characterization also confirmed the existence
of pectin in Al-doped Fe,O,/HAP nanocomposites. There
are three stages of weight loss in TGA curve (Fig. 2e) of
as-prepared products. The first stage of the decomposition
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Fig. 2. (a) TEM image of pectin-Fe,O, nanocrystals, (b) TEM and (c) HRTEM images of Al-doped pectin-Fe,O,/HAP nanocrys-
tals (Al/Ca molar ratio = 1:4), (d) TEM image of Al-doped Fe,O,/HAP prepared in the absence of pectin, and (e) TGA curve of
Al-doped pectin-Fe,O,/HAP nanocrystals (Al/Ca molar ratio = 1:4).
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observed up to 225°C is due to moisture evaporation. From
225°C to 270°C, the loss of weight is mainly owing to the
dehydration process of aluminium hydroxide. The third
stage of the decomposition is observed from 270°C to 600°C
corresponding to the pyrolysis of pectin molecules, indicat-
ing that the obtained products are inorganic-organic hybrid
materials.

Fig. 3a—c show the FT-IR spectra of pectin-Fe,O,/HAP
nanocrystals, Al-doped and fluoride-loaded the as-pre-
pared samples, respectively. As can be seen in IR spectra,
the IR bands at about 2,936; 1,736; 1,638; 1,395 cm™ should
be mainly attributed to C-H, C=O in free carboxylic acid
and carboxylate (COO-) groups of pectin molecules, respec-
tively; the appearance of the peaks at 1,090; 1,036; 962; 600
and 470 cm™ indicates the formation of the apatite phase.
The IR peaks at 582 and 565 cm™ are assigned to stretching
vibration of Fe-O, which confirms the successful combina-
tion of HAP with Fe,O,. The existence of magnetic material in
composites is easy to realize the solid-liquid separation after
adsorption. In IR spectrum of pectin-Fe,O,/HAP (Fig. 3a),
the peaks of 3,565 and 1,456 cm™ are attributed to O-H and
CO,* groups. In Fig. 3b, an additional IR peak at 907 cm™
attributed to O-Al-O is observed by the doping of Al ions
in matrix. Compared with the IR spectrum of Fe,O /HAP
(Fig. 3a), the intensity of IR peaks ascribing CO?" groups
obviously weakens and the characteristic peak for the O-H
stretching vibration is enhanced and blue-shifted (Fig. 3b).
Obviously, the doping of Al in samples increased the content
of hydroxyl group of hydroxyapatites, which could supply
more ion-exchange sites for fluoride. Conversely, the IR peak
of hydroxyl groups weakens again in fluoride-loaded adsor-
bents (Fig. 3c), which indicates that the fluoride ions has been
incorporated into the HAP nanocrystalline and the hydroxyl
groups on the surface might be replaced by fluoride ions.

Relative studies illustrated that self-organized porous
architecture of adsorbents could be formed during cal-
cination, which might be beneficial to adsorption appli-
cation because more active adsorption sites are available
for adsorbents [19,30]. Fig. 4a compares the adsorption of
Al-doped Fe,O,/HAP nanocrystals at different calcination
temperatures. It is evident that calcination temperature
has less of effect on the fluoride adsorption, even slightly
lower adsorption capacity with elevated temperature.
Fig. 4b shows the TEM image of calcined Al-doped Fe,O,/
HAP nanocrystals at 400°C. It can be seen that the parti-
cle size increases significantly and appears agglomerated
with change in morphology on calcination; needle-like
nanocrystals are beginning to gather and transform to bun-
dle-like structures as indicated by the arrows in TEM pic-
ture. The above TGA analysis showed that the temperature
for thermal depolymerization of pectin chains in compos-
ites is about 270°C. Therefore, the size and morphology of
Al-doped Fe,O,/HAP nanocrystals changed after calcina-
tion without the protection of pectin matrix, which resulted
in the decrease of adsorption capacity.

The effect of Al doping dose on the adsorption capac-
ity of adsorbents was evaluated following the increase of
Al/Ca molar ratio. As shown in Fig. 4c, an increased ten-
dency of adsorption capacity was observed when the Al/
Ca molar ratio was varied from 1:10 to 1:3. Al as a hard
Lewis acid has well-known high affinity toward fluoride,

Transmittance (a.u.)

. v T . T .
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3. FT-IR spectra of (a) pectin-Fe,O,/HAP nanocrystals,
(b) Al-doped pectin-Fe,O,/HAP nanocrystals (Al/Ca molar
ratio = 1:4), and (c) fluoride-loaded the as-prepared sample.

and has been use as cost efficient adsorbents for defluori-
dation treatment with good results [31]. Furthermore, the
results of zeta potentials analysis showed that the positive
charge of adsorbents increased after Al doping at differ-
ent pH values, which was in favour of fluoride adsorption
because of electrostatic attraction. However, excessive dose
of Al doping might result in the increase of dissolution of
Al ions in the water during the process of defluoridation.
Al accumulates in human organs may cause severe nervous
system diseases, and the WHO (1984) has recommended
0.2 mg/L as a guide line limit of Al ions in drinking water.
The concentration of Al ions in solution after the fluoride
adsorption experiments was measured using ICP-OES
analysis to confirm the degree of dissolution. As illustrated
in Fig. 4d, the amount of aluminium leaching in solution
increased with the increase of Al/Ca molar ratio. As Al/Ca
molar ratio was above 1:4, the concentration of Al ions in
solution was close to the safe limit (0.2 mg/L) in drinking
water. Thus, the molar ratio of Al to Ca 1:4 exhibited the
higher efficiency for fluoride removal and was not harm-
ful to water environment, which was used for the present
adsorption experiments.

The pH of the solution is one of the important factors
which significantly affect the extent of adsorption of fluo-
ride. Fig. 5a shows the effect of the initial solution pH on the
fluoride adsorption onto Al-doped Fe,O,/HAP nanocrystals
at given conditions. Obviously, the maximum adsorption
capacity is recorded at pH =5 and shows gradual decreas-
ing trend with increase and decrease of solution pH value.
Results of Al-doped Fe,O,/HAP zeta potential at different
pH values ranging from 3~11 (Fig. 5b) elucidated that the
isoelectric point of the adsorbent was about 8.4. Compared
with Fe,O,/HAP, the doping of Al resulted in the larger
isoelectric point value, which indicates that the adsorbents
are positively charged at a broader pH range and thus ben-
efits the adsorption of negatively charged anions. Similar
results were also reported by He et al. [20]. The surface
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crystals at 400°C, (c) effect of Al doping dose on fluoride adsorption capacity, and (d) Al residual concentration in solution at

different Al/Ca molar ratio.

of adsorbents is positively charged when the pH value is
below the isoelectric point, and the electrostatic interaction
between Al-doped Fe,O,/HAP nanocrystals and fluoride
ions further promoted fluoride adsorption. Low adsorp-
tion capacity at pH < 4 could be attributed to the formation
hydrofluoric acid, which reduced the electrostatic attraction
between fluoride and the surface of adsorbents. Besides,
hydroxyapatite is not stable under acidic condition and
hence exhibited poor fluoride removal efficiency. The reduc-
tion of fluoride removal in alkaline condition is ascribed to
electrostatic repulsion and the competition of hydroxyl with
fluoride for adsorption sites because of similarity in charge
and ionic radius [32]. The formation of NaAlO, at high pH
values is also regarded as a reason for poor fluoride removal
efficiency [20]. Although the optimum pH value for fluoride
adsorption is about 5, adsorbents had a higher capacity to
adsorb fluoride at a wider pH range (4~9). In present study,
neutral condition (pH = 7) was selected as experimen-
tal factor because that it is near environmentally relevant

pH range without the need for additional pH regulation.
Moreover, low pH value may to a certain extent cause the
dissolution of Al, Fe and Ca in water and bring toxic effect
to environment.

Usually, there are several other co-existing anions along
with fluoride at natural water, which may compete with
fluoride at the adsorption sites of Al-doped Fe,O,/HAP
nanocrystals. To explore the influence of anions on the
adsorption capacity of adsorbents, six anions including CI-,
NO;, SOz, HCO;, COZ and PO} with different concentra-
tions were added into 50 mL of blank solution containing
0.05 g adsorbents and fluoride (100 mg/L), and then adsorp-
tion capacity was calculated in the control experiments, as
shown in Fig. 6. The results revealed that the effect of CI,
NO; and SO} on the adsorption of fluoride was consid-
erably insignificant, even high concentration of CI~ could
enhance the adsorption capacity of adsorbents. The hydro-
lysis of HCO;, CO? and PO} anions could produce OH-,
and pH value of solution increased, which significantly
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reduced adsorption capacity of adsorbents. Similar results
were reported by He et al. [20].

Adsorption kinetics is crucial in adsorption investiga-
tion because it can predict the adsorption removal rate of
fluoride from aqueous solutions. Fig. 7a depicts the adsorp-
tion kinetics of fluoride on the Al-doped Fe,O,/HAP nano-
crystals (Al/Ca molar ratio = 1:4) at different temperatures
with an initial fluoride concentration of 100 mg/L (pH = 7).
For fluoride adsorption, the removal efficiency increased
sharply within 30 min and reached equilibrium at 80 min.
This phenomenon is attributed to the high aqueous fluo-
ride concentration and to a great deal of adsorption sites
on the surface of adsorbents initially, causing fluoride to
rapidly bind onto the adsorbent surface. Afterward, the
active sites were gradually exhausted with the increase of
contact time; the adsorption rate became slower and finally
reached equilibrium. As shown in Fig. 7b, the pH value of

solution gradually increased with adsorption time lasting.
The fluoride ions could be adsorbed on the surface of the
hydroxyapatite through the substitution of hydroxyl group
owing to similarity in charge and ionic radius, and thereby
caused the increase of pH value, which is consistent with
the results of FT-IR analysis.

To further quantify the efficiency of fluoride adsorption
with contact time, pseudo-first-order and pseudo-second-
order kinetic models were employed to simulate and analyse
the kinetic data, whose formulas are defined as follows:

ln(qg - ‘7:) =Ing, -kt 2
t 1 t
L1t @)
6 ka4,

where g, and g, (mg/g) are the equilibrium adsorption
capacity and the amount of fluoride adsorbed at time ¢
(min); k, (min™) and k, (g/mg min) are the pseudo-first-
order, pseudo-second-order rate constants, respectively.
The linear fitting plots and relevant calculated values of
the pseudo-first-order and pseudo-second-order models
at different temperatures are shown in Fig. 8 and Table 1.
Obviously, the linear fitting plot of the pseudo-first-order
kinetic model are not well aligned with the experimen-
tal data, showing R? value of less than 0.99. However, the
pseudo-second-order kinetic model shows a good linear
correlation with a R? value of nearly 1, and the calculated
equilibrium adsorption capacity (4, ) is in close agreement
with the experimental values. The well-fitting to pseu-
do-second-order kinetic model suggests a chemisorption
process involving ion exchange on the surface of Al-doped
Fe,O,/HAP nanocrystals [33].

For a solid-liquid sorption process, the solute transfer is
usually characterized by intraparticle diffusion control. The
rate of intraparticle diffusion is a function of 2 and can be
defined as follows:
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35°C and (c) 45°C.

Table 1

Rate constants and correlation coefficients of pseudo-first-order and pseudo-second-order kinetic models

Temperature Dy (ME/B) Pseudo-first-order Pseudo-second-order
e (MB/8) k, (min™) R 9ocac (MB/8) k, (g/mg min) R
25°C 36.78 6.74 0.0317 0.9651 37.20 0.0122 0.9999
35°C 41.46 7.51 0.0218 0.9410 41.46 0.0220 0.9999
45°C 43.67 12.38 0.0362 0.9855 45.35 0.0250 0.9999
A slope and intercept of the plot of g, against #'2. Fig. 9 pres-
g =kt +C @) ents alinear fit of intraparticle diffusion model for adsorp-

where k (mg/g min'?) is the intraparticle diffusion rate
constants, and C provides an idea of the boundary layer
thickness. The k and C values can be obtained from the

tion of fluoride on Al-doped Fe,O,/HAP nanocrystals at
different temperatures. As can be seen in figure, the fitted
lines do not pass through the origin, which suggests that
the intraparticle diffusion is not the only rate-limiting step.



240 D. Qin et al. / Desalination and Water Treatment 271 (2022) 232-243

e
1
40
38 -
36-

34 4

q,(mg/g)

324
304
28

26 4

Fig. 9. Intraparticle diffusion plots for the adsorption of fluoride
on Al-doped Fe,O,/HAP nanocrystals at different temperatures
(a) 25°C, (b) 35°C and (c) 45°C.

Moreover, three different linearity regions are observed
over the entire period of contact time, indicating that three
independent steps took place during the adsorption of
fluoride on Al-doped Fe,O,/HAP nanocrystals. The first
step represents the boundary layer diffusion while the fol-
lowing linear portion attributes to intraparticle diffusion,
and the third step is the adsorption equilibrium stage [34].
Therefore, it can be concluded the adsorption process was
complex and both external and intraparticle diffusion con-
tribute to the rate of fluoride removal.

Fig. 10 shows adsorption isotherms for fluoride on
Al-doped Fe,O,/HAP (Al/Ca molar ratio = 1:4) nanocrys-
tals at pH =7 and 25°C~45°C. The results revealed that the
as-prepared samples exhibited good adsorption capacity
for fluoride. It also can be seen that the g, value increased
with increasing the initial fluoride concentration, attributed
to the relatively strong driving force of the concentration
gradient at high initial concentrations. The increase of
temperature favoured fluoride adsorption, suggesting an
endothermic process. Two classic equilibrium isotherm
models, that is, Langmuir and Freundlich were selected
to fit the isotherm data. The Langmuir model assumes
that no interaction occurs among adsorbate molecules,
and that the adsorption is a monolayer. In contrast, the
Freundlich model is employed to describe heterogeneous
systems and reversible adsorption, which is not restricted
to monolayer formations. The linear equations of Langmuir
and Freundlich isotherm are expressed as follows:

c, C, 1
=4 -

©)
qe qm KLqm

Ing, =InK, + 1lncg (6)
n

where g, and g, (mg/g) are the equilibrium adsorption
capacity and the maximum adsorption capacity, respec-
tively; ¢, (mg/L) is the equilibrium concentration of fluoride

T T T T T
15 20 25 30 35 40 45 50 55 60 65 70
¢ (mg/L)

Fig. 10. Adsorption isotherms for fluoride on Al-doped Fe,O,/
HAP nanocrystals (pH = 7, Al/Ca molar ratio = 1:4) (a) 25°C, (b)
35°C and (c) 45°C.

in the solution; K, (L/mg) and K, (mg/g) are the Langmuir
and Freundlich adsorption constants, and n is related to
the energetic heterogeneity.

The corresponding plots of c/q~c, and Inc~Ing, as
illustrated in Fig. 11, show the simulation results for
fluoride onto the samples according to the Langmuir
and Freundlich isotherm models. The related parame-
ters obtained from linear regression by isotherm mod-
els are summarized in Table 2. It was observed that the
correlation coefficients for Freundlich isotherm model
(R* > 0.99) were higher compared to those for Langmuir
model. Therefore, Freundlich isotherms can better fit to
the experimental data with regard to fluoride adsorption
on Al-doped Fe,O/HAP nanocrystals at temperatures
of 25°C, 35°C and 45°C, implying that the adsorption
process involves multimolecular layers of coverage on
a heterogeneous surface. Moreover, in all samples, the
values of calculated 1/n are less than 1, which represents
favourable conditions for fluoride uptake. To evaluate
the thermodynamic feasibility and to confirm the nature
of the adsorption process, the thermodynamic param-
eters including standard Gibbs free energy (AG), stan-
dard enthalpy (AH) and entropy change (AS) for the
adsorption process were calculated using the following
equation:

AG =-RTInK @)
AG = AH —TAS ®)

where R is the universal gas constant (8.314 J/mol K), and
T is the temperature in Kelvin (K). The calculated AG, AH
and AS are displayed in Table 3. The negative values of
AG and positive values of AH indicate that the fluoride
sorption process is spontaneous and more favourable at
higher temperature in nature. The positive AS values suggest
the increase of randomness at the solid-solution interface
during the fluoride adsorption process.
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Fig. 11. Langmuir and Freundlich adsorption isotherm curves for fluoride on Al-doped Fe,O /HAP nanocrystals (a) 25°C, (b) 35°C

and (c) 45°C.

Table 2

Langmuir and Freundlich isotherm constants for adsorption of fluoride on Al-doped Fe,O,/HAP nanocrystals

Temperature (°C) Langmuir Freundlich
9, (mg/g) K, (L/mg) R K, (mg/g) n R?
25 48.26 0.036 0.8806 2.768 1.643 0.9970
35 56.88 0.036 0.8697 3.090 1.589 0.9968
45 61.80 0.036 0.8628 3.207 1.548 0.9956
According to the discussion above, the scheme of the  Taple3
formation of Al-dope Fe,O,/HAP nanocrystals in pectin  Thermodynamic parameters for fluoride adsorption on

matrix and adsorption mechanism for fluoride is illus-
trated in Fig. 12. The pectin molecules act as stabilizer
with specific functional groups can solve the problem of
aggregation associated with magnetic nanoparticles in lig-
uid media. The Al ions could be easily doped in the lat-
tice of hydroxyapatite because of its small radii and high
affinity to hydroxyl groups. Moreover, as a hard acid, Al
ions have a high affinity to fluoride (hard base), and thus
the Al doping benefits the fluoride adsorption. From the
results of IR spectra, the doping of Al increased the con-
tent of hydroxyl group of hydroxyapatites, which could
supply more ion-exchange sites for fluoride. Compared
with Fe,O,/HAP, the doping of Al resulted in the larger
isoelectric point value, which suggested strong elec-
trostatic attraction exists between adsorbents and fluo-
ride ions at a broader pH range. Finally, fluoride-loaded
adsorbents were magnetically recovered by employing a
strong external magnetic field.

4. Conclusions

In present study, the generation of Al-doped Fe,O /HAP
in pectin template via microwave-assisted method and its
application as an adsorbent for removal of fluoride from
aqueous solution are reported. The nanocomposites were

Al-doped Fe,O /HAP nanocrystals

Temperature (°C) AG (kJ/mol) AH (kJ/mol) AS (J/molK)
25 -15.81

35 -16.72 11.34 91.12

45 -17.64

synthesized with the iron salts co-precipitation followed
by direct encapsulation with hydroxyapatite (HAP) and Al
doping under microwave irradiation. The whole synthesis
process of pectin-conjugated Al-Fe,O,/HAP nanocrystals
was facile, rapid and environmentally friendly. During the
formation of as-prepared sample, pectin molecules played a
crucial role to control the morphology and size of Al-Fe, O,/
HAP nanocrystals. This novel adsorbent combines mer-
its of good magnetic separability and high affinity toward
fluoride. Compared with pure HAP, the obtained Al-doped
Fe,O,/HAP nanocrystals exhibited excellent adsorption
capacity and rate for fluoride at ambient conditions through
ion-exchange and high affinity of Al toward fluoride. The
adsorption was predominantly the multimolecular layers
adsorption of fluoride on a heterogeneous surface where
both external and intraparticle diffusion contributed to the
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Fig. 12. Schematic diagram of Al-doped Fe,O,/hydroxyapatite adsorbents: high affinity toward fluoride with ease of magnetic
separation.

rate of fluoride removal. Due to relatively high adsorption
capacity and ease of magnetic separation, the Al-doped
Fe,O,/HAP nanocrystals can be considered as a promising
adsorbent for fluoride removal in water treatment.
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