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A novel iron oxide adsorbent with a high fluoride adsorption capacity was prepared by a facile wet-
chemical precipitation method and ethanol treatment. The ethanol-treated adsorbent was amorphous
and had a high specific surface area. The adsorption capacity of the treated adsorbent was much higher
than that of untreated adsorbent. The Langmuir maximum adsorption capacity of the adsorbent prepared
at a low final precipitation pH (<9.0) and treated with ethanol reached 60.8 mg/g. A fast adsorption rate
was obtained, and 80% of the adsorption equilibrium capacity was achieved within 2 min. The adsorbent

Z?;‘;v:brg:t had high fluoride-removal efficiency for water in a wide initial pH range of 3.5-10.3 and had a high
Iron oxide affinity for fluoride in the presence of common co-anions. The ethanol treatment resulted in structure

transformation of the adsorbent by inhibiting the crystallization of the nano-precipitates. The adsorption
was confirmed to be ion exchange between fluoride ions and the hydroxyl groups on the adsorbent

Fluoride removal
Ethanol treatment

Drinking water surface.
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1. Introduction

Excess fluoride in drinking water has been shown to cause
serious health problems [1]. The upper limit of fluoride content
in drinking water is restricted to 1.5 mg/L according to the WHO
guidelines and 1.0mg/L according to the standards for drink-
ing water quality of China (GB5749-2006) [2]. Groundwater with
excess fluoride is widespread all over the world, especially in devel-
oping countries like China and India [3,4]. Most cases of endemic
fluorosis occur in rural areas of developing countries, where the
less-developed economy and technological challenges aggravate
the problem of unsafe drinking water. Therefore, an economical
and effective method for fluoride removal in drinking water is of
great importance [5-7].

Various methods have been developed for fluoride removal,
such as precipitation and flocculation [8,9], membrane separa-
tion [10-12], electrodialysis [13,14], and adsorption [15-18]. In
precipitation and flocculation process, lime and alum are used to
form insoluble precipitants with fluoride. The fluoride concentra-
tion of the treated solution still remains about 8.0 mg/L due to the
solubility of the formed precipitants [8,9]. Membrane separation
process mainly contains reverse osmosis and nanofiltration. It can
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produce water with extremely high purity, but suffers from high
energy consumption and membrane fouling [10-12]. In electro-
dialysis process, fluoride ions transfers through a semipermeable
membrane due to an electric potential. It is costly and easily influ-
enced by coexistingions[13,14]|. Among these, adsorption has been
considered as the most efficient and applicable method for fluo-
ride removal due to its easy operation, low energy consumption,
and stable treatment efficiency [17], making it ideal for use in less-
developed rural areas. In recent years, the oxides and hydroxides of
different metals, such as Fe [20,21], Al [22], Mg [23,24], Ti [25], Zr
[26-29], Ce [30,31], and La [32-34], have been reported as efficient
adsorbents for fluoride removal.

Expensive metal oxides like rare earth metal oxides have a sig-
nificant affinity to fluoride, but the extremely high cost restricts
their application. In comparison, iron oxides are more easily avail-
able and cost-effective. The affinity of iron oxides for fluoride ions
has been confirmed in previous reports [ 1]. However, the maximum
adsorption capacity of iron oxide adsorbents for fluoride is mostly
less than 10 mg/g [20,21,35,36], which still needs to be improved
to compete with other metal oxide adsorbents. For an identified
adsorbent, high specific surface area usually provides more sur-
face active sites for adsorption, affording a high adsorption capacity
[5,37-41]. Therefore, high specific surface area is desirable in the
preparation of an oxide adsorbent.

Metal oxide adsorbents are usually prepared with a wet-
chemical precipitation process [1,19,41-47]. The effects of different
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precipitation conditions, such as iron precursor, precipitant, reac-
tion medium, reaction time, reaction temperature, precipitation
pH, and adjustment additives, have been discussed in detail in the
literature [48-52]. The precipitation process of amorphous iron
oxide with a high specific surface area usually needs expensive
additives, like surfactant and noble metal ions [21,53,54], result-
ing in low cost efficiency of the preparation process. For example,
Chen et al. added Ti(IV) in the precipitation process of the iron
oxide adsorbent. The adsorption capacity increased from 11.6 mg/g
to 47.0 mg/g, but the cost of the adsorbent increased by hundreds
of times, because Ti(IV) is much more expensive than Fe(Il) [39].
Ethanol is known as a good dispersant, and has been used to wash
the precipitated metal oxide adsorbents [23,39]. However, ethanol
treatment is only used as an auxiliary process in the adsorbent
preparation. The effect of the ethanol treatment on the adsorbent
properties has rarely been studied.

In this work, the structural transformation of iron oxide caused
by the ethanol treatment was studied. The ethanol-treated adsor-
bent was highly amorphous, had a high specific surface area, and
its adsorption capacity was much higher than that of the adsorbent
without ethanol treatment. The effects of the final precipitation pH
and thermal treatment were investigated to improve the adsorp-
tion performance of the ethanol-treated adsorbent. The adsorption
mechanism of the adsorbent, adsorption isotherm, and kinetics
were studied. The adsorption capacity of the adsorbent at different
pH values and different coexisting ions was also investigated.

2. Experiments
2.1. Preparation of the iron oxide adsorbent

The iron oxide adsorbent was prepared by a facile wet-chemical
precipitation method. First, 100 mL of 0.9 M FeSO,4-7H,0 solution
was taken in a flask. Then, 12.5wt% ammonia was titrated drop-
wise into the solution under magnetic agitation, until the slurry pH
reached a set value, namely, the final precipitation pH. The obtained
precipitate was washed three times by centrifugation using deion-
ized water. The washed precipitate was then placed in ethanol,
dispersed well by magnetic agitation, and then re-collected by
centrifugation. The collected precipitate was dried at 80°C in an
oven for 2h and subsequently grinded, obtaining the ethanol-
treated adsorbent. The adsorbent was then sieved to 30-100 pm
for the adsorption performance measurement. For comparison, the
adsorbent without ethanol treatment was prepared using the same
procedure.

2.2. Investigation of preparation conditions

The effects of the final precipitation pH and thermal treat-
ment on the adsorbent properties were investigated. To examine
the effect of the final precipitation pH, 9mL, 18 mL, 29 mL, and
40 mL ammonia, respectively, was titrated into 100 mL of 0.9M
FeSO4-7H,0 solution, which corresponds to the final precipitation
pH of 7.6, 8.0, 9.0, and 9.6, respectively. The procedure used was
the same as described in section 2.1.

To investigate the effect of thermal treatment, the ethanol-
treated adsorbent with a final precipitation pH of 9.0 was thermally
treated in a muffle furnace for 1.5 h at a set temperature of 100°C,
200°C, 300°C, 400°C, and 500°C. The properties and adsorption
performance of the obtained iron oxide adsorbents were further
examined.

2.3. Characterization

The chemical composition and structure of the adsorbent sur-
face were examined by X-ray photoelectron spectroscopy (XPS,

PHI Quantera SXM, ULVAC-PHI, Japan). The morphology and
microstructure of the adsorbent were examined by scanning
electron microscopy (SEM, Carl ZeissMerlin, German) and high
resolution transmission electron microscopy (HRTEM, JEM-2011,
JEOL Co., Japan), respectively. The crystalline structure of the
adsorbent was analyzed using an X-ray diffraction analyzer (XRD,
D8-Advance, Brucker, Germany) over the range 5°-90° with Cu
Ka radiation at a scan speed of 10°/min. The specific surface area
of the adsorbent was measured by nitrogen adsorption using an
Autosorb-iQ2-C (Quantachrome Instruments, USA). The surface
zeta potential of the adsorbent was measured using a zeta poten-
tial instrument (ZetaPALS, Brookhaven Instruments Corporation,
USA). The chemical structure of the adsorbent surface before and
after defluoridation was examined by Fourier transform infrared
spectroscopy (FT-IR, Thermo Nicolet 560, USA).

2.4. Adsorption performance
(1) Adsorption isotherm

The adsorption isotherm of the adsorbent shows the equilibrium
fluoride adsorption capacities versus equilibrium fluoride concen-
trations. The equilibrium adsorption capacity was measured in
batch adsorption experiments, as described in our previous work
[38]. Fluoride solutions in a concentration range of 5-500 mg/L
were prepared by dissolving NaF in deionized water. Then, 50 mg
adsorbent was added into a conical flask containing 50 mL flu-
oride solution. The flask was shaken on a thermostat shaker at
180rpm and 25°C for 12 h to ensure the adsorption equilibrium.
After equilibrium, the fluoride concentration in the supernatant,
Ce, was measured with a fluoride selective electrode connected
to an ion meter (PXS-450, Shanghai Kang-Yi Instruments Co., LTD,
China) using the method in GB/T 13083-2002 [55]. The equilibrium
adsorption capacity of the adsorbent, ge, was calculated as

G -Ce
qe = m/V

(1)

where Cj is the initial fluoride concentration of the solution, Ce is
the fluoride concentration after adsorption reached equilibrium, m
is the mass of the adsorbent, and V'is the solution volume. The curve
of ge vs Ce, i.e., the adsorption isotherm, was then fitted with the
Langmuir model and the Freundlich model.

(2) Adsorption kinetics

The adsorption kinetics showed the relationship between the
adsorption capacity (q¢) versus the adsorption time (t) from the
beginning to the equilibrium of the adsorption process, which
reflected the adsorption rate. The adsorption capacity was mea-
sured in batch adsorption experiments, as described in our previous
work [38]. Here, the adsorbent dosage was 1 g/L, the initial fluoride
solution was fixed at 50 mg/L, while the reaction time was variable.
The adsorption capacities versus time curves were then fitted with
the 1st-order and 2nd-order kinetic models.

(3) Effect of initial solution pH and co-existing anions on the
adsorption performance

The effects of the initial solution pH on the adsorption per-
formance were investigated in batch adsorption experiments, as
described in our previous work [38]. HCl or NaOH solution was used
to adjust the initial pH of the fluoride solution in a range of 2-12.
The initial fluoride concentration was set at 50 mg/L. The adsorbent
dosage was 1 g/L. The equilibrium adsorption capacities at different
initial pH values were measured.
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Fig. 1. SEM images of adsorbents (a) with and (b) without ethanol treatment.

As described in our previous work [38], NaCl, NaNO3, Na;SOy4,
Na,COs3, and Na3PO4 were added into the fluoride solution to play
the role of co-existing anions, i.e., CI=, NO3~, SO42~, CO32~, and
PO,43-, respectively. The initial pH was adjusted to 7-8 using HCl or
NaOH solution. The initial fluoride concentration was set at 4 mg/L.
The adsorbent dosage was 1 g/L. The equilibrium adsorption capac-
ities in the presence of different anions were measured.

(4) Regeneration

The regeneration method was described in our previous work
[38]. In the adsorption, the initial fluoride concentration was set
at 4mg/L, and the adsorbent dosage was 1g/L. In the regenera-
tion, NaOH solution was used as regeneration agent. After fluoride
adsorption, the used adsorbent was collected and then dispersed in
NaOH solution for fluoride desorption. After desorption, the adsor-
bent was washed with HCl solution for activation, and then used
for fluoride adsorption again. The desorption efficiency at differ-
ent concentrations of NaOH solution and the fluoride adsorption
capacity recovery after regeneration were measured. 5 regenera-
tion recycles were conducted.

3. Results and discussion
3.1. Effect of ethanol treatment on adsorbent properties
(1) Structure transformation of the adsorbent

The properties of the adsorbents with and without ethanol treat-
ment were measured and compared. The final precipitation pH was
9.0 and the adsorbent was not heat-treated. The Fe2p and O1s
peaks in the XPS spectra (see Fig. S1) confirm that the adsorbents
are iron oxide. The SEM images in Fig. 1 show that the ethanol-
treated adsorbent has a flake-like morphology, while the adsorbent
without ethanol treatment has a needle-like morphology. The XRD
spectra of the adsorbents in Fig. 2 show that the ethanol-treated
adsorbent has a totally amorphous structure and the untreated
adsorbent has a poorly crystallized goethite structure (a-FeOOH,
PDF#29-0713, characteristic peaks: 17.9°,33.2°, 34.7°, 36.6°, 52.8°,
and 59.1°). The SEM and XRD analyses indicate that the ethanol
treatment changed the microstructure of the iron oxide adsorbent
significantly.

The structural transformation of the adsorbent due to ethanol
treatment is illustrated in Fig. 3. During precipitation, the iron
oxide nanoprecipitates formed and easily assembled together in
the lattice growth pattern of a-FeOOH. Without ethanol treatment,
the precipitates were assembled in the drying process, forming a

” With ethanol treatment
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Fig. 2. XRD spectra of the adsorbents with and without ethanol treatment.

needle-like, crystallized o-FeOOH adsorbent. When treated with
ethanol, the nanoprecipitates were dispersed and stabilized by
the ethanol molecules adsorbed on their surface. The adsorbed
ethanol molecules prevent the assembly of the nanoprecipitates in
the drying process, forming a flake-like amorphous adsorbent that
was quite different from that without ethanol treatment. Previous
reports have indicated the similar structural disturbance of iron
oxide/hydroxide in the formation process by adsorbed species like
phosphate and nitrate ions through a steric blockage effect [51,56].

To compare the microstructure of the adsorbents, the TEM
images of the adsorbents with and without ethanol treatment
are shown in Fig. 4. For the ethanol-treated adsorbent, the nano-
precipitate was loosely assembled, forming a flake-like shape, as
shown in Fig. 4(a). The adsorbent is porous due to the evaporated
ethanol that adsorbed on the nano-precipitate surface, producing
a highly specific surface area. In contrast, the adsorbent without
ethanol treatment had a dense, crystallized structure, and a low
specific surface area, as shown in Fig. 4(b).

To further confirm the effect of the ethanol treatment, the
ethanol-treated precipitate was re-washed using deionized water
to remove the ethanol before drying, and the microstructure of the
re-washed adsorbent was examined and compared to that of the
adsorbents with and without ethanol treatment. The re-washed
adsorbent had a needle-like morphology and a crystal spectrum
corresponding to that of goethite (a-FeOOH, PDF#29-0713) just
as the adsorbent without ethanol treatment, as shown in the SEM
images in Fig. S2 and the XRD spectrum in Fig. S3, thus confirm-
ing that the microstructural change of the adsorbent was due to
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Fig. 4. TEM images of adsorbents (a) with and (b) without ethanol treatment.

Table 1
Adsorption capacities and specific surface area of the adsorbents with and without
ethanol treatment.

Ethanol treatment With Without
Qe([Flo=50 mg/L), mg/g 24.6 9.2
Q.([Flo=500mg/L), mg/g 62.3 109
SSA, m2/[g 150.4 12.6

the effects of ethanol treatment. The appearance of the crystallized
structure in the re-washed precipitate indicated that the ethanol
molecules were weakly adsorbed to the surface of the precipitates
and easily removed.

(2) Specific surface area and adsorption capacity

The specific surface areas of the adsorbents with and without
ethanol treatment were determined by N, adsorption analysis. As
shown in Table 1, the specific surface areas of the adsorbent with
and without ethanol treatment were 12.6 m?/g and 150.4m?/g,
respectively. This indicates that the ethanol-treated adsorbent
had more surface active sites for adsorption. The N, adsorption-
desorption isotherms and the corresponding pore size distribution
curves (analyzed by DFT method) of the adsorbents are shown in
Fig. S4.

The adsorption capacities of the adsorbents with and without
ethanol treatment were determined and compared (Table 1). The
adsorption capacity of the ethanol-treated adsorbent with an initial
fluoride concentration of 50 mg/L was 24.6 mg/g, much higher than
9.2 mg/g for the adsorbent without ethanol treatment. When the
initial fluoride concentration increased to 500 mg/L, the ethanol-
treated adsorbentreached a higher equilibrium adsorption capacity
of 62.3mg/g, almost five times higher than the capacity of the
adsorbent without ethanol treatment. The increase of the adsorp-
tion capacity difference is mainly attributed to the increase in the
number of surface active sites for fluoride removal, indicating that
the facile ethanol-treatment significantly increases the adsorption
capacity of the iron oxide adsorbent.

3.2. Effects of preparation conditions on adsorbent properties

(1) Effects of final precipitation pH

In order to optimize the adsorbent preparation, the effects of the
final precipitation pH on the adsorption capacity for the adsorbents
with and without ethanol treatment were investigated. The set final
pH values were 7.6, 8.0, 9.0, and 9.6, which correspond to 9 mlL,
18 mL, 29 mL, and 40 mL of titrated ammonia, respectively.
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Fig. 5. XRD spectra of the adsorbents (a) with and (b) without ethanol treatment at different final precipitation pH.

Table 2

Equilibrium adsorption capacity and specific surface area of the adsorbents with and without ethanol treatment at different final precipitation pH ([F~]o =50 mg/L).

Ammonia titration, mL Final precipitation pH

With ethanol treatment

Without ethanol treatment

Q., mg/g SSA, m?/g Q., mg/g SSA, m?/g
9 7.6 24.4 128.0 11.6 8.8
18 8.0 241 123.7 8.4 114
29 9.0 24.6 150.4 9.2 12.9
40 9.6 12.7 50.3 10.5 19.8

SEM images and XRD spectra of the adsorbents were taken. The
morphology of the adsorbents with the final precipitation pH values
of 7.6 and 8.0 before and after ethanol treatment was very simi-
lar to that with a final precipitation pH of 9.0, as shown in Fig. 1.
The XRD spectra patterns shown in Fig. 5 indicate that the adsor-
bents with and without ethanol treatment did not change when the
final precipitation pH was <9.0. The morphologies of the adsorbents
prepared with a final precipitation pH of 9.6 are shown in Fig. S5,
and the XRD spectra of the adsorbents are shown in Fig. 5. When
the final precipitation pH was 9.6, the precipitate without ethanol
treatment was a mixture of sphere-like particles and tiny rods with
a crystal spectrum corresponding to that of maghemite (y-Fe, 03,
PDF#39-1346, characteristic peaks: 30.3°, 35.6°,43.3°, 53.8°,57.3°,
62.9°). The small peak at 21.2° was assigned to a-FeOOH, indicat-
ing that the adsorbent contained a small portion of a-FeOOH. As
in the case with a lower final precipitation pH, the ethanol-treated
adsorbent had a flake-like morphology and the a-FeOOH crystal
structure was inhibited. However, the ethanol-treated adsorbent
had a rougher surface and more crystalline constituents than the
precipitate prepared at a lower pH, in accordance with the needle-
like and sphere-like portions in the SEM image and the broad peaks
in the XRD spectra. It is inferred that the nano-y-Fe,03 precipi-
tate formed at pH 9.6 was more difficult to be dispersed than the
a-FeOOH precipitate; therefore, the ethanol treatment was less
effective in preventing the crystallization. The ethanol treatment
effects are different for different types of the formed iron oxide,
i.e., different final precipitation pH.

The equilibrium adsorption capacity at the initial fluoride
concentration [F]o=50mg/L and the specific surface area of the
adsorbents with and without ethanol treatment with a different
final precipitation pH are shown in Table 2. The N, adsorption-
desorption isotherms and the corresponding pore size distribution
curves (analyzed by DFT method) of the adsorbents are shown
in Fig. S4. It is indicated that the ethanol treatment can increase
the adsorption capacity and the specific surface area at the final
precipitation pH below 9.0, but the increase at pH 9.6 was less
significant. When the final precipitation pH was less than 9.6, the

precipitate was a-FeOOH, the specific surface area of the ethanol-
treated adsorbent was 120-150 m2/g, and the adsorption capacity
was 24-25mg/g. When the final precipitation pH reached 9.6, the
precipitate was y-Fe, 03, the specific surface area of the ethanol-
treated adsorbent was only 50.3 m2/g, and the adsorption capacity
of the ethanol-treated adsorbent was only 12.7 mg/g. The ethanol
treatment causes less effective structure transformation of the pre-
cipitate with a final precipitation pH of 9.6.

Therefore, the increase in the final precipitation pH caused the
crystal phase transformation of the iron oxide precipitate, which
affects the effects of the ethanol treatment, leading to differ-
ent adsorption performance of the ethanol-treated adsorbent. To
obtain a high adsorption capacity of the ethanol-treated adsorbent,
the final precipitation pH should not exceed 9.0, i.e., the iron oxide
precipitate should have a goethite structure.

(2) Effects of thermal treatment

The effects of thermal treatment on the adsorbent properties
were investigated at different temperatures on the ethanol-treated
adsorbent with the final precipitation pH of 9.0. The SEM images
in Fig. S6 show that the aggregation in the heat-treated adsor-
bents was enhanced with the temperature increase, and some
fine needle-like and sphere-like parts appeared. The XRD spectra
in Fig. 6 confirmed the increase of in the amount of the crys-
tallized constituent in the heat-treated adsorbent. After thermal
treatment at 100 °C and 200 °C, the adsorbent was poorly crystal-
lized maghemite (y-Fe, 03, PDF#39-1346). After thermal treatment
at 300°C or higher, the adsorbent was hematite (a-Fe, O3, PDF#33-
0664).

The adsorption capacity and specific surface area of the heat-
treated adsorbents at different temperature are shown in Table 3.
The N, adsorption-desorption isotherms and the corresponding
pore size distribution curves (analyzed by DFT method) of the
adsorbents are shown in Fig. S7. Basically, the adsorption capac-
ity and the specific surface area decreased significantly with the
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Fig. 6. XRD spectra of the ethanol-treated adsorbents with thermal treatment at
different temperatures.

Table 3
Equilibrium adsorption capacity ([F~]o =50 mg/g) and specific surface area of the
heat-treated adsorbents at different temperatures.

T,°C No 100 200 300 400 500

Adsorption capacity, mg/g 24.6 19.0 17.0 13.3 115 9.5
SSA, m?[g 150.4 94.7 721 51.3 28.2 32.8

increase in the thermal treatment temperature, corresponding to
the increase in the crystallization degree.

Therefore, to obtain high adsorption performance, the adsor-
bent should not be thermally treated to avoid the enhancement of
crystallization. The ethanol-treated adsorbent with a final precipi-
tation pH 0f 9.0 and with no thermal treatment was used for further
investigations.

3.3. Adsorption performances of the ethanol-treated adsorbent
(1) Adsorption isotherm

The adsorption isotherm of the adsorbent is measured and
shown in Fig. 7. The experimental data were fitted using the Lang-
muir model and Freundlich model [57]:

Qe — Q;,maxbce
+ bCe

(3) Qe =KfCe1/" (Freundlich model)where Q,max, b, K¢, and n are
the fitting parameters of the models, reflecting the adsorption abil-
ity of the adsorbent.

The fitting results are shown in Table 4. Both the Langmuir
model and the Freundlich model had a high correlation coefficient
with the adsorption isotherm. The Langmuir model fitted better
with the adsorption isotherm when the equilibrium fluoride con-
centration was lower than 100 mg/L, indicating the occurrence of
monolayer adsorption. When the equilibrium fluoride concentra-
tion was higher than 100 mg/L, the Freundlich model fitted better
with the adsorption isotherm, indicating a heterogeneous multi-

(Langmuir model) (2)

70 ¢
60k
s0F
%3 40:—
g 30F
% [ O Experimental data
Q) 20F Langmuir isotherm
Freundlich isotherm
10F
oF
U U S S S [T SN S S N T SN ST S [ S S SR S S S S
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C,mg/L

Fig. 7. Adsorption isotherms of the ethanol-treated adsorbent (adsorbent
dosage=1g/L).

Table 5
Langmuir maximum adsorption capacity of this work compared with those of other
iron-based adsorbents in literature.

Adsorbents Langmuir Qrmax, Mg/g Ref.
3-FeOOH@GO 7.1 [20]
v-Fe; 03 7.9 [21]
-FeOOH 7.0 [34]
FeCO3 1.7 [35]
Fe-Ti oxide 47.3 [39]
Fe-Zr oxide 8.2 [41]
Fe-Al oxide 17.7 [42]
Fe-Sn oxide 10.5 [43]
Fe-Cr oxide 16.3 [44]
Amorphous Fe oxide 60.8 This work

muir maximum adsorption capacity of the adsorbent was used for
comparison with other fluoride removal adsorbents. The Langmuir
maximum adsorption capacity reached a high value of 60.8 mg/g.
Compared with other iron-based adsorbents, the iron-oxide adsor-
bent used in this work had a relatively high adsorption capacity, as
is shown in Table 5. Since no expensive or harmful additive (like Ti,
Cr, and graphene oxide) was needed in the adsorbent synthesis, it
had a high cost efficiency.

(2) Adsorption kinetics

The adsorption kinetic curve of the adsorbent is shown in Fig. 8.
The adsorption kinetic data were fitted using the 1st- and 2nd-order
kinetic models [47]:

dq

) )
% = ky(ge — q)’ )

The integral expressions are:

layer adsorption of the adsorbent surface for fluoride [57]. Since q=qe(1- e*"“) (6)
the adsorption capacity of an adsorbent is usually given by the .
Langmuir maximum adsorption capacity in literature, the Lang- 9 = k2det/ (1 + kaget) (7)
Table 4
Fitting parameters of the adsorption isotherms (adsorbent dosage =1 g/L).

Fitted model Langmuir Freundlich

Parameter QLmax, ME/E b, L/mg R? Kr, mg/g n R?

Value 60.8 0.06 0.9898 5.24 218 0.9907
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where k; and k, are the rate constants of the 1st- and 2nd-
order kinetic models, respectively; g is the equilibrium adsorption
capacity; and q is the adsorption capacity at time t.

Fig. 8 shows that the adsorption was very fast and 80% of the
equilibrium adsorption capacity was achieved within 2 min. The
1st- and 2nd-order kinetic models were used to fit the adsorp-
tion kinetic data, and the fitting parameters are shown in Table 6.
According to the correlation coefficient, the 2nd-order Kkinetic
model fitted better with the experimental data.

(3) Effects of the initial solution pH

The effects of the initial solution pH on the adsorption perfor-
mance of the adsorbent were investigated and shown in Fig. 9. In
the pH range of 3.5-10.3, the equilibrium adsorption capacities of
the adsorbent have almost no change, indicating that the adsorbent
had a wide pH range suitable for fluoride adsorption. When the pH
was <3.5, the formation of the weak acid HF increased. The adsor-
bent surface had a weak attraction to HF in the solution, resulting
in a decreased adsorption capacity. When the pH was >10.3, the
abundant OH~ competed with the F~ ions for the active sites of

Table 6

Fitting parameters of the adsorption kinetics ([F~]o =50 mg/L, adsorbent dosage =1 g/L).
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Fig. 10. Effects of coexisting ions on the adsorption capacity ([F~]o =4 mg/L; initial
pH 7-8).

the adsorbent surface, leading to the decrease in the adsorption
capacity [23,38,58]. The equilibrium solution pH is also shown in
Fig. 9. A pH buffering effect of the iron oxide was observed [38].
When the initial pH was lower than 10.3, the equilibrium pH was
lower than the pHzpc of the adsorbent (pHzpc=5.4, see Fig. S8), the
adsorbent carried positive surface charge and preferred to adsorb
fluoride ions. When the initial pH was higher than 10.3, the equi-
librium pH was higher than 5.4, the adsorbent had negative surface
charge, which cause the adsorption capacity decrease.

(4) Effects of co-existing ions in adsorption

The equilibrium fluoride adsorption capacity of the adsorbent
in the presence of some common anions was studied, as is shown
in Fig. 10. CI=, NO3~ and SO42~ had almost no effect on the fluoride
adsorption capacity even when the co-existing anion concentration
was 25 times that of the fluoride concentration, indicating the high
fluoride affinity of the adsorbent even in high salinity water [59].
CO32~ and PO43~ at a high concentration did reduce the fluoride
adsorption capacity, but their effect was negligible until the co-
existing anion concentration was 10 times higher than the fluoride
concentration. In fact, the concentration of PO43~ in groundwater
is usually less than 5mg/L [60], which has no effect on fluoride
removal. At a typical concentration of about 100 mg/L for CO32~ in
groundwater [59], a high fluoride removal efficiency is still obtained
with the adsorbent, indicating a higher selectivity for fluoride than
that of other adsorbents reported in literature [60-63].

(5) Fluoride desorption

The fluoride desorption efficiencies of the adsorbent using NaOH
solution of 0.001 M, 0.01 M and 0.1 M were 19.9%, 85.3% and 95.6%,
respectively, indicating that the used adsorbent can be regenerated
by using NaOH solution. The fluoride adsorption capacity recovery
of the adsorbent after regeneration with 0.1 M NaOH solution is
shown in Table 7. It indicates that the adsorbent had a high regen-
eration efficiency. After 5 recycles, over 85% of the initial adsorption

1st kinetics 2nd kinetics
Parameter Qe, mg/g k1, min~! R? Qe, mg/g ky, gmg T min~! R?
Value 21.55 0.85 0.9689 22.58 0.07 0.9874
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Table 7
The fluoride adsorption capacity recovery of the adsorbent after each regeneration
recycle ([F~]o=4 mg/L, desorption time 10 min). O: initial adsorption capacity, 100%.

Table 8
Changes of the XPS O1 s peak of the adsorbent before and after fluoride adsorption
([F~Jo =500 mg/L).

Recycles 0 1 2 3 4 5
F~ adsorption recovery, % 100 939 92.8 92.6 90.0 85.8
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Fig. 11. FT-IR spectra of the ethanol-treated adsorbent before and after fluoride
adsorption ([F~]o =500 mg/L).

capacity was recovered, indicating a high reusability of the adsor-
bent for a long term.

3.4. Adsorption mechanism

The FT-IR spectra of the adsorbent before and after adsorp-
tion are shown in Fig. 11. The peak at 1627.6cm~! was assigned
to the bending vibration of water [38]. The peak at 1425.2 cm™!
was assigned to the bending vibration of C—H bond in the resid-
ual ethanol [64], which was removed from the adsorbent after
soaking in water. It was confirmed that the adsorbent after soak-
ing in deionized water had the same adsorption capacity and the
residue ethanol had no contribution to the adsorption of fluoride.
The broad band from 1272.2cm~! to 941.3 cm™! consisted of three
peaks at 1125.9cm™?, 1051.6cm™!, and 972.6 cm™!, representing
the bending vibration of the metal hydroxyl groups [20,39]. The
peaks at 877.1cm~! and 790.8 cm~! were attributed to the hydro-
genbond[58,65]. For bands in the range of 700-400 cm~!, the peaks
at704.5cm~1,608.3 cm~!,and 420.5 cm~! for the adsorbent before
adsorption, and at 704.5cm~!, 622.3cm™!, and 474.7 cm~! for the

Raw (a)
— Fitting
Background
OH
2 -0”
g7
=
L
=
Ao
536 534 5% 530 528
Binding energy, eV

Sample Peak Binding FWHM, eV Mole
energy, eV content, %

Before 0> 530.06 1.24 235

adsorption OH~ 531.65 1.66 76.5

After 0%~ 529.86 1.16 342

adsorption OH~ 531.31 1.69 66.4

adsorbent after adsorption, were assigned to the Fe-O bond in the
FeOOH oxide [66].

After adsorption, the band from 1272.2cm~! to 941.3cm™!
weakened significantly, indicating that the hydroxyl groups on
the adsorbent surface played a role in the adsorption. The peaks
at 880.4cm~! and 786.3cm™! strengthened, indicating that the
hydrogen bond was strengthened, which was inferred to be due to
the adsorbed fluoride having a higher electronegativity than oxy-
gen in the formation of a hydrogen bond. The location shift of the
Fe-O bands from 608.3 cm~! to 622.3 cm~! and from 420.5cm™! to
474.7 cm~! indicated the formation of a new bond between Fe and
fluoride.

For further clarification of the adsorption mechanism, the XPS
spectra before and after adsorption are shown in Fig. S9. After
adsorption, a new peak assigned to F1 s occurred at 684.5 eV, con-
firming the fluoride adsorption on the adsorbent surface. The mole
ratio of F on the surface of the adsorbent increased to 18.1% and the
mole ratio of O decreased by 16.2% after adsorption, as is shown
in Table S1, indicating that ion exchange between fluoride and
some oxygen-containing groups on the adsorbent surface occurred
during the adsorption process. The O1s XPS spectra before and
after adsorption were deconvoluted into two peaks, which were
assigned to hydroxyl (OH) group and oxygen anion (02-), respec-
tively, as is shown in Fig. 12. The binding energy and relative
content of the OH and 0%~ groups are shown in Table 8. The content
of the OH group decreased significantly after adsorption, indicating
that it was the OH groups that were replaced by the fluoride ions.
The decrease of binding energy for OH and 02~ groups are inferred
to be caused by the electron-donating conjugated effect of fluo-
ride which increased the electron cloud density and the electron
shielding effect of the O atoms.

Therefore, the adsorption mechanism of the iron oxide adsor-
bent is expressed as:

Fe—OH + F- — Fe—F + OH™ (8)

According to Eq. (8), higher fluoride concentration caused more
OH~ release [38]. The final pH of fluoride solution after adsorp-
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Fig. 12. XPS spectra of O1 s peak for the ethanol-treated adsorbent (a) before and (b) after fluoride adsorption.
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Table 9
The initial pH of the fluoride solution and the final pH after adsorption for different
initial fluoride concentration.

[F~Jo, mg/L 0 50 100 200 500
PHo 7.0 7.1 7.2 73 7.4
pHe 3.8 4.6 4.9 53 5.8

tion for different initial fluoride concentration is shown in Table 9.
The fluoride solution was prepared by dissolving NaF in deionized
water, without pH adjustment. Since HF is a weak acid, the solution
pH increases as the fluoride concentration increase, but generally
in the range of 7.0-8.0. The buffering effect of the adsorbent and the
exchange of fluoride and OH™ also affect the final pH of the solu-
tion. The buffering effect is the same for all the solutions, causing
the final pH decrease, as shown in Fig. 9. The exchange of fluoride
and OH~ is enhanced as the fluoride concentration increases, caus-
ing the increase of the final pH. Table 9 shows that the final pH of
the solution increased from 3.8 to 5.8 when the initial fluoride con-
centration increased from 0 to 500 mg/L. The larger increase of the
final pH confirmed that the ion exchange occurred between flu-
oride and the hydroxyl groups and higher fluoride concentration
caused more OH™ release.

4. Conclusions

A cost-effective iron-oxide adsorbent with a high adsorption
capacity for fluoride was prepared by a facile wet-chemical pre-
cipitation method and ethanol treatment. The Langmuir maximum
adsorption capacity reached a high value of 60.8 mg/g. The ethanol-
treated adsorbent had a high adsorption rate, and 80% of the
equilibrium adsorption capacity was achieved within 2 min. The
adsorbent had a high fluoride adsorption capacity in a wide pH
range of 3.5-10.3 and a high selectivity for fluoride in the presence
of common anions. The obtained adsorbent was highly cost-
effective for fluoride removal from drinking water.

The ethanol treatment caused the microstructure transforma-
tion of the adsorbent from a poorly crystallized needle-like goethite
precipitate to a totally amorphous adsorbent with a flake-like mor-
phology, which significantly increased the specific surface area of
the adsorbent, increasing the adsorption capacity for fluoride. To
obtain a high specific surface area and adsorption capacity after
ethanol treatment, the final precipitation pH should be below 9.0 to
produce a poorly crystallized a-FeOOH structured precipitate. The
adsorption mechanism was determined to be due to ion exchange
between fluoride and the hydroxyl groups on the adsorbent surface.
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