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ABSTRACT

Fluoride with high amounts in drinking water is harmful to human’s health. In this study, an alu-
minum-urea gel adsorbent (AUG) was synthesized using aluminum chloride and urea as raw
materials based on a simple one-pot hydrothermal method and applied for the defluoridation of
drinking water. The structures of AUG were characterized and its defluoridation performance was
evaluated. Our experimental results showed that the surface of AUG was amorphous with rich func-
tional groups and its efficiency for fluoride removal exceeded 90% in the pH range of 5.0-8.0 with
good stability. The fluoride adsorption isotherm of AUG could be fitted well with Langmuir with
its maximum adsorption capacity at 107.7 mg/g. The pseudo-second-order model implied that the
adsorption mechanism of fluoride on AUG was mainly based on chemical reactions between flu-
oride and the ligands between unsaturated aluminium and carbon functional groups. In addition,
ion exchange effect and electrostatic attraction may also help the adsorption. Our study suggests

that AUG might become a potential defluoridation agent for drinking water.
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1. Introduction

Fluorine is one of the necessary trace element with cer-
tain physiological functions mostly found in human teeth
and bones [1]. A moderate intake of fluoride can help pre-
vent dental caries in children and brittle bones in the elderly,
but excessive intake will cause dental fluorosis, bone fluo-
rosis [2,3]. Fluorosis can cause damage to the immune sys-
tem and kidneys, and even endanger life [4,5]. Both natural
environmental factors and production activities can cause
pollution of fluoride in water bodies [6,7]. For example,
such pollution exists in most parts of China [8], especially in
remote rural areas in northern China [9]. In this regard, the
World Health Organization has set a limit of 1.5 mg/L for the
concentration of fluoride in drinking water [10], and China
Sanitation Standards for Drinking Water (GB 5749-2006)

* Corresponding author.

stipulates that the upper limit of fluoride quality concentra-
tion in drinking water is 1.0 mg/L [11].

At present, main methods of removing fluoride from
water include electric flocculation [12], coagulation and pre-
cipitation, ion exchange [13], reverse osmosis and adsorp-
tion [14], among which adsorption is considered to be one
of the most ideal ways because of its simple operation and
low cost [15]. Traditionally, activated alumina [3] and other
low-cost aluminum-based adsorbents have been widely
used for fluoride removal [16]. However, the alumina adsor-
bent has some disadvantages such as low adsorption capac-
ity, acidic application range, poor adsorption kinetics and
regeneration difficulties [17,18]. Many efforts have been
put on modification of aluminum-based and alternative
adsorbents to enhance the efficiency of fluoride removal
with various materials, such as MOF [19], carbon [20] and
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graphene-based composites [6], LDH [21], rare earth doped
materials [22] and biomass materials [23] etc, Sathish et al.
[24] increased the fluoride removal ability by 3-5 times by
coating zirconium metal on the surface of carbon material.
Dhanasekaran and Sahu [16] chemically modified sawdust
with ferric hydroxide and activated alumina as adsorbents
to remove arsenic and fluoride from groundwater with
an adsorption capacity of 2.42 mg/g.

Recently, it has been found that some special structures
of aluminum oxide, such as defects, could significantly
improve the ability of fluoride removal, which has aroused
interests in the study of fluoride removal using aluminum
oxide. It needs to be emphasized that there are many inter-
mediate transition states for aluminum oxide except three
stable crystal phases since the hydrolysis process of alumi-
num salt is complex. In particular, the amorphous form of
aluminum oxide is considered to be favorable for fluoride
removal. For examples, Gong et al. [25] have investigated the
defluoridation performance of different alumina structures,
suggesting that low-temperature calcined alumina precip-
itation has high defluorination efficiency. Kang et al. [26]
implied that high-temperature treatment of aluminum oxide
could be conducive for the formation of defects and pro-
mote the adsorption of fluoride. Such investigations revealed
that aluminum oxides with different structures could be
obtained with different preparation methods, which would
significantly impact on the adsorption of fluoride.

In this study, an aluminum-urea gel adsorbent (AUG) for
defluoridation was successfully prepared based on slowly
hydrothermal hydrolysis of aluminum solution containing
urea. The as-prepared adsorbent has the advantages of con-
venient operation, low-cost and high efficiency on adsorp-
tion of fluoride. We evaluated the AUG adsorbent in terms
of: the structural characterization, the adsorption capac-
ity for fluoride, model fitting, and possible defluoridation
mechanisms.

2. Materials and research methods
2.1. Reagents and chemicals

Chemical reagents (NaF, AlICl, HNO, NaOH, and
CH,N,O) were used in this study. The reagents used were
all of analytical grade, and were used without further puri-
fication. 1 g/L fluoride stock solution was prepared with
NaF and deionized water. Adsorption working solution of
various concentrations was diluted from the stock solution
with deionized water.

2.2. Materials synthesis

At room temperature, a quantity of AICl, and CH,N,O,
with volume ratio of 1: 1.1; molar ratio of 1:2, was mixed
together and the mixture was transferred into a hydrother-
mal autoclave with a capacity of 50 mL and heated at 100°C
for 12 h. After the reaction had cooled down, the contents
were washed and centrifuged 2-3 times to remove the unre-
acted reactant from the surface. The washed samples were
dried to constant weight at 90°C in a blast drying oven,
and then ground in a mortar, and recorded as AUG for
later use.

2.3. Materials characterization

The morphology of the samples was analyzed by
scanning electron microscopy (SEM) (Gemini SEM 300,
Germany). Before the analysis, the samples were coated
with gold sputtering to reduce the charging effect in the
microscope. The specific surface area was determined by
nitrogen chemisorption measurement and a specific surface
area analyzer (Mac ASAP2460). The composition and crys-
tal structure of the sorbents were analyzed by X-ray powder
diffractometer (XRD) (Ultima IV, Japan). Fourier-transform
infrared spectroscopy (FTIR) (TENSOR 27, Germany) was
used to study the changes of functional groups on the AUG.
X-ray photoelectron spectroscopy (XPS) (K-Alpha*, America)
was used to analyze the changes of surface elements on the
AUG. The precipitation of aluminum was measured by an
inductively coupled plasma optical emission spectrometer
(ICP) (NexION 350). The zeta potential of the samples was
measured by a nano-Zetasizer ZS90 instrument.

2.4. Adsorption experiments

Batch adsorption experiments were carried out in poly-
ethylene tubes containing aqueous fluoride solution, vary-
ing the contact time (10 min to 24 h), pH range (3.0-11.0),
initial fluoride concentration (4-90 mg/L) and adsorbent
dose (0.15-0.3 g/L). These tubes were stirred at 140 rpm for
a predetermined contact time using a constant temperature
(at 25°C * 1°C) shaker. The pH was adjusted by addition of
NaOH (0.1 M) or HNO, (0.1 M) solution. When adsorption
was finished, the sample was passed through a 0.45 um
membrane and was filtered by a vacuum suction pump,
and the fluoride concentration of filtrate was measured by a
fluoride ion-selective electrode.

2.5. Determination of adsorption capacity

The adsorption capacity of fluorine, g, (mg/g), was
calculated by Eq. (1) [27]:

C.-C)\V
qezi( : m'f) (1)

where C; (mg/L) is the initial fluorine concentration;
C, (mg/L) is the fluorine concentration at equilibrium; V (L)
is the volume of fluoride solution and m (g) is the mass of
adsorbent.

3. Results and discussion
3.1. Characterization of materials

Fig. 1a illustrates that the SEM images of AUG exhibited
a solid surface without obvious pore structure. Fig. 1b shows
that after adsorption of fluoride the surface of AUG was
somewhat crunched with many more particles appearing.
Such adsorption could be further confirmed by energy-dis-
persive X-ray spectroscopy (EDS) images (Fig. 1c and d).
Fig. 2a exhibits the N, adsorption-desorption isotherms and
pore size distribution of AUG. The XRD image (Fig. 2b)
shows that after absorbing fluoride, the surface of AUG
was still amorphous with no obvious change.
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Fig. 1. (a) SEM of AUG, (b) SEM of AUG after fluoride adsorption, (c) EDS of AUG, and (d) EDS of AUG after fluoride adsorption.

The N, adsorption—desorption isotherm of the AUG was
mainly an H.-type hysteresis loop, which is characteristic
for mesoporous structure. The distribution diagram of pore
sizes also confirms the existence of mesoporous (2-50 nm)
structure. The results of the BET analysis suggested that
the BET surface areas of AUG were 1.5621 m?/g and its
pore volumes were 0.006735 cm®/g. Such results implied
that physical adsorption might not be the main process for
adsorption of fluoride on AUG. Based on the XRD pattern
of AUG (Fig. 2b), no obvious crystallization peaks could
be observed. Such results revealed that the prepared AUG
was mainly in the form of an amorphous alumina phase.

Fig. 3 shows the chemical composition of AUG analyzed
by XPS, indicating signals of Al 2p, C 1s, and O 1s. The high
resolution XPS spectra of C 1s (Fig. 3b) can be fitted into

three main peaks at 284.8, 285.84 and 289.39 eV, belonging
to C-C, C-O, and C=0, respectively [26,28]. As shown in
Fig. 3c, the two peaks in the O 1s spectrum at 532.08 and
532.73 eV, which can be assigned to C-O and adsorbed water
(H,O) on the AUG, respectively [29]. The peak at 531.28 eV
belongs to Al-O in the adsorbent [26]. The peak at 74.68 eV
in the Al 2p spectrum (Fig. 3d) is corresponding to alumina
in AUG [30].

Fig. 4 shows FTIR spectra of the AUG before and after the
adsorption of fluoride. The board peak at 3,361-3,042 cm™!
could be attributed to the stretching vibration of hydroxyl
groups (-OH) associated with the carboxylic groups. The
peak at 1,632 cm™ corresponded to the stretching vibration
of C=C [31]. The strong peak at 1,402 cm™ could be assigned
to the asymmetric stretching vibration mode of C=O [26].
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Fig. 3. XPS spectra of the AUG: (a) full range spectrum and high-resolution of (b) C 1s, (c) O 1s and (d) Al 2p.
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Fig. 4. FTIR spectra of the AUG before and after adsorption fluoride, (a) 1,400-400 cm™ range and (b) 1,050-600 cm™ range.

The peak at 927 cm™ could be ascribed to vibrational of Al-O
[32]. The peak at 751 cm™ was attributed to the vibration
of Al-O in AlO, octahedron [33].

3.2. Adsorption performance
3.2.1. Effect of AUG dose

Fig. 5 shows the effect of the AUG dose on fluoride
removal when the pH value is 7.0 + 0.1. With the increase
of the dose from 0.15 to 0.3 g/L, generally the efficiency
of fluoride removal increased from 88% to 98% while the
capacity of fluoride adsorption decreased from 21.9 to
12.2 mg/g. Such results suggested that the increase of AUG
would lead to the increase of of adsorption sites. Moreover,
it could be found that the efficiency of fluoride removal
enhanced significantly as the adsorbent dose increased
from 0.15 to 0.25 g/L. With the further increase of the dose,
the efficiency increased slowly. Considering the cost and
the efficiency, the AUG dose of 0.25 g/L was selected for
following experiments.

3.2.2. Effect of pH

Fig. 6 illustrates that the efficiency of fluoride removal
increased gradually with the increase of the pH value of the
solution from 3.0 to 8.0. The efficiency decreased rapidly
with further increase of the pH value. Such results revealed
that the AUG adsorbent was effective in removing fluoride
when the pH value was in a certain range.

In aqueous solution, the zero-point charge (ZPC) of the
adsorbent could affect the adsorption process of the adsor-
bent. Fig. 6 exhibits that the pH,,. value of the AUG was
around 9.7. When pH < pH,,., the adsorbent surface was
positively charged, which is beneficial for enhancement of
the electrostatic attraction and ligand/anion-exchange reac-
tion between fluoride anions and adsorbent surface, leading
to improvement of the adsorption capacity. When pH was
in the range of 3.0-8.0, the zeta potential value remained
above 29 mV, suggesting that protons in acidic suspension
had little effect on the zeta potential of AUG.
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Fig. 5. The fluoride removal efficiency with elevated dosages
of the AUG at pH 7.0. [Experimental conditions: C; = 4 mg/L,
volume =40 mL, and time =20 h].

When pH > pH,,, deprotonation could cause the
adsorbent surface to be negatively charged so that the elec-
trostatic force would repel the adsorption of fluoride [34].
Meanwhile, the OH- and fluoride anions in the solution
would compete for adsorption on the adsorbent, resulting
in decrease of fluoride adsorption [35]. However, when the
pH value was in the range of 8.0 to 9.0 (lower than pH,,)
and the adsorbent was positively charged, the adsorption
capacity of fluoride decreased rapidly, implying that deflu-
oridation was not only influenced by electrostatic interac-
tion. Because the maximum efficiency of fluoride removal
could be obtained at the pH value of 7.0, which is close to
the drinking water, this pH was adopted for evaluation of
the performance of the adsorbent.

3.2.3. Adsorption isotherm

Fig. 7 illustrates the impact of initial fluorine concentra-
tion on the efficiency of fluoride removal. It could be observed
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that with the increase of fluoride concentration from 4 to
90 mg/L, the fluoride adsorption capacity of AUG signifi-
cantly increased in the beginning and then almost reached a
plateau. Such results suggested that fluoride with increased
concentration could gradually occupy all the active sites
of the adsorbent. The adsorption capacity of AUG reached
83.81 mg/g for saturation.

Freundlich and Langmuir models were applied for anal-
ysis of the adsorption behavior of fluoride on adsorbents
[36]. Theoretically, Langmuir isotherm equation was con-
sidered as the monolayer adsorption of the active site of the
adsorbent while Freundlich isotherm equation was based
on multi-layer adsorption on heterogeneous surfaces [37].

Freundlich isotherm could be presented with the fol-
lowing equation:

logq, =logK, +llogCe 2)
n

where g, (mg/g) is the equilibrium uptake of fluorine
per unit mass of adsorbent, C, (mg/L) is the equilibrium
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Fig. 6. Effect of pH on fluoride adsorption capacity and zeta
potential of the AUG. [Experimental conditions: C; = 4 mg/L,
adsorbent dose of 0.25 g/L, and time = 20 h].
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Fig. 7. Fitting curves of fluoride adsorption by Langmuir and
Freundlich models. [Experimental conditions: C, = 4-90 mg/L,
adsorbent dose of 0.25 g/L, pH=7.0 £ 0.1, and time =20 h].

concentration of fluorine, K, is the adsorption capacity, and
1/n is the adsorption strength.
Langmuir isotherm could be presented with:

g = L + g (3)
qe quL qm

where g, (mg/g) is the equilibrium uptake of fluorine per unit
mass of adsorbent, g4 (mg/g) is the maximum adsorption,
K, (L/mg) is the Langmuir equilibrium constant, C, (mg/L)
is the equilibrium concentration of fluorine.

Fig. 7 shows the fitting curves and Table 1 lists the calcu-
lated parameters accordingly. It needs to be emphasized that
the linear correlation coefficient (R?) was normally used to
evaluate the fitting model. It could be found that Langmuir
model was more suitable to describe the adsorption process
of fluoride on AUG, implying that the adsorption might
be monolayer. From the Langmuir model the maximum
adsorption capacity was calculated to be 107.7 mg/g, which is
higher than that of adsorbents in previous reports (Table 2).

3.2.4. Adsorption kinetics

Fig. 8 illustrates the kinetics of fluoride adsorption on
AUG. It could be observed that the adsorption increased
rapidly at the initial stage (f < 60 min) and then slowly. Such
results might be attributed to the low concentration of resid-
ual fluoride and depletion of the active site after 60 min of
the reaction [42]. The removal of fluorine by the AUG could
reach 92% in the first 60 min, implying that the adsorption
was fast and effective. The Lagergren kinetic model was then
used to describe the kinetic behavior of the adsorbent and

Table 1

Adsorption isotherms parameters for fluoride adsorption
[experimental conditions: C;, = 4-90 mg/L, adsorbent dose of
0.25g/L, pH=7.0+0.1, and time =20 h]

Freundlich parameters Langmuir parameters

K.(mg/g) n R? q,(mg/g) K (Limg) R
12.70 230 096  107.70 0.04 0.98
Table 2

Maximum adsorption capacities of different absorbents for
fluoride

Adsorbents Tmax G, pH References
(mg/g) (mg/L)
Fe,0,@mSiO,@mLDH 28.5 0-30 75 [38]

Y-Zr-Al tri-metal 31.0 10-300 7.0 [22]
Zr-Al-La 90.5 20-140 3.0 [39]

Acid modified alumina 69.5 27-968 6.5 [36]
Sulfate-doped Fe, O,/ 70.4 2-160 7.0 [40]

Al O, nanoparticles

Montmorillonite clay 40 0-50 50 [41]

AUG 107.7 4-90 7.0 This work




M. Song et al. / Desalination and Water Treatment 286 (2023) 173-182

15.5 e

g ! 96

150 ﬁ 0
14.5 Jop §i
&
14.0 4 87 &
~ 2
) | »2
& 1351 J84
g | 153
S —
o 1304 481 8
<)
L} (=
1251 e 17 g
¢ F removal b

12.0 4 Pseudo-first-order < 75

Pseudo-second-order 1
115 +— 7

—T - T r 1 T 1 T 17T
0 200 400 600 800 1000 1200 1400 1600

t (min)
Fig. 8. Fitting curves of fluoride adsorption by pseudo-first-
order kinetic plots and pseudo-second-order kinetic plots.

[Experimental conditions: C;, = 4 mg/L, adsorbent dose of
0.25g/L, and pH=7.0+0.1].

evaluate the kinetic mechanism of the fluorine adsorption
process.
The pseudo-first-order model:

ln(qf—q,):lnqg -kt (4)

The pseudo-second-order model:

= )
9, ka 4,

where g, and g, are the adsorption capacities (mg/g) at
equilibrium and at any point in time, respectively; k, and
k, are the rate constants for the two models, respectively;
t is the reaction time (min).

Fig. 8 shows the kinetics parameters calculated from
the fitting plots and Table 3 lists the model parameters
extracted from the fitting curve. It could be found that the
pseudo-second-order model has the highest R? (>0.97) value
and is more suitable for describing the kinetic behavior of
adsorption on this adsorbent, implying that the rate-lim-
iting step of fluorine adsorption on AUG was chemical
adsorption.

3.2.5. Stability of AUG

Fig. 9 exhibits the influence of the pH value on the sta-
bility of AUG. It could be observed that large amounts of
aluminum ions could be dissolved from AUG when the pH
value is less than 7.0 and higher than 10.0. When the pH
value was ranging from 7.0 to 10.0, the amounts of dissolved
aluminum ions is below 0.2 mg/L [33]. When aluminum
was dissolved from AUG, soluble aluminum and fluoride
would form Al-F, which could not remove the fluoride in
the solution, resulting in the deterioration of defluoridation
efficiency. It is noteworthy that strongly acidic and basic
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Table 3

Kinetic models parameters for fluoride adsorption [experi-
mental conditions: C; = 4 mg/L, adsorbent dose of 0.25 g/L,
and pH=7.0+0.1]

Pseudo-first-order Pseudo-second-order

parameters parameters

q,(mg/g) k (g/mgmin) R*> g (mg/g) k,(g/mgmin) R

14.66 0.16 0.66 15.24 0.02 0.97
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Fig. 9. Soluble Al concentration in AUG.

conditions rarely occur. However, the stability of AUG in
pH 7-10 was satisfactory enough for the removal of fluoride
from drinking water.

3.3. Adsorption mechanism

Fig. 10 illustrates the XPS results of the AUG after
adsorption of fluoride. Compared with Fig. 3a, a new peak
appeared at 686.05 eV (Fig. 10a), which belongs to the F 1s
signal of fluorine. The high-resolution XPS of F 1s could
be splitted into two peaks located at 685.15 and 689.33 eV.
Because the binding energy of NaF is 684.5 eV [43,44], F
does not exist in the form of NaF on the adsorbent surface.
The peak at 685.15 eV can be attributed to Al-F in NaAlF,,
meaning that F forms an aluminum fluoride compound with
Al in AUG [45]. The peak at 689.33 eV belongs to C-F [46],
implying that the C element in the urea not only exists in
the formation of the AUG material but also combined with
F ions in the fluoride removal process, which could enhance
the removal rate of fluoride. The intensity differences of
C=0 in Figs. 3b and 10b suggested that this peak is signifi-
cantly reduced after the adsorption of fluoride, which further
supports the combination of C with fluoride. As shown in
Fig. 10c, the disappearance of H,O suggested the involve-
ment of the hydroxyl group in the fluoride removal process.
Fig. 10d shows that the peak of Al 2p moved from 74.68 to
74.48 eV, indicating participation of Al in the defluoridation
process.
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After adsorption

fluoride

Fig. 11. Sketch of the AUG adsorption mechanism.

FTIR results shows that the absorption peak of the Al-O
group at 927 cm™ disappeared and the peak at 751 cm™
decreased after adsorption, implying the involvement of Al
(AlO,) in the defluoridation process. It could also be observed
that after adsorption the -OH changed from three peaks at
3,361; 3,132, and 3,042 cm™ to one at 3,360 cm™, implying that
this group played an important role in fluoride adsorption.

Chemical
reaction

Electrostatic
adsorption

Ion
exchange

After adsorption the intensity of the peaks for C=C and C=O
also decreased significantly, suggesting that C=C and C=0
may be involved in the fluoride adsorption process.
According to aforementioned characterization results
and adsorption experiments, the mechanism of fluoride
adsorption by AUG would be (Fig. 11): (1) Electrostatic
attraction, a strong electrostatic attraction exists between
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the negatively charged fluoride and the positively charged
adsorbent surface in the pH range studied. (2) Ion-exchange
reaction, there is an ion exchange between fluoride and C=C
[47] as well as —OH. (3) Chemical reaction, the oxygen in the
AI-O group (such as AlO,) is replaced by fluorine ions to
form NaAlF, with Al-F bonds.

4. Conclusions

In summary, herein AUG was applied as an defluorida-
tion adsorbent with excellent performance based on a facile
hydrothermal method. Its effective fluoride removal could
be achieved at low doses and a wide pH range, from 5.0 to
8.0. The maximum capacity of AUG on fluoride adsorption
could reach 107.7 mg/g, which is much higher than many
reported adsorbents. The fluoride adsorption of AUG fol-
lowed the Langmuir isotherm model, indicating its mono-
layer adsorption. We also demonstrated that the adsorp-
tion kinetics of AUG followed a pseudo-secondary kinetic
model, dominated by chemisorption of fluoride. The addi-
tional mechanism of fluoride removal includes electrostatic
attraction, ion exchange and chemical reaction with car-
bon-containing functional groups. Our study suggests that
AUG could be a potential adsorbent for enhanced fluoride
removal from drinking water.
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