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Abstract

Activated alumina (AA) with metastable crystal phase and porous structure has shown great potential for fluoride ion
removal. Conventional AA is obtained by direct calcination, which limits its fluoride adsorption ability due to the low
surface area and limited active sites. In this work, a highly porous AA was synthesized by a sol-gel method, followed with
supercritical drying (including ethanol supercritical drying and carbon dioxide supercritical drying) and calcination. The
fluoride ion adsorption properties of AA were studied at different concentrations of fluoride in solution. The Langmuir
model, Freundlich model, pseudo-first-order model and pseudo-second-order model were used to describe the adsorption
process. The results show that the resulting AAs possess a high porosity and a high specific surface area (up to 660 m*/g).
The fluoride adsorption capacity of AA increases with the increase of specific surface area and porosity (up to 119.2 mg/g),
which is much higher than that of AA prepared by the traditional method (direct calcination). Moreover, all the fitted
correlation coefficients of the four models exceed 90%, indicating both chemical and physical adsorption in AA.
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Highlights

e Activated alumina (AA) was prepared by sol-gel method, followed with supercritical drying.
e The highest fluoride adsorption capacity of porous AA is 119.2 mg/g.
e The number of active sites of AA increases due to the high porosity and specific surface area.

1 Introduction

Fluorine is one of the essential trace elements for the human
body, but excessive fluoride could damage human teeth and
bones, which is harmful to human health [1]. The fluoride
content in the drinking water of more than 200 million people
in the world exceeds the guidelines set by the World Health
Organization (WHO) [2]. In the natural environment, rocks
and minerals discharge fluoride into groundwater through
long-term weathering [3, 4]. Besides, man-made sources are
also the main factor for fluoride pollution. For instance, in the
semiconductor manufacturing industry, the use of hydrofluoric
acid will produce a large amount of fluoride-containing was-
tewater [5, 6]. Various methods including precipitation,
adsorption, reverse osmosis, electrocoagulation and ion
exchange [7-12] have been developed to solve the problem of
fluoride-containing wastewater. Due to its good fluoride
removal ability, simple procedure and low cost, the adsorption
method has become the most commonly used method for
fluoride removal [13]. At present, the commonly used adsor-
bents are activated carbon, calcite, activated alumina (AA),
hydroxyapatite, and fly ash [14]. Granular AA with y crystal
phase possesses a porous structure and large specific surface
area, and has been widely used for the adsorption of fluoride
ions [15, 16]. Xu et al. [17] prepared mesoporous y-alumina
with ordered wormhole-like mesoporous structure by a facile
hydrothermal method for fluoride removal. Such y-Al,Os
exhibits an average crystallite size of 20-150nm and high
specific surface area, which can greatly improve the adsorption
capacity of F~. By modification with calcium oxide or man-
ganese oxide [18], alum [19], ionic liquid [20], hydroxyapatite
[21], and magnetic Fe;O4 [22, 23], the fluoride removal effi-
ciency of AA could be enhanced. In order to further improve
the fluoride adsorption performance, many methods have been
developed to prepare AA with high specific surface area. For
instance, organic acids were added during the gelation process

to increase its specific surface area after calcination [13]. Poly-
hollow alumina spheres were prepared via a facile ball drop-
ping method based on particle-stabilized emulsions, which can
still maintain hierarchical pore structure and high surface area
at 400-900 °C [24]. Shi et al. [25] fabricated hierarchically
structured boehmite with a flower-like morphology that have
small particle size and large surface area. However, the AA
obtained by calcination still has few active sites due to the low
specific surface area, which also limits its adsorption capacity.
Therefore, it is imperative to synthesize AA with a higher
specific surface area for better fluoride adsorption perfor-
mance. In this work, we prepared AA with higher porosity and
higher specific surface area by a supercritical drying method
without using any chelating agents. The resulting AA exhibits
better fluoride ion adsorption performance compared to pre-
vious works. The effect of specific surface area and porosity
on its fluoride ion adsorption capacity was studied through
comparing the fluoride ion adsorption performance of the AA
obtained by different drying methods.

2 Experimental section
2.1 Materials

Ethanol (EtOH, 99%), sodium fluoride, distilled water, and
AICI;-6H,0 (99%) were purchased from Sinopharm Che-
mical Reagent Corporation (China). Aluminum sec-
butoxide (ASB, 97%) was obtained from Zhejiang Ultra-
fine Powders & Chemicals Corporation (China). All of the
chemical reagents were used as received.

2.2 Sample preparation

Different types of AAs were prepared by sol-gel methods
followed with different drying methods and calcination.

Table 1 Preparation condition of

different samples Sample Drying method Calcination temperature
AAl Ambient drying at room temperature 500 °C
AA2 Ambient drying at 60 °C 500 °C
AA3 Carbon dioxide supercritical drying 500 °C
AA4 Ethanol supercritical drying 500 °C
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ASB (5 g, 20.3 mmol) was dissolved in a mixed solution of
15 ml EtOH and 0.2 ml deionized water, and stirred at 70 °C
to obtain a transparent alumina sol. After dissolving of
AlCl5-6H,0 (4.35 g, 18.1 mmol) in 5 mL of absolute EtOH,
it was slowly poured into the previous alumina sol. The
mixed sol usually forms a gel within 10 min. The gel was
aged for 2 days followed by washing with ethanol for 4
times (every 12 h). After aging and replacing of the solvent,
the gel was dried with four different methods to obtain
different types of alumina. The dried sample was finally
calcined at 500 °C for 2 h to obtain activated y alumina. As
shown in Table 1, the sample obtained by ambient drying at
room temperature was named as AA1, while that dried at
60 °C was named as AA2. The samples dried by carbon
dioxide supercritical drying and ethanol supercritical drying
were denoted as AA3 and AA4, respectively.

2.3 Characterization

The morphology and energy dispersive X-ray spectroscopy
(EDS) mapping of AA samples were characterized by scan-
ning electron microscopy (SEM, Philips XL30FEG, The
Netherlands). The crystal phase of AA samples was analyzed
with powder X-ray diffraction (XRD) in a Rigata/max-C dif-
fractometer using Cu-Ko radiation (DX-2700, Hao Yuan
Instrument, China). The specific surface area, pore volume and
pore-size  distribution = were  determined by the
Brunauer-Emmett-Teller (BET) and Barrett-Joyner—Halenda
(BJH) methods using an Autosorb iQ analyzer (Quantachrome
Instruments) through nitrogen adsorption/desorption. Fluoride
ion selective electrode PF-2-01 (Leici, China) was used to
determine the fluoride concentration in aqueous solution.

2.4 Fluoride ion adsorption test

To study the fluoride ion adsorption performance of AAs,
30mg of adsorbent was added into 100 mL sodium
fluoride solution with different F~ concentration (3.8, 9.5,
19, 38, 95, and 190 mg/L). The mixed suspension was
then shaken at 25 °C with a shaking speed of 100 rpm.
After stirring for 48 h, the solid and liquid were separated
and the supernatants were detected by fluoride ion selec-
tive electrode (PF-2-01) to calculate the fluoride ion
concentration. During the entire test, the pH of the solu-
tion was kept at 5.0 by manually adjusting with 0.01 mol/
L HCI and NaOH every 2 h.

The Langmuir and Freundlich models were used to
describe the adsorption isotherm data [26, 27]. The Lang-
muir isotherm equation is given below:

_ Qmaxbce
140G,

(1)

qe

where C, (mg/L) is the fluoride ion concentration at
equilibrium, ¢, (mg/g) is the fluoride ions adsorbed per
gram of the adsorbent at equilibrium, ¢,,,, (mg/g) is the
maximum adsorption capacity, and b (L/mg) is the
Langmuir constant.

The nonuniform distribution of heat of adsorption over
the heterogeneous surface is represented by the Freundlich
isotherm with the following equation:

ge = kCg}/n (2)

where K and 1/n are the Freundlich constant and the
heterogeneity factor, respectively. To describe the adsorp-
tion kinetic characteristic, 30 mg of adsorbent was added
into 100 mL sodium fluoride solution with F~ concentration
of 38 mg/L. The fluoride ion concentration of the solution
was then determined using the fluoride ion selective
electrode at different time points (5, 15, 30, 60, 240, 720,
and 1440 min). The pseudo-first-order and pseudo-second-
order kinetic models were used to describe the kinetic data:

pseudo — first — order model : In(Q, — Q;) = InQ, — kit
(3)

pseudo — second — order model : 1/Q; = 1/k,Q0? +t/Q,
(4)

where Q, is the equilibrium adsorption capacity, Q; is the
adsorption capacity at time ¢, and k; and k, are rate constants
of the pseudo-first-order model and pseudo-second-order
model, respectively.

3 Results and discussion
3.1 Structure and composition characterization

The XRD patterns of the samples are given in Fig. la. After
heat treatment at 500 °C, AA displays diffuse diffraction
peaks at 20 =37.7, 45.9 and 67 °, corresponding to the
diffraction peaks of y-Al,O3 (311), (400) and (440) crystal
planes (PDF no.10-0425) [28, 29]. These three diffraction
peaks are clearly resolved in all the 500 °C calcined sam-
ples, which indicates that all samples were converted into y-
Al,O5 after calcination at 500 °C. Figure 1b shows the FTIR
spectra of the AA samples. The absorbance peaks at 3451
and 1637 cm™! correspond to the stretching and bending
vibrations of physically adsorbed water, respectively [30].
The peak at 1428 cm ™! corresponds to the vibration of C—-H
[31], while the peak at 599 cm™! is ascribed to the stretching
vibration of Al-O-Al [31]. y-Al,O3 is a defective spinel
structure consisting of AlOg octahedron, AlO, tetrahedron
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Fig. 1 a XRD patterns and b
FTIR spectra of AA samples
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and vacancy defects. The broad absorption band at
500-950 cm™" (the highlighted part in Fig. 2b) is attributed
to the torsional vibration, stretching vibration, and bending
vibrations of Al-O bonds, which suggests the presence of
oxygen vacancies around A" and a disordered arrange-
ment [32]. XRD and FTIR results confirm that the crystal-
line phase of the four AA samples calcined at 500 °C are y-
Al Os.

Figure 2 shows the nitrogen adsorption/desorption iso-
therms of AA samples. According to the classification
method of the International Union of Pure and Applied
Chemistry, the isothermal adsorption/desorption curves of
AAs correspond to type IV, which is characteristic of
mesoporous materials. AA1 and AA2 exhibit H1 hysteresis
loop in the relative pressure range of 0.8—1.0, indicating that
AA1 and AA2 are mainly formed by the uniform agglom-
erated nanoparticles. AA3 and AA4 display H3 hysteresis
loop, which suggests that the pores of AA3 and AA4 are
composed of slit shaped nanopores [33]. The pore-size
distribution curve was calculated using the BJH method
from the desorption isotherm and is given in Fig. 2b. The
pore-size distribution of supercritical dried samples AA3
and AA4 are mainly concentrated in range of 10-20 nm,
while the pore size of the ambient pressure dried samples
AAT and AA2 are larger than 50 nm. This indicates that a
more mesoporous structure can be obtained by using the
supercritical drying method. The calculated pore structure
parameters of the AA samples are listed in Table 2. It is

@ Springer
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Table 2 Pore structure parameters of AA samples

Sample Sper® (m%/g) DP(nm) Ve(em®/g)
AALl 187 105.4 0.68
AA2 219 723 1.88
AA3 489 235 2.65
AA4 660 12.9 4.03

“BET specific surface area

bAverage pore diameter obtained from nitrogen desorption branch by
BJH method

“Total pore volume

noticeable that the specific surface area and pore volume of
the AAs obtained by supercritical drying methods are much
higher than those of the AAs obtained by ambient pressure
drying (AA1l and AA2). Sample AA4 that was dried by
ethanol supercritical drying possess the highest specific
surface area of 660 m*/g and the largest pore volume of
4.03 cm®/g, which is 3.5 times and 5.9 times higher than
those of AAIl, respectively. This is due to the large
shrinkage and collapse of the skeleton of the sample during
ambient pressure drying [34]. In contrast, the supercritical
drying process can convert the liquid inside the gel into
fluid and then exhaust it, which avoids capillary force and
maintains the pore structure inside the gel [35].

Figure 3 shows the SEM images of AA obtained by
different drying methods. The room temperature dried AA1
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Fig. 3 SEM images of AA
samples: a AAl, b AA2, ¢ AA3,
and d AA4
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Table 3 Adsorption isotherm parameters for F~ adsorption of AA
samples

Model Parameter AAl AA2 AA3 AA4
Langmuir Gmax (Mg/g)  39.5 45.8 71.8 119.2
qe = ql"'f—,f’g”” b (L/mg) 0.039 0.036 0.022 0.019
R.? 0.992 0.996 0.997 0.999
Freundlich  Kg 5.536 5.556 5.473 7.716
g. =kC!/" 2.711 2.590 2.169 2.057
R¢’ 0.979 0.984 0.952 0.964

is formed by the stacking of irregular flake-like particles.
The gap between the particles is around 100 nm, which is
due to the capillary force generated when the liquid in the
pores of the wet gel evaporates. Under the action of these
capillary forces, the skeleton inside the wet gel collapsed,
destroying the original nano network structure [36]. Unlike
AAL1, sample AA2 exhibits a relatively uniform structure
composed of spherical particles and some flake-like parti-
cles (see Fig. 3b). The AA obtained by supercritical drying

t(min)

presents a uniform structure and a three-dimensional net-
work structure composed of nanoparticles. This is due to the
supercritical drying effectively avoiding the capillary forces
that usually appeared during the solvent evaporation pro-
cess, resulting in low shrinkage of the skeleton and a highly
porous nanostructure [35]. Some clusters can be observed
on the surface of sample AA3 that was dried by super-
critical carbon dioxide drying, whereas almost no clusters
can be resolved on sample AA4 that was dried by ethanol
supercritical drying (see Fig. 3¢, d) [37]. Comparatively, the
pore size of AAs obtained by supercritical drying is smaller,
which is consistent with the pore-size distribution analysis
results. The SEM and pore-size distribution characterization
confirm that supercritical drying can effectively inhibit the
aggregation of alumina particles during the drying process.

3.2 Fluoride ion adsorption performance
As shown in Fig. 4a, all the adsorption isotherms of fluoride

ion for AA samples are well described by the Freundlich
formula and Langmuir formula (the fitting correlation
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coefficients (R?) of all samples are larger than 95%), which
suggests that both single-layer adsorption and multilayer
adsorption occur in the fluoride ion adsorption process of
AA [27]. However, it is evident that all the adsorption
isotherms are in better agreement with the Langmuir model
than the Freundlich model, which indicates a mono-layer
dominated adsorption. The relevant adsorption isotherm
parameters are listed in Table 3. As illustrated in Fig. 4b, all
the F~ adsorption kinetic data of AA samples are well
described by pseudo-first-order and pseudo-second-order
models, which suggests that both chemical and physical
adsorption occur in the uptake of F~ on AA. The fitted
constants using the pseudo-first-order and second-order
kinetic models are presented in Table 4.

The maximum F~ adsorption capacity is calculated
from Langmuir model and given in Table 5. It is evident
that the adsorption capacity of AA samples is positively
correlated with their specific surface area and pore
volume. This is due to the fact that the active sites inside
the AA are more developed in the samples with higher
specific surface area and pore volume, and thus providing
more opportunities for fluoride ions to contact and bond.

Table 4 Kinetic parameters for F~ adsorption of AA samples

Model Parameter AAl AA2 AA3  AA4

Co (mg/ll) 38 38 38 38

The maximum adsorption capacity of AA samples of our
work can reach 119.2 mg/g, which is much higher than
the previously reported data [21, 27, 38-42]. These
results demonstrate that the supercritical drying process is
an effective method for enhancing the fluoride ion
adsorption performance of AA.

3.3 Mechanism for fluoride ion adsorption of AA

To ascertain the influence of fluoride ion adsorption on AA,
the AA4 sample before and after adsorption of fluoride ions
were characterized with XRD and EDS. AA4 after uptake
of F~ from solutions with concentrations of 38 and 190 mg/
L are named as AF1 and AF2, respectively. As shown in
Fig. 5a, the diffraction characteristic peaks at 20 =37.7,
45.9, and 67 °of AF1 and AF2 indicates that the y-Al,O3
crystal phase of the sample remain unchanged after the
adsorption of fluoride ions. However, sharp diffraction
peaks at 20 = 18.8, 20.2, 27.8, 40.7, and 53.3 ° appear in
AF1 and AF2, which corresponds to the diffraction peaks of
Al(OH);3 (001), (110), (111), (131), and (132) crystal planes
(PDF no.74-1119), respectively. This is due to the fact that
the AA is protonated to form Al-OH bonds in an acidic
aqueous solution, and the generated —OH bonds will be
easily replaced by F~. EDS element mapping results shown
in Fig. 5b gives a clear picture of the F element distribution
in the samples. F is uniformly distributed within the sample,

Qeerp (Mglg) 2333 2733 3333 44.67 which also confirms the adsorption of F~ in AA4.
pseudo-first- Qcca (mgly) 2348 2687 3271 4338 Due to its intrinsic lattice defects and unique pore
order model structure, AA possesses excellent adsorption capacity.
In(Q. — Q) = Q. K; (min') 0.047 0.052 0.026 0.022 The kinetic experiments have confirmed both physical
—ht R 0.995 0964 0.876 0.812 and chemical adsorption of fluoride ions in AA. The pore-
pseudo-second- Q.cal (mg/g) 2501 29.06 33.08 42.73 size distribution and the fluoride ion adsorption data
order model illustrate that the fluoride ion adsorption capacity of AA
Q= 1/kQ’ + 1/ K, (g/mg/min) 0.0027 0.0036 0.0024 0.0022  is correlated with its specific surface area and mesopor-
Q. R 0.967 0.989 0.933 0.925 ous structure. The mechanism of fluoride adsorption in

AA is shown in Fig. 6. Under acidic conditions (pH < 6),
Table 5 Fluoride adsorption -
capacity of different AA Adsorbent Temperature (°C) pH Capacity (mg/g) Reference
samples Magnetic alumina aerogel 25 5 321 [27]
Amorphous alumina supported carbon 30 6 285 [38]
nano tubes
Al (II) modified calcium hydroxyapatite 15 7 269 [21]
Nano-ALOj; 25 6 14 [39]
Alum-impregnated activated alumina 25 6.5 40.6 [40]
Aluminum impregnated chitosan 25 6.5 1.7 [41]
Nano magnesium aluminum mixed oxide 25 6 10.0 [42]
AAl 25 5 39.5 Present work
AA2 25 5 458
AA3 25 5 718
AA4 25 5 119.2
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Fig. 5 a XRD pattern of AA4 (a)
before and after F~ adsorption; b

EDS element mapping of AA4

after F~ adsorption
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Fig. 6 Fluoride ion adsorption
schematic of AA

the surface of alumina will react as follows:

(A1203)nA1203 +3H,0 «~ (A1203)n (Al(OH)3)2 (5)

In a solution containing fluoride ions, free fluoride ions
will replace the hydroxyl groups on aluminum hydroxide,
thereby adsorbing the fluoride ions [14, 27]. The adsorption
process will continue until the adsorption is saturated
(usually it takes 48 h). The complex reaction of ions on the
surface of AA are as follows:

(ALO3), AI(OH), + F~ < (ALO3), Al(OH),F + OH~
(6)

(A1,03) Al(OH),F + F~ « (AL,0;) Al(OH)F, + OH"
(7)

As shown in Fig. 6, supercritical dried AA possesses
an ultra-high specific surface area and a well-developed
internal pore structure, which greatly increases the
number of internal active sites. Supercritical dried AA is
composed of primary particles and secondary particles
formed by the aggregation of the primary particles. In an
acidic solution, the surface functional groups on these
particles will be gradually replaced by fluoride ions
during the adsorption progress. Fluoride ions can easily
enter into the pores of AA and react with the alumina

Secondary particles

particles. Therefore, the overall adsorption performance
of the highly porous AA prepared by the supercritical
drying method is greatly improved.

4 Conclusions

Highly porous AA with excellent fluoride removal perfor-
mance was successfully prepared by a sol-gel method cou-
pled with supercritical drying. Supercritical drying plays a
crucial role in the preparation of the AA, which provides AA
with a unique pore structure. The resultant AAs show ultra-
high specific surface area of 660 m*/g, large pore volume of
4.03cm’g and uniform three-dimensional network nanos-
tructure, which contributes to the combination of fluoride ions
and alumina particles inside AA. The fluoride ion adsorption
capacity is greatly improved (119.2 mg/g) compared to that of
more conventional AAs previously reported.
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