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Abstract: Different AI(OH); powders were used as the adsorbents for fluoride
removal from water. The results showed that the defluoridation performance of
ultrasonically prepared AI(OH); (UAH) is much better than that of commercial
Al(OH); and comparable to that of the activated alumina, because the ultrasonic
waves effectively break agglomerates in suspension so that the UAH particles are fine
and have a beneficial phase constituent. Furthermore, the residual aluminum
concentration in aqueous solution after defluoridation by Al(OH); was found one
order of magnitude lower than that by the activated alumina, below the World Health
Organization (WHO) guideline of aluminum (0.2 mg/L) in drinking water. The

defluoridation dynamics and mechanism of UAH are discussed in detail.
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1. Introduction

Fluoride is an essential mineral for the growth of dental and bones in mammals.
Fluoride at a relative low level (0.5-1.5 mg/L) in drinking water is beneficial to
human health, which promotes the calcification of dental enamel and maintenance of
healthy bones. However, an excessive intake of fluoride for a long period can result in
dental fluorosis, skeletal fluorosis, osteoporosis and brittle bones.! Therefore, it is
necessary to make the fluoride concentration in drinking water maintain at an
acceptable level. The WHO has set 1.5 mg/L of fluoride as the upper limit in drinking
water.”

High fluoride concentration in drinking water comes from two different channels:
natural sources and anthropogenic discharge. Fluorides are released into the
environment naturally through weathering and dissolution of rock minerals, leading to
a high fluoride concentration in groundwater in some areas. On the other hand, the
discharge of wastewater with fluorides from various industries, e.g. mining,
semiconductor fabricating, electroplating, rubber and fertilizer manufacturing etc., is
another cause for fluoride enrichment in groundwater. Most of rural areas and some of
urban areas in developing countries use groundwater as the drinking water. As per a
conservative estimate, more than 200 million people worldwide are at risk of different
forms of “fluorosis” due to excess fluoride in drinking water, especially in Africa,
Mexico, China, India, Pakistan, and Thailand.’®

Fluoride removal from water has long been an engineering challenge, much

endeavor has been done to develop effective defluoridation technologies. In order to
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reduce fluoride concentration to an acceptable level in drinking water, different
methods have been developed such as precipitation, adsorption, ion exchange,
membrane separation and electrodialysis, and reverse osmosis.*” Among various
defluoridation techniques, adsorption is an environmentally friendly and economically
viable method due to its flexibility and simplicity of design, relative ease of operation
and low cost.

During the past decades, many natural mineral and biopolymer adsorbents have
been used to remove fluoride, e.g. alum sludge, hydroxyapatite, aluminum hydroxide
coated rice husk ash, surface modified pumice, modified natural siderite, zeolitic tuff,
pseudoboehmite and chitosan shell.*"* Although natural mineral and biopolymer
adsorbents have a low cost, they have low adsorption capacity and require a complex
modification procedure to improve their defluoridation performance. In order to
enhance the adsorption capacity of adsorbent, some nanometer metal oxides and

14-16

hydroxides with high surface area such as nano alumina, carbon nanotube

1 18,19

supported alumina,'” manganese-oxide-coated alumina, nano boehmite or

bayemite,”**? double or trimetal hydroxides,”?’ Fe;04/ALOs, CeO,/Z10,,

28-30

MnO/Al,O3 nanoparticles, aluminum sulfate/graphene hydrogel, MgO/MgCO;,

and alumina modified graphite,®' >’

etc. have been developed in recent years.
In general, the criteria for selecting an adsorbent mainly include the adsorption
capacity, cost, production technology and water quality after fluoride removal. Among

various adsorbents, the activated alumina has been commercialized and widely used

in many countries due to its high binding affinity with F" ions and cost-effectiveness.
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However, the main disadvantage of activated alumina is its high residual aluminum
concentration in aqueous solution after defluoridation. George et al.** found that the
residual aluminum concentration is up to 1.5 mg/L when the initial fluoride
concentration is 10 mg/L and the activated alumina dose is 4 g/L, far beyond the
WHO guideline of 0.2 mg/L aluminum in drinking water. A high concentration of
aluminum in drinking water could cause Alzheimer’s disease.® In the aforementioned
nanometer adsorbents, few works have the data about the residual aluminum
concentration in water after defluoridation. In this work, it was found that a low
residual aluminum concentration in drinking water is reached using aluminum
hydroxides to remove fluoride, making aluminum hydroxides a promising alternative
for the activated alumina.

However, commercial aluminum hydroxides produced by the Bayer process
using bauxite has a poor fluoride adsorption capacity.’ In order to improve the
defluoridation performance of aluminum hydroxides, Shimelis et al.*” prepared
aluminum hydroxide adsorbent through hydrolysis of aluminum sulfate. Jia et al.?
synthesized a feather like bayerite/boehmite adsorbent by a facile one-pot
hydrothermal method. However, these methods use alkaline solution and the amount
of alkaline solution requires precisely controlling. In a previous work,”® a
high-activity AI(OH); was prepared by the reaction of Al with water using an
ultrasonic procedure. In this work, the ultrasonically prepared Al(OH); was used as
the adsorbent for fluoride removal from water, and found that its defluoridation

performance is comparable to that of the activated alumina.
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2. Experimental procedure

Al powder with an average size of 2.25 um (99.9% purity, Henan Yuan Yang
Aluminum Industry Co., China) and two kinds of commercial Al(OH); powders
purchased from Tianjin (99.4% purity, Tianjin Damao Chemical Reagent Factory,
Tianjin, China, referred to as T-CAH hereafter) and Japan (99.99% purity, 2.5 um,
High Purity Chemical Co., Tokyo, Japan, referred to as J-CAH) were used in the
present research. In order to study the defluoridation performance, NaF, NaCl,
Na,S04, NaNOj3, Na,HPO,4, NaOH and HCI (analytical reagent grade, Sinopharm
Chemical Reagent Co.,Ltd., Shanghai, China) were used in the experiment.

In addition to the commercial AI(OH); powders, two other AI(OH); suspensions
and powders were prepared in this work. One was prepared by reacting pure Al
powder with water in a closed glass reactor in vacuum (the initial pressure is 7.4 kPa)
at 40°C to form AI(OH); suspension (S-VAH), and then filtering by a filter paper and
drying at 60°C to form Al(OH); powder (VAH).39 Another was prepared by putting
pure Al powder into a beaker with deionized water, then ultrasonically treating in an
ultrasonic vessel (40 kHz, 100 W) at 40°C for a time period (~ 2 h) to form AI(OH);
suspension (S-UAH), and finally filtering by a filter paper and drying at 60°C to form
Al(OH); powder (UAH).*®

The fluoride stock solution (1000 mg/L) was prepared by dissolving an
appropriate NaF in deionized water. The fluoride solution used for adsorption

experiments was prepared by diluting the stock solution to a setting concentration
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using deionized water. Adsorption tests were carried out in 250 ml of fluoride solution,
and 1 g of AI(OH); adsorbent (4 g/L) was used in each test. A magnetic agitation bar
with a speed of ~500 rpm was used to stir the mixture of adsorbent and fluoride
solution. At a pre-setting time, 10 ml of sample was taken from the adsorption

solution and filtrated through a filter with a 0.22 pum polyethersulfone (PES) resin
membrane. The residual F~ concentration in filtrate was measured by an ion
chromatograph (IC, Model No. MIC-II, Metrohm Co., Switzerland). The F* removal

ratio o can be calculated by the following equation

: (M

where Cj and C; are the initial and residual F* concentration at time ¢, respectively.
Moreover, the residual aluminum concentration in filtrate was measured by an
inductively coupled plasma atomic emission spectrometer (ICP-AES, Model No.
ICAP 6300, Thermo Fisher Co., USA). All the adsorption tests were conducted three
times and the average values were reported.

A zeta potential analyzer (type: ZETASIZER 3000HSA, Malvern Instruments
Ltd., UK) was used to measure the zeta (§) potential of AI(OH); suspension prepared
by the ultrasonic procedure (S-UAH). A pH meter (Model No. MP512, Shanghai
Sanxin Instrument Co., Shanghai, China) was used to measure the pH value of
different solutions. X-ray diffractometry (XRD, Model No. D/max-2200, Rigaku Co.,
Japan) was used to analyze the phases in different AI(OH); powders. Scanning
electron microscopy (SEM, Model No. JSM-6700F, JEOL Co., Japan) was used to

observe the morphologies of Al and different AI(OH); powders.

7
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3. Results and discussion
3.1. Characterization of aluminium hydroxides

Fig. 1 shows the morphologies of as-received pure Al and three kinds of Al(OH);
powders. It can be seen that Al particles are spherical, their surfaces are dense and
smooth (Fig. 1(a)). The surface morphologies of three kinds of AI(OH); powders have
difference. The particles of J-CAH are large and have a columnar structure (Fig. 1(b)).
However, UAH has a flower-like structure and its particles are fine (Fig. 1(d)). VAH
also has a flower-like structure, but some of its particles are large and dense. From the
morphology analysis, it seems that the surface area of AI(OH); powders is in the order
of UAH > VAH > J-CAH.

Fig. 2 shows the X-ray diffraction patterns of four kinds of AI(OH); powders. It
can be seen that T-CAH and J-CAH have a phase of gibbsite and bayerite,
respectively. VAH has a phase of bayerite, but UAH has a phase composition of
bayerite and boehmite. Furthermore, the diffraction peaks of UAH is wider than those
of other AI(OH); (see the red arrows), so the grain sizes in UAH are smaller than
those in other AI(OH)s3, implying that the surface area of UAH is the largest among

them, which is consistent with the morphology observation in Fig. 1.

3.2. Fluoride removal performance
Fig. 3(a) shows fluoride removal from aqueous solution with an initial F’
concentration of 20 mg/L using different AI(OH); powders or suspensions at 25°C. It

can be seen that the preparation methods have a significant impact on the
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defluoridation performance of AI(OH);. The commercial AI(OH); powders have a
poor F~ adsorption capacity, the final fluoride removal by T-CAH and J-CAH is only
9.5% and 27.3%, respectively. The AI(OH); powders and suspensions prepared by the
reaction of Al with water in vacuum or using an ultrasonic procedure have a better
defluoridation performance than the commercial AI(OH); powders. For the AI(OH);3
prepared by the reaction of Al with water, its powders (UAH and VAH) have a
quicker defluoridation behavior than its suspensions (S-UAH and S-VAH), but the
final fluoride removal by UAH and VAH is lower than that by S-UAH and S-VAH.
Among these Al(OH); powders and suspensions, UAH has the quickest defluoridation
performance and it removes ~75% of fluoride within 5 h, which corresponds to a
defluoridation capacity of ~ 3.8 mg/g UAH. This indicates that the defluoridation
capacity of UAH is comparable to that of the activated alumina (~2.4 mg/g activated
alumina in a similar condition in Ref. 14).

Fig. 3(b) shows fluoride removal from aqueous solution with different initial F°
concentration using UAH at 25°C. It can be seen that the initial F concentration has a
significant effect on the fluoride removal ratio, which decreases with increasing the
initial F” concentration. When the initial F* concentration is 10 mg/L, more than 90%
of fluoride was removed within 3 h and the residual F~ concentration is ~ 1.0 mg/L,
within the guideline value of WHO. This implies that UAH is an effective and viable
adsorbent for defluoridation if the F~ concentration in groundwater is below 10 mg/L.

The effect of initial pH value in aqueous solution on the fluoride removal using

UAH was investigated, as shown in Fig. 4(a), where the fluoride solution with
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different initial pH value was obtained by adding a suitable amount of HCI or NaOH.
It can be seen that the final fluoride removal is closely related to the initial pH value.
When the initial pH value is between 5 and 9, it almost has no impact on the fluoride
removal. When the initial pH value decreases from 5 to 3, the fluoride removal
increases. When the initial pH value is > 9, the fluoride removal decreases with
increasing the pH value.

In fact, the F~ adsorption onto AI(OH); or AOOH is closely related to its surface
chemical characteristics, changing pH value will lead to the change in its zeta
potential. Fig. 4(b) shows the zeta potential curve of S-UAH, it can be seen that the
isoelectric point of S-UAH is at ~ 10.3. When the pH value is below this isoelectric
point, the zeta potential of AI(OH); suspension is positive, i.e. the AI(OH); particles
have a positive surface charge.40 In this case, there is an electrostatic attraction
between the AI(OH); surfaces and Fions, so decreasing pH value from 5 to 3
promotes the F~ adsorption onto UAH. However, when the pH value is above the
isoelectric point, the AI(OH); particles have a negative surface charge and there is an
electrostatic repulsion between the A1(OH); surfaces and Fions, so increasing pH
value inhibits the F~ adsorption when the pH value is > 9 (Fig. 4(a)). Moreover, there
is a competition between OH™ and F~ ions for the adsorption sites on AI(OH); surfaces
at alkaline pH range.*’

In addition to fluoride, the drinking water often contains other anions such as CT,
SO42', NO; and HPO42', e‘[c.,41 so the co-existing anions in water may influence the

defluoridation performance of UAH. Fig. 5(a) shows the fluoride removal from

10
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solution containing 50 mg/L of different co-existing anions separately using UAH at
25°C. It can be seen that C1" and NOj™ ions almost have no effect on the fluoride
removal. However, SO42' and HPO42' ions inhibit the F~ adsorption onto UAH,
especially for HPO4> ions, which decrease the fluoride removal from ~ 80% to just
24.4%. Fig. 5(b) shows the residual co-existing anions in aqueous solution after
defluoridation by UAH. It can be seen that the Cl" and NO;™ concentrations have no
any change before and after defluoridation, but the concentrations of SO4* and
HPO,” after defluoridation decrease to 47.0 and 4.4 mg/L, respectively. This indicates
that SO42' and HPO42' ions also adsorbed onto UAH surfaces, and there is a
competition between F~ and SO4>, HPO,4” ions for the adsorption sites on UAH
surfaces.”’

Fig. 6 shows fluoride removal from solution with different initial F
concentration using UAH at different temperatures. It can be seen that the
defluoridation performance of UAH decreases with increasing the temperature. When
the temperature increases from 25°C to 55°C, the fluoride removal decreases from
92.6% to 82.5% and from 68.1% to 45.4% for the initial F* concentration of 10 and 40
mg/L, respectively, implying that F~ adsorption onto UAH is an exothermic process.42

Our adsorption dynamics analyses indicated that the F~ adsorption onto UAH
follows the pseudo-second-order adsorption. The adsorption isotherm showed that F°
adsorption onto UAH is a chemical adsorption process. Thermodynamic study

confirmed that F~ adsorption onto UAH is an exothermic process, which is favorable

and spontaneous in nature (The details are given in the supplementary material).

11
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3.3. Residual aluminum

Aluminum will dissolve into water from adsorbent surface when Al-based
adsorbent is used in water treatment. Fig. 7 shows the residual aluminum in aqueous
solution after defluoridation by different AI(OH); powders or suspensions at 25°C,
where the result of activated alumina in a similar condition is added for comparison.34
Compared with the activated alumina, the residual aluminum concentration in
aqueous solution after defluoridation by different AI(OH); powders or suspensions is
low, which is below the WHO guideline of 0.2 mg/L aluminum in drinking water.
Moreover, the residual aluminum concentration in aqueous solution after
defluoridation by S-UAH is 0.17 mg/L, which is higher than those by other Al(OH);
powders. This is because some of the AI(OH); particles in S-UAH is probably
amorphous, and the solubility of amorphous AI(OH)s in water is higher than that of
crystalline Al(OH);.*

Figs. 8-10 show the effect of pH value, initial F* concentration and temperature
on the residual aluminum concentration in aqueous solution after defluoridation by
UAH. When the pH value is between 5.5 and 8.5, the pH value has a small effect on
the residual aluminum concentration in aqueous solution, but it is in the range of
0.040-0.055 mg/L (Fig. 8), below the WHO guideline. In fact, the pH value of
drinking water is about 6.5-8.5, so UAH is suitable for fluoride removal in drinking
water. Fig. 9 indicates that the initial F~ concentration has a significant impact on the
residual aluminum concentration and it increases with increasing the F~ concentration.

When the initial F~ concentration is > 40 mg/L, the residual aluminum concentration

12
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exceeds the WHO guideline. The possible cause is that at higher initial F°
concentration, Al(OH); interacts with F™ ions to form more AlFy species. As AlFx has
a definite solubility in water, more residual aluminum appears in the solution.** Fig.
10 indicates that the residual aluminum concentration increases with increasing the
temperature, because the solubility of AI(OH); in water increases with the

temperature.

3.4. Desorption

An adsorbent is economically effective if the adsorbent can be regenerated and
reused. In order to study the desorption capacity of the adsorbent, the used UAH was
prepared by filtering the aqueous solution with an initial F~ concentration of 20 mg/L
after defluoridation for 24 h at 25°C and then drying the filtered powder. The used
UAH was sent to do desorption tests, in each test 0.5 g of the used UAH was added
into 100 ml of NaOH solution and then stirred with a magnetic bar at a speed of 500
rpm for 10 h. The desorption capacity of the used UAH can be obtained by measuring
the F~ concentration in the desorption solution. Fig. 11 shows the effect of pH value in
aqueous solution on the F~ desorption from the used UAH at 25°C. It can be seen that
only little F™ ions were released from the used UAH at the pH value < 11. However,
the F~ desorption increases abruptly when the pH value is > 11. At pH value of 14, the
used UAH released 93.1% of F~ ions within 10 h, indicating that UAH after

defluoridation can be regenerated using NaOH solution.*’

3.5. Physicochemical mechanisms

It is known that there is a layer of hydroxyl groups on Al(OH); particle surfaces.

13
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When AlI(OH); particles are placed in aqueous solution containing F~ ions, the
AlI(OH); particles interact with F~ ions by a surface complexation reaction, which is
responsible for the F~ adsorption. To a certain degree, a surface hydroxyl group can be
viewed as a Lewis base, which has an oxygen atom as a donor that can coordinate
with protons or Al ions. The Al ions are Lewis acid, which can exchange the hydroxyl
groups for other coordinating anions.* Thus, the specific adsorption of F™ ions onto
AlI(OH); particle surfaces can be described as a ligand exchange, where a hydroxyl
group is exchange for a F ion. According to the ligand exchange model, such an
adsorption is a simple exchange of hydroxyl group for a F” ion

F + =AIlOH < =AIF + OH 2)
where =AIOH is the aluminol group.*® According to equation (2), the AI(OH); will
release a OH  ion after adsorbing a F ion, resulting in an increase of pH value.

In order to validate the adsorption mechanism proposed above, Table 1 gives the
pH values of the solutions with different F concentrations before and after
defluoridation by different AI(OH)s at 25°C. It can be seen that the pH value increases
after defluoridation by AI(OH);. The change (ApH) in pH value for UAH is higher
than other AI(OH); adsorbents, ApH increases with increasing the initial F~
concentration and is proportional to the F removal amount (Fig. 3). This confirms the
above proposed mechanism, because more OH’ ions are released when more F™ ions
adsorb onto Al(OH); particle surfaces. As the increase in reaction byproduct inhibits

the reversible reaction, the F~ removal ratio decreases with increasing F~ concentration

(Fig. 3(b)).

14
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From the above analyses, it is clear that F~ ion adsorption onto AI(OH); particles
is closely related to their surface hydroxyl groups. The surface hydroxyl group density
and surface area of Al(OH); are two key factors affecting its F* removal efficiency. In
fact, different aluminum oxides and hydroxides have different surface hydroxyl group
density. For example, the surface hydroxyl group density of a-Al,O3, boehmite and
gibbsite is 6, 16.5 and 12 groups per square nanometer, respectively.*® This may be
one reason why T-CAH and J-CAH have different F” removal performance, because
they have different AI(OH); phases. Moreover, the good adsorption kinetics of UAH
probably also results from its high surface hydroxyl group density, because the UAH
has a phase composition of bayerite and boehmite (Fig. 2), and boehmite has a high
surface hydroxyl group density as mentioned above.

It is well known that the sonochemical effect of ultrasound in liquid-solid system
mainly arises from acoustic cavitation.*’ During cavitation, bubble collapse produces
intense heating and high pressure at the interfacial region around cavitation bubbles,
which promote the formation of boehmite during the UAH preparation process,
because boehmite forms at a higher temperature than bayerite.** As aforementioned,
the existence of boehmite in UAH is favorable for the F" removal. In addition,
ultrasonic cavitation can create microjets and shock waves, which effectively break
agglomerates and increase the AI(OH); and AIOOH surface area, leading to a higher
F” removal ratio of UAH than VAH, T-CAH and J-CAH (Fig. 3(a)).

The above analyses indicated that the ultrasonic procedure is an important cause

for the high F” removal of UAH. In order to determine whether the ultrasonic

15
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procedure can improve the F~ removal of J-CAH and VAH, J-CAH and S-VAH were
ultrasonically treated for 1 h and then used to do the F~ adsorption tests. Figs. 12 and
13 show the F" removal from the aqueous solution with an initial F~ concentration of
20 mg/L at 25°C using J-CAH, VAH, S-VAH and those after the ultrasonic treatment.
It can be seen that the ultrasonic treatment has a negligible impact on the F* removal
by J-CAH (Fig. 12). However, the ultrasonic treatment greatly improves the F
removal by VAH and S-VAH (Fig. 13).

In fact, there are many Al(OH); soft agglomerates in S-VAH due to its lack of
breaking mechanism. After the ultrasonic treatment, the soft agglomerates in S-VAH
are broken, which increases the AI(OH); surface area, leading to an increase in its F~
removal. However, the agglomerates in J-CAH are hard due to the sintering and grain
growth during drying, which have a coalescence between particles and the bonding
strength between particles is strong.” Therefore, it is not easy to break these hard
agglomerates, and the surface area of J-CAH almost has no change after the ultrasonic
treatment. This is why the ultrasonic treatment has a negligible impact on the F°
removal by J-CAH.

In fact, the Al-water reaction is a promising hydrogen-generation technology for
portable fuel cell application and AI(OH); is the byproduct of Al-water reaction.*"
Therefore, the Al-water reaction byproduct can be used to remove fluoride in drinking
water through the ultrasonic treatment, which provides an ideal and economic way to

dispose of the Al-water reaction byproduct.

16
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4. Conclusions

In this work, a high-activity AI(OH); powder prepared by the reaction of Al with
water using the ultrasonic procedure (UAH) was used as the adsorbent for the fluoride
removal from water. It was found that the defluoridation performance of UAH is
much better than that of commercial AI(OH); powders and comparable to that of the
activated alumina. The residual aluminum concentration in aqueous solution after
defluoridation by UAH is much lower than that by the activated alumina, making
UAH a promising alternative for the activated alumina. The mechanism analyses
revealed that the ultrasonic cavitation effectively breaks the agglomerates in AI(OH);
suspension and promotes the formation of boehmite phase with high surface hydroxyl
group density, leading to a high fluoride removal capacity of UAH. The present work
provides a new way to dispose of AI(OH); produced by the Al-water reaction used for

hydrogen generation.
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Figure captions

Fig. 1 SEM micrographs of pure Al powder with an average particle size of 2.25 um
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(a), commercial AI(OH); powder purchased from Japan (J-CAH) (b), AI(OH);
powders prepared by the reaction of 2.25 um Al powder with water in vacuum (VAH)
(c) and using an ultrasonic procedure (UAH) (d), respectively.

Fig. 2 X-ray diffraction patterns of different AI(OH); powders: (a) T-CAH, (b)
J-CAH, (c) VAH and (d) UAH.

Fig. 3 Fluoride removal from aqueous solution at 25°C (a) with an initial F~
concentration of 20 mg/L using different AI(OH); powders or suspensions and (b)
with different initial F~ concentrations using UAH.

Fig. 4 (a) Effect of pH value on fluoride removal from aqueous solution using UAH
at 25°C (initial F* concentration = 20 mg/L, contact time = 24 h) and (b) Zeta potential
curve for S-UAH.

Fig. 5 (a) Effect of co-existing anions on fluoride removal from aqueous solution
using UAH at 25°C and (b) residual co-existing anions in aqueous solution after
defluoridation (initial co-existing anion concentration = 50 mg/L, initial F~
concentration = 20 mg/L, contact time = 24 h).

Fig. 6 Effect of temperature on fluoride removal from aqueous solution using UAH,
where the initial F~ concentrations in (a) and (b) are 10 and 40 mg/L, respectively.
Fig. 7 Residual Al in aqueous solution at 25°C after defluoridation using different
adsorbents (initial F~ concentration = 20 mg/L, contact time = 24 h). The result of
activated alumina (AA) is added for comparison®® and the red line represents the
WHO guideline of aluminum in drinking water.

Fig. 8 Residual Al in aqueous solution with different initial pH values at 25°C after
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defluoridation using UAH (initial F~ concentration = 20 mg/L, contact time = 24 h).
Fig. 9 Residual Al in aqueous solution with different initial F~ concentration at 35°C
after defluoridation using UAH (contact time = 24 h).

Fig. 10 Residual Al in aqueous solution at different temperatures after
defluoridation using UAH (initial F~ concentration = 10 mg/L, contact time = 24 h).
Fig. 11 Effect of pH value in aqueous solution on desorption of F~ ions from the
used UAH at 25 °C, where the desorption time is 10 h and the used UAH adsorbed
fluoride in an aqueous solution with an initial F~ concentration of 20 mg/L at 25 °C for
24 h.

Fig. 12 Fluoride removal from aqueous solution with an initial F* concentration of
20 mg/L at 25°C using commercial AI(OH); powder (J-CAH) and those after the
ultrasonic treatment, where “S-J-CAH, US 1h” is the AI(OH); suspension prepared by
adding J-CAH into deionized water and then ultrasonically treating for 1 h, and
“J-CAH, US 1h” is the AI(OH); powder obtained through filtering and drying the
“S-J-CAH, US 1h”. For comparison, the defluoridation curves of S-UAH and UAH
are added.

Fig. 13 Fluoride removal from aqueous solution with an initial F~ concentration of
20 mg/L at 25°C using (a) S-VAH and (b) VAH and those after ultrasonic treatment,
where “S-VAH, US 1h” is the AI(OH); suspension prepared by ultrasonically treating
S-VAH for 1 h and “VAH, US 1h” is the AI(OH); powder obtained by filtering and
drying the “S-VAH, US 1h”. For comparison, the defluoridation curves of S-UAH and

UAH are added.
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Table 1 pH values of the solution before and after defluoridation using different

adsorbents at 25°C.

Adsorbent pH (before defluoridation) pH (after defluoridation) ApH
T-CAH, 20 mg/L 7.18 7.36 0.18
J-CAH, 20 mg/L 7.22 7.51 0.29
S-VAH, 20 mg/L 7.37 7.76 0.39
S-UAH, 20 mg/L 7.53 8.27 0.74

VAH, 20 mg/L 7.38 7.62 0.24
UAH, 10 mg/L 6.82 6.98 0.16
UAH, 20 mg/L 7.03 7.51 0.48
UAH, 30 mg/L 7.35 8.05 0.70
UAH, 40 mg/L 7.46 8.53 1.07
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Fig. 1 SEM micrographs of pure Al powder with an average particle size of 2.25 um
(a), commercial AI(OH); powder purchased from Japan (J-CAH) (b), AI(OH);
powders prepared by the reaction of 2.25 um Al powder with water in vacuum (VAH)

(c) and using an ultrasonic procedure (UAH) (d), respectively.
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Fig. 2 X-ray diffraction patterns of different AI(OH); powders: (a) T-CAH, (b)

J-CAH, (c) VAH and (d) UAH.



RSC Advances Page 28 of 38

80 - (a) P
, G 4—
o9 A
60 - /40// A/
. P —m— J-CAH
a0 <7 A —e— T-CAH
/
— : —A— S-VAH
X o 4 m—m— " v -SUAH
—&— VAH
3 )
- —o—© —<4—UA
C_>U 0 #"Q | | | L | L |
3100 0 5 10 15 20 25
E (b) pEE—N [ | [
) _
e 80 .l/ 444-4 <4— .:/‘;
Lo60 |4, T A
sl o —m— 10 mg/L
L aA —<— 20 mg/L
20 - —o—30 mg/L
: —A— 40 mg/L
O-& ‘ L

0 5 10 15 20 25
Time (hours)

Fig. 3 Fluoride removal from aqueous solution at 25°C (a) with an initial F~
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Fig. 6 Effect of temperature on fluoride removal from aqueous solution using UAH,

where the initial F~ concentrations in (a) and (b) are 10 and 40 mg/L, respectively.
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Fig. 7 Residual Al in aqueous solution at 25°C after defluoridation using different
adsorbents (initial F~ concentration = 20 mg/L, contact time = 24 h). The result of
activated alumina (AA) is added for comparison®® and the red line represents the
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Fig. 11 Effect of pH value in aqueous solution on desorption of F~ ions from the
used UAH at 25 °C, where the desorption time is 10 h and the used UAH adsorbed
fluoride in an aqueous solution with an initial F~ concentration of 20 mg/L at 25 °C for

24 h.
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Fig. 12 Fluoride removal from aqueous solution with an initial F~ concentration of
20 mg/L at 25°C using commercial AI(OH); powder (J-CAH) and those after the
ultrasonic treatment, where “S-J-CAH, US 1h” is the AI(OH); suspension prepared by
adding J-CAH into deionized water and then ultrasonically treating for 1 h, and
“J-CAH, US 1h” is the AI(OH); powder obtained through filtering and drying the
“S-J-CAH, US 1h”. For comparison, the defluoridation curves of S-UAH and UAH

are added.
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Fig. 13 Fluoride removal from aqueous solution with an initial F~ concentration of
20 mg/L at 25°C using (a) S-VAH and (b) VAH and those after ultrasonic treatment,
where “S-VAH, US 1h” is the AI(OH); suspension prepared by ultrasonically treating
S-VAH for 1 h and “VAH, US 1h” is the AI(OH); powder obtained by filtering and
drying the “S-VAH, US 1h”. For comparison, the defluoridation curves of S-UAH and

UAH are added.
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