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Abstract: Fluoride excess in water represents an environmental issue and a risk for human health
since it can cause several diseases, such as fluorosis, osteoporosis, and damage of the nervous system.
Layered double hydroxides (LDHs) can be exploited to remove this contaminant from water by
taking advantage of their high ion-exchange capability. LDHs are generally mixed with polluted
water in the form of powders, which then cause the problem of uneasy separation of the contaminated
LDH sludge from the purified liquid. In this work, Zn-Al LDH films were directly grown in situ on
aluminum foams that acted both as the reactant and substrate. This method enabled the removal of
fluoride ions by simple immersion, with ensuing withdrawal of the foam from the de-contaminated
water. Different LDH synthesis methods and aluminum foam types were investigated to improve the
adsorption process. The contact time, initial fluoride concentration, adsorbent dosage, and pH were
studied as the parameters that affect the fluoride adsorption capacity and efficiency. The highest
absorption efficiency of approximately 70% was obtained by using two separate growth methods
after four hours, and it effectively reduced the fluoride concentration from 3 mg/L to 1.1 mg/L,
which is below the threshold value set by WHO for drinking water.

Keywords: LDH; fluoride adsorption; water remediation; XPS; coprecipitation; urea hydrolysis

1. Introduction

Fluoride is the monoatomic anion of fluorine with a relatively small radius. It is
considered one of the essential micronutrients for the human body;, as it can prevent dental
caries and increase bone strength [1-4]. However, with the increasing popularity of fluori-
dated drinking water, problems have gradually emerged. More and more evidence shows
that fluoride excess in water can represent a serious health hazard. Long-term excessive
intake of fluoride may cause various diseases, including dental fluorosis, skeletal fluorosis,
thyroid disorder, Alzheimer’s syndrome, etc. The maximum amount of fluoride allowed in
drinking water is 1.5 mg/L (1.5 ppm) according to the World Health Organization (WHO),
but different standards apply in different countries and are regulated by various organiza-
tions [5]. High concentrations of fluoride can be found in groundwater and surface water,
due to geochemical reactions and human activities. Wastewaters from semiconductor, solar
cell, and metal-plating industries also contain very high concentrations of fluoride, in the
range from 100 ppm to 10,000 ppm, which is due to the use of hydrofluoric acid (HF) for
cleaning and etching processes [6,7]. It is estimated that there are over 200 million people
among 25 countries in the world consuming drinking water that exceeds fluoride stan-
dards [8,9]. Therefore, removal of the excess amount of fluoride in drinking water is in high
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demand, and different strategies, such as ion exchange, precipitation, adsorption, mem-
brane separation, reverse osmosis, and electrocoagulation have been adopted [5,10-12].
Among these methods, adsorption is one of the most used, due to its cost-effectiveness,
easy operation, simple physical process, stable performance and, most importantly, the
multiple choice of sorbents [13].

Since Hochstetter in Sweden discovered the existence of natural ore-hydrotalcite
in 1842 [14,15], the development of layered materials has made a history of more than
150 years. Layered double hydroxides (LDHs) are a class of ionic solids characterized by a
layered structure, such as brucite with the general formula [M;_,**M,**(OH),[¥*[A, /e
-mH,OJ*~, where x is usually between 0.20 and 0.33. Common divalent metal cations
(M?2*) that make up LDHs are Mg2+, 7Zn2*, Ni%* and Cu?*; on the other hand, the trivalent
metal cations (M>*) range over Al%*, Fe?*, and Cr®*. The substitution of divalent metal
ions by trivalent metal cations makes the hydroxide sheets positively charged and require
the intercalation of n™ valent anions between the layers to maintain the electrical neutrality
of the structure. The common inorganic interlayer anions include C1~, Br—, NO3;~, OH™,
CO3%27,504%7, PO43~, etc. [15,16]. The layered structure and the possibility of swapping
intercalated anions make LDH an excellent anion exchange material with the capability
of adsorbing anions from the liquid environment. The anion exchange capacity of LDHs
depends on the ratio of the component metal cations, the anion capacity to stabilize the
lamellar structure, and the molecular mass of the cations and anions involved. According
to Miyata [17], the ion-exchange equilibrium constants of monovalent anions for LDHs are
in the sequence OH™ > F~ > Cl™ > Br™ > NO3~ > 17, while for divalent anions, they are in
the sequence CO32~ > SO42~. The smaller the radius of the adsorbed anions, the larger the
interlayer spacing of the restored layered structure, and the higher the anion valence, the
easier it is to enter the interlayer [18].

With adsorption catalytic properties, high thermal stability, and acid and alkali re-
sistance, LDHs have shown a very wide range of application prospects, for instance, in
the preparation of catalysts [19-21] and composite materials [22-24], biomedicine [25-27],
environmental governance [28], and also as a new type of water treatment agent [29,30].
In addition, due to their ion-exchange properties mentioned above, LDHs have been em-
ployed in the adsorption of varieties of ions in water, for example, heavy metals (such as ar-
senic [31,32], lead [33], mercury [34], selenium [35] and copper [36,37]) organic dyes [38—41],
and various anions (phosphate, fluoride, carboxylate, and sulfate) [42,43].

For the removal of contaminants, LDHs are commonly used in the form of powder,
as microparticles or nanoparticles, either added to the contaminated water or synthesized
in situ by the co-precipitation method. However, the difficulties of the ensuing necessary
solid-liquid separation reduce cost-effectiveness, may affect the water quality after treat-
ment, and also result in unsatisfying recycling performance [44]. To simplify the separation
process and increase the recycling capability, Zn—-Al LDHs were grown on the surface of
aluminum foams, where the metal foam acted as the reactant as well as the substrate for the
LDH synthesis and subsequent use [36,45,46]. Previously reported investigations [36,47]
involved low amounts and thin layers of LDH on aluminum foam for the removal of copper
ions from water. In this study, to improve the quantity and thickness of deposited films,
we adopted different synthesis methods, including a separate second growth on the first
layer by coprecipitation and a continuous second growth by adding aluminum salt with
urea hydrolysis. With this approach, the fluoride concentration in water was effectively
reduced below the guideline value set by WHO for drinking water. The LDH morphology
and structure were characterized by scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), and X-ray photoelectron spectroscopy (XPS). The influence of contact time,
adsorbent dosage, pH, initial fluoride concentration, aluminum foam types, and different
synthesis processes on the adsorption performance of LDH was investigated. The present
LDH adsorbents aimed at providing a convenient strategy for industrial applications.
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2. Materials and Methods
2.1. Materials

Two types of aluminum foams with different pore sizes (Type I: 1.5-2.5 mm, Type
II: 1.0-1.5 mm), macroscopic densities (Type I: 0.31 g/cm3, Type II: 0.23 g/cm?3) and
macroscopic porosities (Type I: 88%, Type II: 91%) were used, as shown in Figure 1. The
foams were cut with similar dimensions of 2.0 x 1.5 x 1.0 cm3, approximately. Zinc nitrate
(Zn(NOg3),-6H;0, reagent grade, 98%), aluminum nitrate (Al(NOs)3-9H,0, analysis grade),
urea (99%), sodium hydroxide (NaOH, anhydrous pellets), sodium nitrate (NaNO3, >99%),
sodium fluoride (NaF, >99%) and zirconium-SPADNS reagent were purchased from Merck
KGaA (Darmstadt, Germany) and used as received. Fluoride solutions for adsorption
experiment were prepared from NaF salt with deionized water purified by using a Milli-Q
system (Millipore, Milford, MA, USA).

Figure 1. Structure of the two types of aluminum foam used in the present study: Type I (left), Type
II (right).

2.2. Synthesis of Zn—-Al LDH on Aluminum Foams

Decarbonized water was prepared by boiling distilled water at boiling temperature
with a reflux condenser for 3 h to get rid of carbonate ions [48,49]. The aluminum foams
were cleaned with commercial liquid dish soap, followed by a 0.1 M NaOH solution,
ethanol with 10 min sonication, and finally with distilled water. Then, they were dried
at 120 °C for one hour before use. Three different methods of LDH film growth were
investigated: single growth (SG), separate two growths (STG) and continuous two growths
(CTG). Performing a second growth was aimed to increase the amount and thickness of
synthesized LDH and required the addition of AI** ions to the solution, as the surface of
the aluminum foam was already covered by LDH after SG.

2.2.1. Single Growth (SG)

Zn(NO3),-6H0 (0.75 g) and urea (0.45 g) were added to 0.5 L of decarbonized water
to prepare a solution containing 5 mM Zn(NOj3); and 15 mM of urea. Urea acted as a pH
regulator to stabilize the pH at around 7. Aluminum foams were held inside the zinc salt
solution with nylon lines to maintain them in the middle of the solution, while a magnetic
stirrer provided gentle mixing. The LDH film growth was carried out at 90 °C (silicone
bath) for 12 h with nitrogen flux.

2.2.2. Separate Two Growths (STG)

After a SG process, the LDH-deposited Al foams were washed with ethanol and
distilled water and dried at 120 °C for one hour, followed by the weighting of mass. Then
they were put into a new salt solution for coprecipitation growth. The new solution was
made of 0.02 M Zn(NO3), (2.97 g) and 0.01 M AI(NOs3)3 (1.88 g) with the ratio Zn:Al = 2:1
in 0.5 L of decarbonized water. The addition of 2 M NaOH was performed to adjust the pH
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to 8-10. The second growth lasted for 18 h at 80 °C. Then, the foams were washed with
ethanol and distilled water and dried at 120 °C for one hour followed by weighing.

2.2.3. Continuous Two Growth (CTG)

After 12 h of the SG process, AI(NO3); salt (0.47 g) was added directly to the solution
to obtain an aluminum concentration of 2.5 x 1073 M (Zn:Al = 2:1) and to carry out a
second growth by the urea method. The pH was adjusted to 7 by adding a 2 M NaOH
solution, then the reaction was continued for 18 h at 80-90 °C. After the reaction, the foams
were washed with ethanol and distilled water, then dried at 120 °C for one hour with
stirring at 200 rpm for mixing. After the reaction, the foams were washed with ethanol and
distilled water, then dried at 120 °C for one hour followed by weighing.

2.3. Characterization

The crystal structure of the LDH grown on the aluminum foam surface was evaluated
by XRD. XRD spectra were collected in the 20 angular range at 10-55° by using Cu-K«
radiation (A = 1.5408 A) with 2@ angular steps of 0.05° and a counting time of 2 s per step.
The phases were identified by using the JCPDS-ICDD database. The morphology of the
deposited Zn-Al LDH was investigated through scanning electron microscopy observations
(SEM Hitachi SU70, Hitachi, Tokyo, Japan). The XPS measurements were performed by
using a spectrometer Escalab 250Xi (Thermo Fisher Scientific Ltd., East Grinstead, UK)
equipped with a monochromatized Al-K« X-ray source and a six-channeltron detection
system for spectroscopic analysis. The photoemission was collected at a constant pass
energy of 100 eV for the survey spectra and 50 eV for the elemental regions. All the spectra
were acquired in standard mode of the electromagnetic lens system corresponding to
analysis area of approximately 1 mm in diameter. Spectroscopic data were processed by
the Avantage v.5 software (Thermo Fisher Scientific Ltd., UK). UV-Vis spectroscopy was
performed by using a Varian Cary 50 Scan spectrometer (Varian Inc., Palo Alto, CA, USA)
in the range of 300-700 nm.

2.4. Fluoride Adsorption Experiments

The aluminum foams with the Zn—-Al LDH film grown on the surface were immersed
in 20 mL of fluoride solution with an initial concentration of 3 mg/L or 10 mg/L in a 25 mL
round-bottom flask. Nylon line was applied to maintain the foams in the central position of
the solution. A small stirring bar was used to promote mixing by gentle stirring at 100 rpm.
Adsorption was performed at room temperature and at the original pH of the fluoride
solution (around 6). The nitrogen environment was provided to prevent the intercalation
of carbonate groups.

Determination of the residual fluoride concentration was performed by using the
SPADNS method [50-52] (SPADNS: sodium (2-para sulfophenylazo) 1,8-dihydroxy 3,6-
naphthalene disulfonate) and the UV-Vis spectrophotometer to measure the absorbance at
580 nm. The detection was based on the reaction of fluoride and the red-colored complex,
which produces a colorless complex anion (ZrF¢?~) and results in a decrease in optical
absorbance. Calibration curves were recorded with a series of fluoride solutions. Dilution
was applied for the high concentration values, which exceeded the linear limit of the
calibration curve. Measurements of fluoride concentration were performed after 20, 40 min
and 1, 2, 3, 4, and 24 h from the start of the experiment.

The pH of the 20 mL of the fluoride solution for adsorption was adjusted with a 0.01 M
NaOH or a 0.01 M HNOj solution in the range of 5-10 to study the influence of pH with
other conditions unchanged. The influence of contact time, initial fluoride concentration,
pH, and adsorbent dosage was based on the calculation of the adsorption capacity and
adsorption efficiency.

The adsorbent dosage (AD) was calculated by Equation (1):

m

AD =5 (1)
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where m is the mass of the adsorbent (g), and V is the volume of the fluoride solution (L).
The adsorption capacity Q is the amount of adsorbate taken up by the adsorbent per
unit mass of the adsorbent as defined below (Equation (2)):

(Co—Ci)-V
m

Q= @)
where Cp and C; are the concentrations before and after a certain time t of adsorption
(mg/L), respectively.

The adsorption efficiency E is calculated as the percent decrease in fluoride concentra-
tion from the initial value (Equation (3)):

GG

E
Co

x 100% 3)

2.5. Regeneration

A total of 20 mL of 1:1 (v/v) mixed solution of 0.01 M sodium nitrate and 0.1 M sodium
hydroxide was used for the regeneration of the Zn-Al LDH foams after fluoride adsorption.
A 3 mg/L fluoride solution was used for the readsorption process. The fluoride desorption
and readsorption processes were both carried out for 24 h at room temperature in a nitrogen
environment. The adsorption-regeneration-readsorption process was performed to study
the possibility of reusing the adsorbent. The regeneration efficiency was calculated by
measuring the recovered adsorption efficiency for fluoride.

3. Results
3.1. Zn-Al LDH Film Synthesis

Table 1 summarizes the effects of the different methods of synthesis and types of
foam on the growth of Zn-Al LDH with specific regard to the quantity of deposited
LDH material. The absolute weight of LDH and the mass percentage relative to the
mass of original aluminum foam (LDH/ Al) are reported in the first and second columns,
respectively. As expected, the mass of deposited LDH generally increased with both
the methods that involved a second growth, but without a clear indication on the best
performer. In the case of Type I foam, the highest percentage (2.32%) was obtained by the
continuous two growths (CTG) method. However, for Type II foam, a slightly higher value
(2.51%) was obtained by separate two growths (STG). By using STG, the LDH percentage
was approximately doubled in comparison with single growth (SG), both for Type I and
Type Il foams. This was partially confirmed in the case of CTG since a slightly different
result was obtained for the two types of foams. However, over all types of foams under
investigation, the LDH /Al mass ratio seemed to reach its limit at around 2.5%. These
results can be referred to the limited surface area of the foams, as the salts added for the
synthesis were always in excess. To obtain the highest percentage of adsorbent mass, the
Type II foam with separate two growths (STG) can be the best option.

Table 1. LDH synthesis results.

Samples LDH [g] LDH/AI [%]
I-SG 0.0059 0.83
Type I I-STG 0.0114 1.97
I-CTG 0.0166 2.32
II-5G 0.0070 1.25
Type Il II-STG 0.0147 2.51

II-CTG 0.0099 1.93
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3.2. Characterization
3.2.1. XRD Characterization
Figure 2 shows the XRD spectra of a I-SG LDH sample and the Al foam substrate

before the synthesis. After synthesis, the diffraction pattern clearly shows the reflections of
both Al from the substrate and the Zn—-Al LDH film grown on the foam.

1000 { WAl (JCPDS-ICDD 4-787) n
B (Zn -A)LHD (JCPDS-ICDD 38-486)

S |
8 ‘
= | N
[©2] 500 |
§) Al substrate ‘| A
E P At A A At oy i A '«...-A-.NJ «tww—.m.--uh.—.mﬂ Mmm .ﬁ.ﬂ..M w._...av-.,.m -
>
©
b= i 003
X
(008) (01 2) (01 8)
sample I-SG l
0

20 (deg)

Figure 2. XRD spectrum of sample I-SG before fluoride adsorption. For comparison Al substrate
spectrum before the synthesis is also reported.

XRD analysis confirms the hexagonal Zn—Al LDH crystal structure with rhombohedral
3R symmetry, as generally reported in the literature [18,53]. Specifically, the formation of
hydrotalcite-like LDH is shown by the peaks at 11.59°, 23.44°, 34.64°, and 47.27° that are
ascribed to (003), (006), (012) and (018) reflections (JCPDS-ICDD 38-486). The diffraction
peaks at 20 of 38.45° and 44.72° are assigned to (111) and (200) reflections of Al (JCPDS-
ICDD 4-787), while the peak at 26 = 7.42° is ascribed to 3-alumina (JCPDS-ICDD 10-414).
The positions of symmetric (001) and asymmetric (0kl), (hOl) reflections of the hydrotalcite-
like LDH phase allow the determination of the lattice parameter ¢ and a by using the Bragg
law and the equation for the distance between adjacent planes (d) in a hexagonal lattice:

1 4/W>+hk+K? 12
Foa(e) e @

where h, k, and [ are the Miller indices.

In particular, the positions of the two symmetric reflections, (003) and (006), can be
used to calculate the average value of the cell parameter ¢ = (1/2) (3dggz + 6dops) = 22.75 A.
Then, the asymmetric (018) reflection was used to determine a = 3.01 A. The results are in
good agreement with those of the literature [45,53,54].

For comparison, the spectra of Zn-Al LDH synthesized with different methods were
analyzed and, in order to investigate the crystalline texture, the relative intensities were
compared with those of the same material with random grain orientation, taken from the
JCPDS-ICDD database. The results show the presence of both the basal reflections, (003)
and (006), giving evidence of parallel-oriented LDH nanoplatelets, and some asymmetric
reflections from almost perpendicular-oriented nanoplatelets for all the samples (Figure S1).
Only for the I-STG sample are textures with (018) and (012) components visible (Table S1),
suggesting the presence of differently grown LDH nanoplatelets, in agreement with the
differences observed in the SEM analysis (see Figure 3c below).
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Figure 3. SEM images of: (a) Type I foam with single growth (I-SG); (b) higher-magnification image
of the blue-circled area in Figure 3a of type I foam with single growth (I-SG); (c) Type I foam with
separate two growths (I-STG), the red circles showing the presence of sea urchin nanostructures (see
text); (d) Type I foam with continuous two growths (I-CTG).

3.2.2. SEM Characterization

The SEM micrographs of Zn-Al LDH grown onto aluminum foams are shown in
Figure 3. It was confirmed that even SG synthesis by the urea method was sufficient to
produce a dense layer of LDH nanostructures covering all the surface of the aluminum
foam, independently of the foam type (Figure 3a). The LDH films were made of the typical
nanoplatelets with an approximately circular shape and lateral dimensions in the range
3-5 um (Figure 3b) generally observed in in situ growth [41,42]. In particular, Figure 3b
shows the zoomed-in image of the circled area of Figure 3a. Through observations of
several zones, Figure 3b could be considered representative of the morphology of the
LDH film over the entire surface, even though variations in the shape, size and density
of the nanoplatelets were observed. The films deposited with the second growth by the
coprecipitation method (STG) consisted of much smaller nanoplatelets (Figure 3c). Some
needle-shaped sea urchin nanostructures [55] also formed on the top of the layer (red
circles), and they can be attributed to zinc oxide (ZnO) formed during the coprecipitation
reaction [56,57], as confirmed by XPS characterization (see Section 3.2.3). Differently,
a second growth by the CTG method (Figure 3d) produced more uniform, flatter and
slightly bigger LDH nanosheets, probably resulting from the further growth of the original
nanoplatelets formed with the first growth. From this point of view, the synthesis with
continuous growth by the urea method (CTG) is the best choice to obtain more regular
Zn—-Al LDH films on the foams, also with a simplified synthesis procedure.

3.2.3. XPS Characterization

Figure 4 displays the XPS survey spectra of the II-STG sample as synthesized (Figure 4a)
and after fluoride adsorption (Figure 4b). In both the spectra are marked the peaks of the
main constituent elements, Zn, Al, O and C. The appearance of the F 1s peak at binding
energy (BE) around 684 eV evidenced in Figure 4b after the adsorption of 10 mg/L fluoride
solution indicates that fluoride was adsorbed by the LDH film. A high increase of O 1s
peak after fluoride adsorption indicates a strong oxidation of the film surface, leading to
the decreased intensities of the Zn and Al signals.
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Figure 4. XPS survey spectra of the II-STG sample: before (a) and after (b) fluoride adsorption.

The high-resolution spectrum of the F 1s region (Figure 5) also confirms that fluoride
is successfully bound to the sorbent material. Furthermore, in the high-resolution spectrum
of the Zn 2p region, presented in Figure 6, in addition to the component A of Zn 2p3,,
peak at BE of about 1022 eV, corresponding to the ZnO signal, a new component B at
BE =1024.7 eV appeared after fluoride adsorption, confirming that fluorine was bonded
with zinc to form ZnF,.

Intensity (arb. units)

692 690

688

686 684 682
Binding Energy (eV)

680

678

Figure 5. XPS spectrum of F 1s region of the sample II-STG after adsorption of 10 mg/L fluoride solution.
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Figure 6. XPS spectra of Zn 2p region of the sample II-STG before (a) and after (b) adsorption of

10 mg/L fluoride solution.

The high-resolution spectra of the O 1s region (Figure 7) were composed of two peaks
that are assigned to metal oxides (denoted as M-O, M = Zn or Al) at BE = 530.9 eV (A) and
to hydroxyl groups (denoted as O-H), nitrate group and carbonate groups (denoted as
C=0) at BE = 531.2 eV (B). After fluoride adsorption, the atomic percentage of component
B decreased from 33.9% to 26.4%, whereas that of component A increased from 20.5%
to 32.1%, indicating that fluoride adsorption proceeds through ligand exchange with the
hydroxyl groups or anion exchange with nitrate groups [44,58,59].
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Figure 7. XPS spectra of O 1s region acquired for the sample II-STG before (a) and after (b) adsorption

of 10 mg/L fluoride solution. The components of O 1s spectra correspond to the peaks of metal
oxides (A) and O-H and C=0 bonds (B).
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When fluoride is removed from an aqueous solution by LDH, the adsorption probably
occurs primarily in response to Coulomb attractions between the anionic adsorbent and
the positively charged external and interlayer surfaces of LDH via the memory effect [60].
The mechanism of fluoride adsorption by LDH goes on as below (Equations (5) and (6)):

(i) Anion exchange between the interlayered nitrate and fluoride in solution with the
formation of the outer-sphere complex:

Znit AIZT(OH),(NO3) +xF~ — Znit A" (OH),(F~), +xNOj5 (5)

(ii) Ligand exchange between surface metal hydroxyl groups (M-OH) of Zn-Al LDH and
fluoride in solution with the formation of the inner-sphere complex:

>M-OH+F —->M-F+0OH™ 6)
where M is Zn or Al.

3.3. Fluoride Removal Experiment
3.3.1. Effect of Contact Time

To study the effect of the adsorption time, water samples were withdrawn from the
defluorination bath at specific intervals between 0 and 24 h. Figure 8 displays the fluoride
removal process through the adsorption capacity (Figure 8a) and adsorption efficiency
(Figure 8b) as a function of the contact time for an I-SG sample with two different initial
fluoride concentrations. In both cases, the process seems to follow a typical exponential
behavior toward a state of equilibrium with a very fast start which reaches half of the final
value during the first hour. Adsorption slowed down considerably after 2 h and approached
the saturation value after 4 h approximately. Generally, the decrease in adsorption rate
is considered a consequence of a lower fluoride concentration and less active sites on the
LDH adsorbent surface. The active sites were all available in the initial phase and became
increasingly occupied with fluoride ions during the adsorption [61].

3.3.2. Effect of Initial Concentration

As shown in Figure 8, both the adsorption capacity and adsorption efficiency increased
with the increasing initial fluoride concentration, from 3 mg/L to 10 mg/L. This suggests
that the driving force due to the concentration difference inside and outside the interlayers
of LDH is the major contribution to the adsorption process in this low-concentration regime.

The mechanism of fluoride adsorption by LDH can be based on ion exchange or super-
ficial adsorption in the interlamellar space as indicated in the XPS measurements. Specifi-
cally, the adsorption capacity increased by a factor of 5 approximately (from 2.93 mg/g to
15.06 mg/g) when the concentration was increased from 3 mg/L to 10 mg/L, with a slope
greater than one, thus suggesting that the fraction of occupied adsorption sites per unit
mass was quite low and the adsorption process was far from a saturated state. Therefore,
the LDH adsorbent demonstrated to work well even when the initial fluoride concentration
was higher than 10 mg/L, in agreement with reference [62], where the adsorption capacity
increased linearly with the fluoride concentration before reaching 20 mg/L.

3.3.3. Effect of pH

The fluoride adsorption in the range of pH from 5 to 10 is displayed in Figure 9. Gen-
erally, acidic pH values, i.e., lower than 5, were not taken into account in the literature due
to the formation of the weakly ionized hydrofluoric acid (HF) and the possible dissolution
of LDH. On the other hand, when pH is higher than 10, aluminum dissolution from the
layered structure could cause the reduction of the adsorption capacity [58]. In the present
study, the original pH of 10 mg/L fluoride solution was 6; pH below 6 was obtained by
adding a 0.01 M solution of HNO3, while a pH from 7 to 10 was adjusted by adding 0.01 M
NaOH solution. The adsorption of fluoride increased with increasing pH below 6, which
can be due to both chemical and electrostatic interaction between fluoride ions and the
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oxide surface. When the pH increased over 6, the decrease in fluoride adsorption with
increasing pH (higher concentration of OH™) was attributed to the competition between
OH™ and F~ for the exchangeable sites, and the inhibition of the ligand exchange pro-
cess. The adsorption at pH 6 occurred without any influence of competing ions (NO3 ™
or OH™) and reached the highest adsorption capacity (8.45 mg/g) and efficiency (43.5%)
of the pH range from 5 to 10. This result is in good agreement with that reported in the

literature [59,62,63].
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Figure 8. Adsorption capacity (a) and adsorption efficiency (b) as a function of the contact time of
I-SG samples with initial fluoride concentration of 3 mg/L and 10 mg/L, adsorbent dose 0.30 g/L.
The dashed lines are guides for the eye and represent an exponential behavior.
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Figure 9. Fluoride adsorption capacity (a) and adsorption efficiency (b) of II-STG under different pH,
20 mL of 10 mg/L fluoride solution, room temperature, 24 h.

3.3.4. Effect of the Adsorbent Dosage

Figure 10 shows that the adsorption efficiency has a non-linear relationship with the
adsorption dosage, similar to the trend generally found in the literature [3,31,64]. As the
adsorbent dosage increases, the adsorption efficiency increases at a lower rate and seems to
approach equilibrium when the adsorbent dosage is over 0.75 g/L. It can be seen that the
fluoride removal increased from 29.3% to 67.2% when the adsorbent dose increased from
0.3 g/L to 0.75 g/L. According to the surface site heterogeneous theory [65], the surface is
composed of different types of adsorption sites. At low adsorbent dosage, all types of sites
are exposed for adsorption, and the surface reaches saturation faster. However, at high
concentrations of the adsorbent, lower energy sites are occupied at a higher fraction than
higher energy sites. In the present study, the highest removal efficiency in all the samples
was reached by II-STG, with 0.75 g /L adsorbent dose.
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Figure 10. The adsorption efficiency as a function of the adsorbent dosage, experimental conditions:
room temperature, 3 mg/L fluoride solution, 24 h of contact time. The continuous line is a guide for
the eye.

3.3.5. Effect of Foam Type and Synthesis Method

To investigate the effect of the various growth types and parameters on the adsorp-
tion process, the defluorination experiment was performed with different samples at the
same initial fluoride concentration of 3 mg/L. Figure 11 shows the adsorption capacity
(Figure 11a) and adsorption efficiency (Figure 11b) as a function of the contact time for
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samples grown with the different methods and foams: II-CTG, I-STG, II-STG and I-SG.
It can be seen that the adsorption capacity reached a similar value around 3 mg/g after
24 h for all the samples (Figure 11a), which suggests that the amount of absorbed fluoride
basically increases linearly with the adsorbent quantity, without a strong dependence on
the method of synthesis and type of foam. With double growth methods (STG, CTG), the
adsorption capacity was slightly higher than with single growth ones, possibly due to the
larger exposed area produced by the hierarchical growth of the two subsequent layers.
As a consequence of the similar adsorption capacity, the adsorption efficiency varied in
accordance with the amount of synthesized LDH films (see Table 1) with sample II-STG
showing the highest adsorption efficiency at approximately 67% after 24 h. This resulted in
a decrease in fluoride concentration from 3 mg/L to 1.1 mg/L, approximately, which is
below the 1.5 mg/L limit for drinking water set by WHO.
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Figure 11. Adsorption capacity (a) and adsorption efficiency (b) of samples II-CTG, II-STG, II-5G,
I-STG and I-SG, room temperature, 3 mg/L fluoride solution. The dashed lines are guides for the eye
and represent an exponential behavior.
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3.3.6. Adsorption Kinetics

Experimental data were fitted with either a pseudo-first-order model or a pseudo-
second-order model. When the pseudo-first-order model is best fitted with R? value close
to 1, it indicates that the reaction is more toward physisorption. In the case of a pseudo-
second-order model, the reaction is more toward chemisorption. The equation of each
model is shown below (Equations (7) and (8)):

Pseudo-first-order model In(g. — q:) = Inge. — kyt (7)

£t n 1
g qe ko
where g, and g; are the adsorption capacity at equilibrium and at time ¢, and k; and k; are
the rate constants of the first order and second order, respectively.

As shown in Figures 12 and 13, both the pseudo-first-order and the pseudo-second-
order models fitted the experimental data reasonably, suggesting that both chemisorption
and physisorption occurred during the adsorption process. However, on closer exam-
ination, over the first two-hour adsorption, fitting with pseudo-second-order model is
more accurate, with R = 0.999, higher than that obtained with pseudo-first-order model
(R? = 0.996). This indicates that chemisorption dominated in the initial stage of adsorption
process. The kinetic coefficient k, was calculated to be 0.60 L/(mg-h), and the equilibrium
adsorption quantity Q is 3.73 mg/g.
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Figure 12. Fitting of fluoride adsorption data in II-CTG Zn-Al LDH with pseudo-first-order kinetic
model. Experimental conditions: sorbent dosage 0.495 mg/L, equilibrium pH = 6.5 & 0.5, initial
fluoride concentration 3 mg/L.

3.3.7. Regeneration

The regeneration procedure of used foams was performed on samples II-STG and
[I-CTG. A total of 20 mL of 1:1 (v/v) mixed solution of 0.01 M NalNOj3 and 0.1 M NaOH
solutions was used as the basic medium to stimulate the fluoride desorption process. As
shown in Figure 14, the adsorption efficiency decreased from the as-synthesized values of
67.2% and 55.9% to 16.8% and 13.9% after regeneration for II-STG and II-CTG, respectively.
The recovered adsorption efficiency was clearly unsatisfactory in comparison to the results
in the literature [44,46], with only 25% of the first adsorption result. This could be due to
the fact that the regeneration solution produced a certain degree of damage to the LDH
film. In fact, after recycling, significant weight losses of 4% and 10% were recorded in the
two samples, respectively. In the present case, the adsorption capacity cannot be calculated,
as the real amount of sorbent on the aluminum foam cannot be measured after the initial
adsorption stage.
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Figure 13. Fitting of fluoride adsorption data in II-CTG Zn-Al LDH with pseudo-second-order kinetic
model. Experimental conditions: sorbent dosage 0.495 mg/L, equilibrium pH = 6.5 £ 0.5, initial
fluoride concentration 3 mg/L.
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Figure 14. Adsorption efficiency of II-STG and II-CTG after adsorption—desorption-readsorption
processes.

The desorption of fluorine, as well as the possible damage to the LDH film, are also
confirmed by the XPS measurements. Indeed, the survey spectrum after regeneration,
presented in Figure S2, reveals the absence of the F1s peak and a noticeable decrease in Zn
signals. The II-STG sample after regeneration is composed mainly of Al(OH)3; and Zn(OH),
with a small amount of ZnO, as shown in the deconvolution of the Zn 2p and O 1s spectra
reported in Figure S3. Furthermore, the total atomic ratio of Al:Zn, calculated from the XPS
quantification before and after LDH regeneration, is increased from about 0.7 to 4. This
increase proves the partial damage of LDH film and reduction in the adsorption efficiency.

4. Conclusions

In this study, we presented a new method for fluoride removal from water based on
nanostructured Zn—Al LDH films synthesized in situ on Al foams that acted as both the
reactant for the growth and substrate for a simpler handling of the removal process. Three
different methods of LDH synthesis were investigated: (1) single growth (SG); (2) separate
two growths (STG); and (3) continuous two growths (CTG). XRD spectra and SEM images
confirmed the successful growth of LDH on the surface of the Al foams. Both STG and



Processes 2021, 9, 2109 16 of 18

CTG methods demonstrated to be effective in increasing the amount of LDH film through
the second growth, as the mass of adsorbent almost doubled when compared with SG.
Fitting with kinetic models showed that both physisorption and chemisorption occurred
during the adsorption process, with the latter dominating the first stage of fluoride removal.
XPS analysis revealed that the fluoride removal mainly occurred by the anion exchange
and ligand exchange processes. The highest adsorption efficiency, with a value of 69.8%,
was reached after 4 h, starting from the 3 mg/L initial fluoride concentration by using
II-STG. This effectively reduced the fluoride concentration to 1.1 mg/L, which is below
the threshold value set by WHO for drinking water. The adsorption capacity increased
when the initial fluoride concentration was increased from 3 mg/L to 10 mg/L, as expected
within a concentration-driven process, and the adsorption sites were proved not to reach a
saturated state. The optimum condition for the adsorption was found to be at pH 6, while,
as expected, the foam type did not influence the adsorption capacity significantly. The
results on recycling were quite disappointing, probably due to significant damage and
weight loss occurring during the regeneration of the foams. To this end, further studies are
in progress to improve this process by using different solutions and chemical reactions for
desorption. However, the present study demonstrates the proof of concept that the use
of an Al substrate can be a strategy to simplify and improve the adsorption processes for
wastewater remediation. It is expected that Zn—-Al LDH grown on aluminum foams can be
potentially used as low-cost, efficient, and recycling adsorbent for the removal of fluoride
and other contaminants from polluted water.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9122109/5s1, Figure S1: XRD spectra of I-SG, I-CTG and I-STG samples, Table S1: Comparison
of the relative experimental XRD diffraction intensities with those of Al-Zn LDH powder with random
oriented grains, Figure S2: XPS survey spectrum of the II-STG sample after regeneration, Figure S3:
XPS spectra of Zn 2p (a) and O 1s (b) regions of the sample II-STG after regeneration.
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