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Abstract

Layered double hydroxides (LDH) calcined at different temperatures (denoted as CLDH) have been demonstrated to recover their original
layered structure in the presence of appropriate anions. In the light of this so-called “memory effect”, a study of removal of fluoride from aqueous
solution by calcined Mg—Al-CO;3-LDH has been carried out. The LDH calcined at 500 °C had the highest capacity of removal of fluoride ion,
because of retention of its intrinsic structure. The CLDH with an Mg/Al ratio of 2 has a remarkable ability to adsorb anions. The adsorption loading
is higher for the calcined Mg—Al-LDH than for calcined Zn—Al and Ni—Al-LDH. The influence of varying the conditions for removal of fluoride,
such as the pH of aqueous solution, the initial fluoride concentration, the dosage of adsorbent, and temperature on removal of fluoride have been
investigated. The influence of co-existing anions in fluoride aqueous solution indicates that the percentage of removal of fluoride increased in
order PO4*~ <Cl~ &~ SO,42~ <Br~ « NO; ™. It was found that maximum removal of fluoride from aqueous solutions was obtained in 6 h at pH 6.0
with an initial concentration of 50 mg/L, and that the retention of fluoride ions by the CLDH material was 98% or higher. The residual fluoride
concentration was found to be 0.4 mg/L with an initial concentration of 20 mg/L, which meets the national standard for drinking water quality.
The Freundlich isotherm and Langmuir isotherm were used to fit the data of equilibrium experiments. The results of X-ray diffraction, FT-IR and
TG-MS demonstrate that the adsorption phenomenon is accompanied by rehydration with concomitant uptake of fluoride ions to rebuild the initial
layered structure.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction According to the World Health Organization guidelines [3],

the maximum concentration limitation of fluoride is 1.5 mg/L for

Fluorine in combined fluoride forms is naturally present in
varying amounts in the atmosphere, water and soils. Fluoride
ions can be found in wastewaters derived from glass industry,
chemical industry, metal industry and high-tech industries such
as manufacturing of semiconductors and integrated circuits [1].
The discharge of such wastewater into the surface water will
lead to the contamination of groundwater. Long-term drinking
of water containing high fluoride content can result in mottling of
teeth, as well as softening of bones and ligaments. Many people
in the world are affected by fluorosis, especially in China, India,
Pakistan, and Thailand [2].
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drinking water. However, the concentration found in groundwa-
ter is often higher than the standards. For example, concentration
as high as 5mg/L in Changzhou, China, have been reported
[4]. Several methods have been tried to remove fluorides from
water, namely adsorption [5—7], precipitation [2,8], electrodialy-
sis [9], ion exchange [10] and electrochemical methods [11,12].
Of these, adsorption is still one of the most extensively used
methods for defluoridation of water.

Layered double hydroxides (LDHs), also known as
hydrotalcite-like compounds (HTIc) or anionic clays, consist
of brucite-like hydroxide sheets, where partial substitution of
trivalent for divalent cations results in a positive sheet charge
compensated by anions within interlayer galleries [13]. Cal-
cined Mg-Al-CO3-LDHs have been demonstrated to recon-
struct their original layered structure after adsorption of various
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anions and are good ion exchangers/adsorbents for removal of
toxic anions from contaminated water [14-21]. In the light
of this so-called “memory effect” [22], removal of fluoride
from aqueous solution by calcined LDHs was studied in this
work.

Calcined LDHs (CLDH) were used as an adsorbent mate-
rial. The effect of various factors such as (a) CLDH struc-
ture; (b) conditions for removal of fluoride, such as pH of
aqueous solution, the dosage of adsorbent, initial concentra-
tion of fluoride, and temperature and (c) co-existing anions
in fluoride aqueous solution on the removal of fluoride, have
been investigated. The explanations of adsorption phenomena
have been supported by X-ray diffraction, FT-IR and TG-MS
results. It has also been shown that the LDH maybe regener-
ated after fluoride adsorption using NayCOs3 aqueous solution
(0.1 mol/L).

2. Experimental
2.1. Materials

Mg(NO3),-6H20, Zn(NO3),-6H,0, Ni(NO3),-6H>0, Al
(NO3)-9H,0, NaNO3, NaOH, NaF, trisodium citrate dihydrate
(NazCe¢Hs507-2H,0), glutin and urea were analytically pure
reagents. All reagents were used without purification, and deion-
ized water was decarbonated before use.

2.2. Preparation of LDH precursors and CLDH

Mg(NO3);-6H,0 and AI(NO3)3-9H,0 with Mg2*/AlP*
ratios of 2.0, 3.0 and 4.0 were dissolved in deionized
water (25mL) to obtain solutions (a); urea ([urea]/([Mg2+]+
[AI3*]) =4.59) was dissolved in 25 mL water to obtain solution
(b); glutin (3 g) was dissolved in 25 mL water to obtain solution
(c). Then, solutions (a), (b) and (c) were mixed in a 100 mL auto-
clave with stirring for 20 min. The mixture was held at 130 °C for
6 h. The precipitate was washed throughly at 80 °C, and dried at
80 °C for 24 h to obtain the LDH. Finally, calcined Mg—Al-LDH
(CLDH) was obtained by calcining LDH in a muffle furnace at
the designated temperature for 2 h. Chemical composition indi-
cates that the synthesized Mg—Al-CO3; LDHs has Mg/Al molar
ratios of 1.64:1, 2.65:1 and 3.51:1, less than the input ratio of
2.0:1, 3.0:1 and 4.0:1. It is known that LDHs synthesized by the
urea method tend to be aluminium-rich [23,24]. Mg/Al molar
ratios in the CLDH are 1.68:1, 2.66:1 and 3.47:1, indicating
that calcination has no impact on the chemical composition as
expected.

Zn—Al-CO3-LDH and Ni-Al-CO3-LDH were synthesized
by a modified co-precipitation method as described else-
where [25]. The method involves very rapid mixing to com-
plete the nucleation process, followed by a separate aging
process. Zn(NO3);-6H20 or Ni(NO3),-6H,0 (0.36 mol) and
AI(NO3)3-9H,0 (0.18 mol) were dissolved in deionized water.
A second solution containing NaOH (0.86 mol) and Na;CO3
(0.36 mol) in deionized water was prepared. The two solutions
were simultaneously added to a colloid mill with a rotor speed
of 5000 rpm. The resulting slurry was removed from the colloid

mill after 2 min and aged at 100 °C for a specified period. The
final precipitate was filtered, washed thoroughly, and dried at
80°C for 24 h.

2.3. Characterization

The CLDH materials before and after the adsorption of
fluoride ions were characterized by X-ray diffraction, FT-IR
and TG-MS. X-ray diffraction patterns of the samples were
obtained using a Shimadzu XRD-6000 diffractometer with Cu
Ka radiation (40kV and 30 mA) at a scanning rate of 5°/min.
FT-IR spectra of KBr pellets in the range 4000—400cm ™!
were recorded with a Bruker Vector 22 spectrometer. Elemen-
tal analysis was performed with a Shimadzu ICPS-7500 ICP
instrument on solutions prepared by dissolving the samples
in dilute HNO3. TG-MS measurements were carried out on
a Pyris Diamond TG/DTA instrument equipped with a mass
spectrometer (ThermoStar TM) in an inert atmosphere. The
temperature-programmed rate was 10°C/min, and the mea-
sured range from 30 to 600°C. Gaseous emission (HF, F»,
and CO;) was analyzed at intervals of 1s. Low-temperature
N, adsorption-desorption experiments were carried out using
a Quantachrome Autosorb-1 system. The surface area of the
LDH precursor and CLDH were calculated using the BET
method.

2.4. Determination of fluoride ion concentration

The concentration of fluoride ions in the solutions was deter-
mined using a selective electrode for fluoride ions [21], which
measures concentrations from 10~°M to saturated solutions.
TISAB II (Total Ionic Strength Adjustment Buffer) was added
to the solutions to reduce the variation in the ionic strength in the
samples. This buffer contains a chelate, which forms complexes
with other ions, such as iron and aluminum that could interfere
in the determinations.

A calibration curve was obtained using NaF standard solu-
tions with different fluoride concentrations from 1 to 10 mg/L.
The results were plotted as fluoride concentration (mg/L) versus
potential (mV).

2.5. Removal of fluoride ions

CLDH samples (2.0 g) were dispersed in 1.8 L of fluoride
solutions containing 100 mgF~/L and stirred for 5-6 h, with
control of solution pH in an N, atmosphere. For the case of flu-
oride ion solutions, the experiments were carried out at initial
pH 5.0, 6.0, 7.0, 8.0 and 10.0, which was adjusted using dilute
nitric acid (1%) and was kept constant over the whole adsorption
period. 2 mL samples were extracted, at selected time intervals,
up to a maximum of 5-6h, separated by filtration, and diluted
to 50 mL. Fluoride ions were measured in the solution, and the
solids remaining at the end of the experiment were characterized
by X-ray diffraction, FT-IR and TG-MS. The fluoride concen-
tration, the percentage removal of fluoride and the adsorption
loading of CLDH were calculated. Equilibrium studies were
conducted in a 500 mL flask by mixing 300 mL of fluoride solu-
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Table 1

The effect of Mg/Al molar ratio and calcination temperature of LDH on removal of fluoride

Sample Mg/Al ratio Calcination Surface area (m?/g) Pore diameter at maximum (nm) Percentage Adsorption loading
temperature (°C) removal (%) (mg/g)
1 2 200 76.8 2.35 6.80 69.88 65.46
2 2 400 122.2 2.66 7.20 77.86 69.51
3 2 500 240.6 3.72 10.5 85.53 80.12
4 2 600 213.6 2.45 20.3 66.55 62.34
5 2 800 39.9 2.27 334 53.24 49.87
6 3 500 2233 2.41 9.54 73.43 64.60
7 4 500 208.5 2.15 7.68 72.29 63.60

tion with 0.333 ¢ CLDH. The mixture was stirred at 30 °C for
24 h in an N; atmosphere.

3. Results and discussion
3.1. Effect of varying structure of CLDH

3.1.1. Calcination temperature of Mg/Al LDH

The adsorption of fluoride by LDH calcined at various tem-
peratures was investigated. The adsorption was carried out by
dispersing 2.0g CLDH in a constant volume of 1.8L fluo-
ride aqueous solution, with initial concentration of fluoride
100 mg/L, under the condition of pH 6.0 and 304 1°C. The
percentage of removal and adsorption loading of fluoride by
LDHs calcined at different temperaturs are listed in Table 1. It
can be seen from Table 1 that the adsorption loading of fluoride
of LDH calcined at 500 °C is the highest, reaching 80 mg/g. It
increases with calcination temperature between 200 and 500 °C,
but decreases from 500 to 800 °C. Because LDH transforms to
aluminum and magnesium oxides by lose of interlayer anions,
the maximum adsorption loading of fluoride increases in the
temperature range 200-500 °C. The interlayer carbonate of LDH
is decomposed completely when calcined at 500 °C (see Fig. 1).

800
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Fig. 1. XRD patterns of (a) uncalcined Mg—Al-CO3z LDH, and Mg-Al-CO3

LDH calcined at (b) 200 °C, (c) 400 °C, (d) 500°C, (e) 600 °C, (f) 800°C, (g)
1000°C.

When the calcination temperature is above 500 °C, CLDH is
transformed into a spinel that does not exhibit the property of
reconstruction, which results in the observed decrease in the
adsorption loading for anions.

3.1.2. Chemical composition of LDH layers

The effect of varying Mg/Al molar ratio on the removal of
fluoride was also investigated. Table 1 and Fig. 2 show that the
retention of fluoride by the CLDH with Mg/Al molar ratio 2 is the
best of all, for which the adsorption content reached 80 mg/g.
The adsorption content of fluoride by the CLDH with Mg/Al
ratios of 3 and 4, are lower than the CLDH with Mg/Al ratio of
2, due to the higher charge density in the layers of CLDH with
an Mg/Al ratio of 2 than with 3 and 4. As shown in Table 1, the
specific surface areas of CLDH calcined at 500 °C are decrease
with increasing Mg/Al ratio. This suggests that the retention of
fluoride is also related to the surface area of CLDH.

The influence of metal cations in the LDH layers has also
been studied. Fig. 3 indicates that the retention of fluoride by the
Mg-Al-CLDH is higher than that of Ni-Al-CLDH and Zn-Al-
CLDH. This is partly due to the lower anion exchange capacity of
Ni—Al-CLDH and Zn—Al-CLDH, because of the higher atomic
weight of Ni and Zn compared to Mg.

¢ (mg/g)

Mg/Al molar ratio
2
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Fig. 2. Relationship between the adsorption loading of fluoride and the time, for

CLDH with various Mg/Al molar ratios (V=1.8L, T=30°C, F~ =100 mg/L,
pH 6.0, Wadsorbent =2.0 g)~
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Fig. 3. Relationship between (A) the percentage removal of fluoride, (B) the adsorption loading of fluoride and the time, for CLDH containing various metal cations

(V=1.8L, T=30°C, F~ =20 mg/L, pH 6.0, Wadsorbent = 2.0 g).

3.2. Effect of varying conditions for removal of fluoride

3.2.1. pH of aqueous solution

Generally, the pH is an important variable, which controls the
adsorption at water-adsorbent interfaces. Therefore, the adsorp-
tion of fluoride on the CLDH was examined at different pH
values ranging from 5.0 to 10.0 and relevant data are presented
in Fig. 4. It can be seen from Fig. 4A that the percentage removal
of fluoride is a maximum at pH 6.0, reaching 88.0%. Fig. 4B
shows changes in the adsorption loading of fluoride with time
for various pH values (5.0, 6.0, 7.0, 8.0, 10.0). It is obvious that
fluoride ions are removed much faster at lower pH than at high
pH. This result can be attributed to the increase in the concentra-
tion of competing anions OH™, at higher pH. The CLDH cannot

Percentage removal(%)

5 T T T T i T T T T T
0 50 100 150 200 250 300
(A) Time (min)

be used when the pH is lower than 5.0, however, because the
layered material may be partly dissolved, leading to a decrease
in adsorption loading.

3.2.2. The dosage of adsorbent

The effect of the dosage of adsorbent on the adsorption of
fluoride with initial concentration of 100 mg/L was studied and
the results shown in Fig. 5. It can be seen that the percentage
removal increased with increasing dosage of adsorbent. The
largest percentage removal was exhibited at 4.0 g CLDH per
1.8L (90%) (see Fig. 5A). In Fig. 5B, it can be seen that
the adsorption loading of fluoride decreases with increasing
dosage of adsorbent. The adsorption loading of fluoride is the
highest when the dosage of adsorbent is 2.0 (g/1.8L). The

90

g (mg/g)

u ' T T T T T v T
0 50 100 150 200 250 300
(B) Time (min)

Fig. 4. Relationship between (A) the percentage removal of fluoride, (B) the adsorption loading of fluoride and the time, for various pH (V=1.8L, T=30°C,

F~ =100mg/L, Wadsorbent = 2.0 g).
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Fig. 5. Relationship between (A) the percentage removal of fluoride, (B) the adsorption loading of fluoride and time, for various dosages of adsorbent (V=1.8L,

T=30°C, F~ =100 mg/L, pH 6.0).

influence of dosage of adsorbent is mainly related to its surface
area.

3.2.3. The initial concentration of fluoride

The effect of varying the initial fluoride concentration on the
process of adsorption for the CLDH (2.0 g) was studied and
is shown in Fig. 6. It can be seen that the percentage removal
of fluoride increases with decreasing initial fluoride concentra-
tion. The minimum residual concentration of fluoride obtained
is 0.4 mg/L. with an initial of 20 mgF~/L, which reaches the
standard for drinking water quality. Fig. 6B shows the rela-
tionship between the adsorption loading of fluoride and the
time. When the initial concentration of fluoride is 200 mg/L,
the adsorption loading of fluoride is the highest (138 mg/g); the
residual concentration of fluoride however is 50 mg/L. Taking
into account the percentage of removal, adsorption loading and
residual amount of fluoride, it is possible to treat water to drink-
ing standard quality (1.5 mg/L) by the use of CLDH when the
initial concentration of fluoride is less than 20 mg/L.

The external mass transfer diffusion model and intraparti-
cle diffusion model can be applied to investigate the effect of
the boundary layer and intraparticle diffusion on the fluoride
removal process. The external mass transfer diffusion model,
as an application of Fick’s laws, expresses the evolution of
the concentration of the solute in the solution. The intraparti-
cle mass transfer diffusion model has been extensively applied

Table 2

in adsorbate—adsorbent systems. In this work the models chosen
refer to theories developed by Weber and Morris [26] or McKay
and Poots [27]. The initial rate of intraparticle diffusion is cal-
culated by linearization of the curve g, =k /%, where k; is the
intraparticle diffusion constant [28].

Fig. 6C shows the variation of the adsorption loading and
dimensionless concentration (C/Cp) versus time. For all the
concentrations employed there is a monotonic increase in the
adsorption loading with time. At low initial fluoride concentra-
tion, fluoride ion is almost removed completely from the aqueous
solution. Thus, the overall adsorption process is not influenced
by external mass transfer diffusion. The external mass transfer
coefficients, B, can be obtained using the following equation
[29]:

o(8)- (%)

where A and V are the external surface area per unit mass and
the bulk, respectively. The coefficients can be calculated from
the data in the first 25 min when the solid surface fluoride con-
centration is much lower than the concentration in the solution.
Increasing the initial fluoride concentration results in a decrease
in the initial rate of external diffusion (Fig. 6C), but an increase
in the intraparticle diffusion rate (Fig. 6D, Table 2). These results
are consistent with the above results in that increasing the fluo-
ride concentration in the solution seems to reduce the diffusion

ey

Effect of varying initial concentration on the diffusional constants in removal of fluoride by CLDH

Initial F~ concentration (mgL~1) External diffusion

Intraparticle diffusion, W and M model k; (mg/g/min®>)

BL A/V (min~ 1)

B (x10~* cm/min)

10 0.0829 3.1010
20 0.0886 3.3135
50 0.0590 2.2077
100 0.0498 1.8610
200 0.0297 1.1099

0.7113
1.3297
6.2073
6.5824
10.0906
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Fig. 6. Relationship between (A) the percentage removal of fluoride, (B) the adsorption loading of fluoride and the time, for various initial fluoride concentrations
(V=1.8L, T=30°C, pH 6.0, Wadsorbent = 2.0 g), (C) external mass transfer resistance model, (D) intraparticle diffusion resistance model of Weber and Morris.

of fluoride ions in the boundary layer and to enhance the diffu-
sion in the solid.

3.2.4. Temperature for removal of fluoride
Fig. 7 shows the adsorption curves obtained under different

. .. : 3

isothermal conditions. The apparent adsorption rate accelerates 9(_:

on raising the temperature. The rate of depletion of fluoride con- 2

centration at different temperatures shows that fluoride removal g

by CLDH follows second-order rate kinetics, satisfying an equa- o

tion given by [30,31]: s

3

t 1 t o

— =t — @ &

@  (kxq) g
where k (g/mg/min) is the rate constant for second-order kinet-
ics, and ¢, is the maximum adsorption loading. The values of =73 = 7 T

0 50 100 150 200 250 300

the second-order rate constant k and g. were calculated from ‘ ‘
the intercept and slope of the plots of #g versus ¢. The linearity Time (min)

plots of #/q versus  indicate a good agreement of experimental ge Fig. 7. Relationship between the percentage removal of fluoride and the time,
values with those derived from the second-order kinetic model. for various temperatures (V=1.8 L, pH 6.0, F~ =50 mg/L, Wagsorbent = 2.0 &).
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The correlation coefficients for the second-order kinetic model
are all larger than 0.99. The ¢g. values are calculated to be 46.02
49.41, 49.49, 50.35 mg/g at 30, 40, 50 and 60 °C, respectively,
in agreement with the experimental data. The rate constants are
calculated to be 4.846 x 1073, 7.727 x 1073, 1.044 x 10~2 and
2.134 x 1072 g/mg/min at 30, 40, 50 and 60 °C, respectively. It
can be seen that the rate of removal increases with the tempera-
ture of the aqueous solution.

3.3. Co-existing anions in fluoride aqueous solution

Drinking water contains many ions such as sulfate, phos-
phate, chloride, bromide and nitrate. They will compete with
fluoride to be adsorbed onto CLDH. A constant volume of 1.8 L
of 50 mg/L fluoride aqueous solution, containing 45 mg/L sul-
fate, phosphate, chloride, bromide or nitrate ions, was mixed
with CLDH (2.0g), at pH 6.0, and 30+ 1°C, for 5h. It can
be seen from Fig. 8§ that nitrate hardly influences the fluoride
removal, probably due to the fact that the interaction of NO3 ™
with CLDH is weak. Fluoride removal in presence of other ions
increased in the order PO43_ <Cl™~ SO42_ <Br- «NO3~.
The effect of these anions on fluoride adsorption may be due
to their affinity towards CLDH which have greater affinities for
anions with higher charge density. The Z/r (charge/radius) val-
ues of the anions varies in the order PO43~ (3/3.40)>SO42_
(2/2.40)>CI~ (1/1.81)>Br~ (1/1.95)>NO3~ (1/2.81), i.e.,
multivalent anions are adsorbed more readily than monovalent
anions. On the other hand, the influence of chloride in this sys-
tem is especially significant because the molar concentration of
chloride ions is higher than those of other additive anions as a
result of its low molar mass.

3.4. Equilibrium isotherms

Equilibrium studies were carried out to determine the opti-
mum conditions for maximum fluoride removal by CLDH. Two
general-purpose equilibrium models were used to fit the experi-

mental data: (i) Langmuir (Eq. (3)) and (ii) Freundlich (Eq. (4)).

_obC,
9= 1+ bcy) 3)
ge = kpC?, “

where Q and b are the Langmuir constants related to the load-
ing and energy of adsorption, kp and n are the Freundlich
temperature-dependent constants, Ce is the equilibrium concen-
tration (mg/L), and g, is the adsorption loading at equilibrium
(mg/g), respectively.

Fig. 9 shows that the Freundlich isotherm is a better model
than the Langmuir isotherm on the basis of the correlation coef-
ficients (RE = 0.9908, R} = 0.9714). The best fit Freundlich
parameters are kp=15.16, n=0.496. The n value in the range
of 0.1-1 indicates a favorable adsorption process. The best
fit Langmuir parameters are Q =213.22 mg/g, b=0.0479 L/mg.

250+

2004 -~ ]

m  experimental data

S0 —— Langmuir isothorm R? = 0.9714
Frendlich isotherm Hf =0.9908
0 T T T T T T T i T T
o} 50 100 150 200 250 300
Ce (mg/L)

Fig. 9. Equilibrium isotherms for the removal of fluoride by CLDH at 30°C.
Experimental data are reported as points and models (Langmuir models and
Freundlich models) by curves.



126

o

= |

@ I

= A

:%-. " , J W \ ! a

2 4

c b
[

-100 T T T T T T T
10 20 30 40 50 60 70
2 Theta

Fig. 10. XRD patterns of (a) CLDH after uptake of fluoride, (b) Mg—Al-CO3-
LDH calcined at 500 °C (c) Mg-Al-CO3-LDH.

The removal of fluoride by different adsorbents has been stud-
ied in recent years and some of these reports provide Q values.
Although these values were obtained under different ranges of
conditions, they can be useful in criterion of the adsorbent capac-
ity. The Q value obtained in this study is greater than those
of reported for alum sludge (5.394 mg/g) [32], actived alumina
(16.34 mg/g) [33], flyash (20 mg/g) [34], lignite (7.09 mg/g) and
bituminous coal (7.44 mg/g) [35].

3.5. Mechanism of removal of fluoride ions

Fig. 10 shows XRD patterns of CLDH after adsorption of
fluoride ion, Mg—AI-CO3 LDH and CLDH. The XRD patterns
of the LDH calcined at 500 °C corresponds to that of a mixed
aluminum magnesium oxide and the original LDH structure
is regenerated after adsorption of fluoride. The re-constructed
LDH exhibits a dpo3 basal spacing of 7.69 nm, larger than that
of the original Mg—AI-COs3-LDH (7.55 nm). Chemical analysis
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Fig. 11. FT-IR spectra of (a) CLDH after uptake of fluoride, (b) LDH calcined
at 500 °C, (c) Mg-Al-CO3-LDH.

indicates that the CLDH after removal of fluoride has an Mg/Al
molar ratio of 1.70:1, the same as that of the CLDH itself.

FT-1IR spectra (see Fig. 11) show that a band is observed at
1355 cm™! in the spectrum of Mg—Al-CO3 LDH of the sample.
This band is assigned to the vibrational absorption of inter-
layer CO32™, as reported previously [12]. After calcination and
adsorption of fluoride, this band shifts to higher frequency (see
Fig. 11a) (1385 cm™!). This could indicate surface adsorption
of carbonate anions, which is a property of calcined LDHs [36].
The band betweens 400 and 800 cm™! can be attributed to the
superposition of the characteristic vibrations of magnesium and
aluminum oxides. Three broad, very intense peaks at 3448, 3464,
3472 cm™~! could be due to hydrogen bonding.

The TG-MS measurements (see Fig. 12) show that the regen-
erated LDH has two stages of weight loss, corresponding to the
decomposition of the interlayer anion—either fluoride or car-
bonate. The amount of HF (20) and F (19) from decomposition
of fluoride in the LDH is higher than the amount of CO; (44)
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Fig. 12. TG-MS measurements of CLDH after uptake of fluoride.
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arising from carbonate. It can be concluded that the interlayer
anion in LDH after uptake of fluoride by CLDH is mainly fluo-
ride.

The mechanism of removal of fluoride ions by calcined LDH
can be explained as follows.

The regeneration of LDH is due to the ability of calcined LDH
to incorporate anions into its structure by means of the so-called
“memory effect”. LDH containing carbonates as the interlayer
anion decomposes into magnesium and aluminum oxides when
heated at 500 °C. The calcined product Mg;_,Al,O14, can be
rehydrated and incorporate anions, such as fluoride, to rebuild
the initial layered structure.

[Mg—x Al (OH)2](CO3)x/2
— Mg1xAlO14,/2 + (x/2)CO2 +H20 5)

Mg AL Oy +F +(1 + (x/2)+ y)H20
— [Mgi_yAl,(OH)2](F), +xOH™ (6)

OH™ is produced during rehydration of CLDH. As a result,
controlling the pH of solution is important in order to maintain
a driving force for removal of fluoride ion by CLDH.

The CLDH after removal of fluoride can be regenerated using
Na;CO3 aqueous solution (0.1 mol/L) followed by calcination at
500 °C. It can be concluded from the above observations that the
adsorption of fluoride is a reversible process, thereby facilitating
the recylability of the material for further use.

4. Conclusions

The efficiency of a calcined Mg—Al-CO3-LDH, as adsorbent
to remove fluoride from aqueous solution, has been studied. The
CLDH with an Mg/Al ratio of 2 has a marked ability to adsorb
anions. The adsorption loading is higher for Mg—Al-CLDH than
that for Zn—Al-CLDH and Ni—-Al-CLDH. It was found that flu-
oride ions are removed much faster at low pH than at high pH.
The adsorption rates decrease at low adsorbent concentration
and hence more time is needed to reach equilibrium. The rate of
removal increases with the temperature of aqueous solution. The
influence of co-existing anions in fluoride aqueous solution indi-
cates that the percentage of removal of fluoride increases in the
order PO43~ <Cl~ & SO42~ <Br~ < NOj3 . It was found that
maximum removal of fluoride from aqueous solutions occurs at
pH 6.0 in 5 h with an initial concentration of 50 mg/L, and that
the retention of fluoride ions by the CLDH material was 98%
or higher. The residual fluoride was found to be 0.4 mg/L with
an initial concentration of 20 mg/L, which meets the national
standard for drinking water quality. The rate constant k was cal-
culated from the slope of the linear plots of #/q versus ¢, which is
a second-order model. Equilibrum results could be fitted by the
Freundlich isotherm and Langmuir isotherm, and the former is a
better model. The Freundlich constant (n) in the range of 0.1-1
indicates a favorable adsorption process. The maximum adsorp-
tion capacity is 213.2 mg/g, higher than that reported on other
adsorbents for fluoride removal. A mechanism of the adsorption

phenomenon has been proposed on the basis of X-ray diffrac-
tion, FT-IR and TG-MS. The results indicate that CLDH is a
favorable absorbent for removal of fluoride.
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