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EVALUATION OF FLUORIDE REMOVAL FROM WATER
BY HYDROTALCITE-LIKE COMPOUNDS SYNTHESIZED
FROM THE KAOLINIC CLAY

The present study investigates the fluoride sorption by Mg— Al— CO, prepared from
a kaolinite as natural source of aluminium using two simple methods. The first method
uses the kaolinite in natural solid state; the second method uses the filtrate of the
kaolinite after dissolution by acidic solutions. The adsorption characteristics of the
fluoride from synthetic wastewater on calcined LDH samples were evaluated under
laboratory conditions. The anionic clays tested were [K 3P10-T150] synthesized
by method (1) using kaolinitic clay in solid state and [K 1,-q3P1 0] synthesized by method
(2). The equilibrium isotherm showed that the uptake of fluoride ion was consistent
with the Langmuir and Freundlich equations and that the Freundlich model gave a
better fit to the experimental data than the Langmuir model. The maximum adsorption
capacity is 238 and 175 mg/g for K, P10-(500)-LDH and K _,P10-(500)-LDH,
respectively, higher than that reported on other adsorbents for fluoride removal A
mechanism for removal of fluoride ion has been confirmed by X-ray
diffraction.Overall, the results demonstrate the convenient synthesis of the hydrotalcite
from the kaolinite and the high efficiency of fluoride removal that is promising for
potential applications of calcined Kh.qPI 0 and K _PI10-LDH in the environmental
clean-up and remediation of contaminated water.

Keywords: adsorption; fluoride; hydrotalcite; kaolinite; layered compound;
X-ray diffraction.

1. Introduction

Fluoride is an important micronutrient in human beings which, when
consumed excessively, may lead to various diseases such as fluorosis,
osteoporosis, arthritis, cancer, brain damage, Alzheimer syndrome and thyroid
disorder [1]. The maximum acceptable concentration of fluoride in drinking
water as regulated by World Health Organization is 1.5 mg/L [2]. Presence of
fluoride in drinking water above acceptable concentration increased cases of
fluorosis among the people has been reported from all over the world including
China, India, Pakistan and Thailand [3].

Several defluoridation methods proposed and tested worldwide are mostly
based on the principles of precipitation, ion exchange and adsorption. A wide
variety of adsorbents have been tested for the abatement of fluoride from water.
These include activated and impregnated alumina [4 — 8], cation exchanged
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zeolite F-9 [9], activated clay [10], carbonaceous materials [11 — 12], solid
industrial wastes like red mud, fly ash and spent catalysts [13 — 14]. However,
the defluoridation methods developed so far lack viability at the end-user level
due to one or more reasons such as high cost technology, limited efficiency,
unnoticeable break through, deteriorated water quality and taboo limitations [15].

Application of LDHs for defluoridation of water has attracted attention as
LDHs are prepared in aqueous medium from low-cost precursors and can be
easily regenerated. 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 [ 16].
Calcined Mg — Al — CO, form of LDHs have been demonstrated to reconstruct
their original layered structure after the adsorption of various anions and are
good ion exchangers/adsorbents for removal of toxic anions from contaminated
water [17— 21]. In the light of this so-called "memory effect" [22], the removal
of fluoride from aqueous solution by calcined LDHs was studied. In this work, a
detailed study on the synthesis of Mg— Al — CO, LDHs, by coprecipitaion and
by mechanochemical synthesis method using kaolinite as aluminium source,
their characterization and the influence of different parameters viz: initial fluoride
concentration, time and solution pH on their performance in the adsorption of
fluoride from water have been presented. The mechanism for removal of fluoride
ion has been confirmed by X-ray diffraction (XRD).

2. Experimental

2.1. Material preparation. The Mg — Al— CO, hydrotalcite-like layered
compounds has been synthesized by two methods using kaolinite as a natural
source of trivalent cation and an aqueous solution of Na,CO, as the precipitant.

Preparation of K 3P10. The sample was synthesized by crushing kaolinite
with the magnesium nitrate hexahydrate (theiramounts were so as to have the desired
Mg*/AF" molar ratio), followed by heating at 500°C for 4 h. The product obtained
was dispersed under constant stirring in an aqueous solution containing Na,CO,
(100 ml). The pH of the dispersion was maintained constant at 10+ 0.1 by adding
NaOH or HNO, when necessary. The slury was subsequently agitated at room
temperature for 24 h, and then aged at 150°C for 24 h. The resulting products were
collected by centrifugal separation and washed thoroughly with deionised water to
eliminate excess Na* followed by drying overnight at room temperature.

The samples were identified as [K _3P10-150], where K, represents the
trivalent cation source (kaolinite) used to prepare the materials and "sd"
represents the solid state. For example, K _3P10-T150 stands for the product
prepared with kaolinite in solid state, an Mg/Alratio of 3, an aging temperature
of 150°C, and a pH of synthesis of 10.
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Preparation of Kh.qj‘Pl 0. The sample was synthesized using as aqueous
solution of Na,CO, as precipitant. The solutions containing Mg(NO,),.6H,0
and AP’, cation resulting from dissolution of the purified kaolinite by acidic
attack, (their concentration varied so as to have the Mg/Al molar ratio of 3) were
added dropwise to the aqueous solutions of Na,CO, with vigorous stirring. The
pH of the dispersion was maintained constantat 10+ 0.1 by adding NaOH (10%).
The slurry was subsequently agitated at room temperature for three day. The
resulting products were collected by centrifugal separation and washed thoroughly
with deionised water to eliminate excess Na* followed by drying overnight at
room temperature. The samples were identified as [K; 3P 10], where K represents
the trivalent cation source (kaolinite) used to prepare the materials and “liq”
represents its liquid state. For example, K]iq3P 10 stands for the product prepared
with kaolinite in liquid state, an Mg/Al ratio of 3 and a pH of synthesis of 10.

2.2. Characterization of materials. The dried precipitates were
characterized by XRD in order to determine the species present and their degree
of crystallinity. Diffractograms were obtained by using a ‘PANalytical X Pert
HighScore Plus’ diffractometer using monochromated CuKa radiation.
Nitrogen adsorption measurements were performed at -196°C with an Autosorb-
1 unit (Quantachrome, USA) for the determination of sample textural properties
using the multipoint Brunaner-Emmet-Teller (BET) method. The samples were
out gassed at 120°C under a vacuum at 10° mm Hg for 3.5 h. Fourier-
transformed infrared (FT-IR) spectra were recorded as KBr pellets using a
Perkin-Elmer FT-IR (model 783) instrument. KBr pellets were prepared by
mixing 5 wt % anionic clay with 95 wt % KBr and pressing.

2.3. Fluoride sorption experiments. The samples used in the sorption
experiments were identified as K 3P10-(500) and K, 3P 10-(500). These two
adsorbents were obtained by the heating of K 3P10 and K, 3P10 in a muffle
furnace at 500°C for 4 h. All solutions were prepared and stocked in polyethylene
flasks. The adsorption experiments were carried out in 50 ml polyethylene tubes. Fluoride
stock solutions were prepared from NaF. Most of the experiments were carried out at
the room temperature (around 25 °C). Analysis of F concentrations in the samples was
done using F ion selective electrode (FISE) Model 9609BN [23]. FISE was calibrated
using standard F solutions in the concentration range 5 — 50 mg/L — a range in which
the electrode exhibited true Nernstian response. The results were plotted as fluoride
concentration (mg/L) versus potential (mV). The observed selectivity ratio of the
electrode was < 107 for all the ions, except OH. For F estimation, 10 ml aliquots were
mixed with 10 ml of total ionic strength adjusting buffer (TISAB). This buffer contains
a chelate, which forms complexes with other ions, such as iron and aluminum that
could interfere in the determination. Each litre of TISAB contained 58 g NaCl, 57 ml
glacial acetic acid, 0.3 g tri-sodium citrate and sufficient NaOH to yield a pH of 5.3.

The time-dependent sorption of fluoride on calcined K 3P10-LDH and
Kh.qSPIO—LDH was carried out with 100 mg of the adsorbent and 20 ml of
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1000 mg' L' of fluoride solution. The mixture was stirred at low speed (~100
mg L") for different time intervals (0.5 — 6 h).

pH-dependent experiments were carried out by adjusting the initial pH (in
the range 5 — 12) using 0.1 M HNO, or 0.1 M NaOH solutions. One hundred
milligrams of K _3P10-LDH and K, 3P 10-LDH were weighed into polyethylene
tubes and 20 mL of the stock solutlon were added and stirred for 4 h. Then, the
mixture was centrifuged and supernatant fluoride concentration was determined.

The adsorption isotherms were obtained by the batch equilibrium technique.
One hundred milligrams of K _3P10-LDH and K 3P10-LDH were weighed into
polyethylene tubes and then these were filled with 20 ml of aqueous solutions of
NaF (the pH of mixture was adjusted at pH~6) ranging in concentration from 0
to 1000 mg F/L!. The mixtures were stirred for 4 h in room temperature,
centrifuged and the supernatant fluoride concentrations were determined.

3. Results and discussion

3.1. Characterization of the clay. The sample selected for this study is
Tabarka clay (Tunisian clay).
XRD: the nature of the impurities was determined by examining the crude

sample. Quartz (reflection at 3.35 A )is the major impurity. The diffractogramme

of purified sample (Fig.1, a) shows the reflections at d = 7.21 A and 10.05 A
characteristic of the kaolinite and illite respectively [24].
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Fig. 1. X-ray patterns of clay sample: (a) purified clay, (b) Clay +
Mg(NO,).6H,0 and heated at 500°C; (c) K 3P10-T150; (d) K, 3P10.[(K)
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Fig.1, b shows the powder XRD pattern of the mixture of kaolinitic clay
and the magnesium nitrate after heating at 500°C. Due to the absence of the

peak corresponding of the d-spacing of 7.21 A and attributed of the kaolin in
the XRD pattern of the product shows that the structure of the original clay is
completely destroyed and indicates the metal oxide peaks, suggesting an almost
total decomposition of the original clay. This observation is consistent with
the result given by the study of the thermal stability for the clay sample.
Infrared spectra: Fig. 2, a shows the Infrared spectra of purified clay over
the wavenumber range of 4000 — 400 cm™'. The figure shows that purified
sample contains quartz (800 cm™). The spectrum exhibited the characteristic
band at 3697 cm! confirming the dominant presence of kaolinite. The band, at
1637 and 3450 cm™! corresponds to the bonding modes of absorbed water.
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Fig. 2. Infrared spectra of: (a) purified clay; (b) K _3P10-T150; (c) K, 3P10

3.2. Characterization of the adsorbent K, 3P10 LDH and K _3P10-
LDH. Powder XRD. Fig.1, ¢ and Fig.1, d show the XRD patterns for the
precipitates obtained by method 1 and method 2 respectively. It is shown that
the K 3P10-LDH and K, 3P10-LDH samples patterns were comparable to
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that pattern of the sample prepared by the conventional method. The K 3P10-
LDH sample showed a layered structure as observed from the peaks at 7.82,

3.89 and 2.61 1&, corresponding to planes (003), (006) and (009) for a layered
hydrotalcite-like material, respectively [25]. The K 3P10-LDH sample display
very weak and broad peaks ata 20 value of 11° compared to the sample prepared
by coprecipitation at the same conditions (pH= 10and Mg**/AP* = 3). K 3P10-
LDH shows a structure different from the previous samples; it was an ill-

defined hydrotalcite contaminated with argillaceous phase (d = 4.5 A ).

IR spectroscopy. The FT-IR spectra of the K 3P10-LDH and K, 3P10-
LDH were presented in Fig. 2, b and Fig. 2, c. It shows a broad band around
3470 cm™ due to the stretching mode of the structural — OH groups in the
metal hydroxide. However, a small shoulder at 2900 — 3000 cm™' suggests the
presence of a second type of — OH stretching vibration (possibly due to hydrogen
bonding with carbonate in the interlayer spacing [26].

The two spectra show: (i) A shoulder at 1638 cm™ isascribed to the bending
mode of the interlayer water molecules [27].

(i1) The three characteristic bands of carbonate in hydrotalcite at around
1384 cm™ (n,), 877 cm’ (1,) and ~1020 em' (1,) [28 — 29].

(iii) The bands around 420 and 668 cm™!, which are ascribed to the bending
mode Al — O and Mg-O.

The infrared spectrum of the K, 3P10-LDH shows additional bands
appearing at 1193 and 1100 cm™! which could not be identified.

Surface area and N, adsorption-desorption studies. The N, adsorption-
desorption isotherm is of type II for all samples, which is typical of
mesoporous materials (Fig. 3). All of the materials possessed zero micropore
volume. Adsorption isotherms of this type are represented by mesoporous
materials with no micropores and strong interactions between adsorbent and
adsorbate molecules. This type of hysteresis loop is formed when the
adsorption and desorption curves do not coincide and is caused physically
by the phenomenon of capillary condensation in the mesopores.

From Fig. 3, it was determined that all samples show a horizontal course
of the hysteresis branch over an appreciable range of gas uptake (P/P ;= 0.6),
while it is vertical above this ratio. This type of hysteresis loop is often observed
with aggregates of plate-like particles that give rise to slit-shaped pores.

Specific surface areas of the K_3P10-(500)-LDH and K“q3P 10-(500)-LDH
were determined by the single-point BET method (Table 1) and were found to
be 179 and 165 m?g! respectively, much greater than the 80 and 78 m’g’! values
obtained for their precursors at the precursor temperature at 150°C. It was
suggested that a porous system was developed in the calcined sample during
the transformation of CO,* to CO, [30].
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Fig. 3. N, adsorption-desorption isotherms: (a) K 3P10-LDH; (b) K liqu] 0-
LDH

Table 1. Textural properties for various sorbent samples

K4P10 Ky, P10
2 Vmacropore, 2 Vmacroporea
SpeT, m7/g 3 SpeT, m“/g 3
’ cm’/g ’ cm/g
Before alcination 80 0.2044 78 0.6052
After calcination 178 - 165 -

PZC determination. Batch equilibrium method for determination of the
point of zero charge (PZC) was proposed by [31]. Accordingly, the samples
of calcined hydrotalcite (0.1g) were shaken in PVC vials, for 24 h, with 30
ml of 0.01M KClI, at different pH values. Initial pH values were obtained by
adding a certain amount of KOH or HCI solution so that to keep the ionic
strength constant. Experimental results of the pH__ determination are given
in Fig. 4. They are presented as pH values of filtered solutions equilibration
(pH,) with calcined HT as a function of initial pH value (pH)). It can be seen
that PZC is at pH = 8.6 and 8.5 (pH, level, where common plateau is obtained)
for K 3P10-(500)-LDH and K, 3P10-(500)-LDH respectively.
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Fig. 4. Determination of pH,,.of (n) K _3P10-(500)-LDH and (%) th3P]0—
(500)-LDH in KClI solution

3.3. The optimisation of the operating conditions of adsorption

3.3.1. The effect of pH. Generally, the pH is an important variable; it
controls the adsorption at water-adsorbent interfaces. Therefore, the adsorption
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. 5.

Fig. 5 shows that the adsorption value increases with the increase in pH and
reaches maximum (70% and 80% for K 3P10-(500)-LDH and qu3P 10-(500)-
LDH, respectively)at the pH of 6.3 before decreasingto ~40% atpH 12.5. However,
at lowpH (pH< 6), the adsorption capacity was low, probably due to the protonation
of the F ions and dissolution of the layered materials in acid medium, this observation
has been confirmed by the analysis of Mg, which presents in the resulting solution
after the adsorption assisted by atomic absorption spectrometry. Therefore, an
optimal pH value should be near that of 6.0. This is important inference, since the
pH values of most water streams vary from neutral to weakly basic range except
for the acid drainages. Similar observations have been made on the pH dependence
of fluoride adsorption with ZnAl-CI-LDH, in which the fluoride uptake decreased
with the increasing pH [32].

As the pH approached that corresponding to the PZC of calcined LDH,
the surface charge decreased resulting in reduced F LDH interactions leading
to low F uptake. An increase in the concentration of the competing OH anions
at pH above 7 might also be responsible for the observed decrease in the
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adsorption capacity at higher pH. Similar changes of the adsorption capacity
with solution pH have been reported by Das et al. [33].
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Fig. 5. The percentage of fluoride removal by (a) K _P10-(500) and (b) K, P10-
(500) as a function of pH variation

3.3.2. Effect of contact time. The variation of fluoride adsorption as a
function oftime is shown in Fig. 6. The kinetic curves show that the equilibrium
time and adsorption capacity of K _P10-(500) and K P10-(500) are similar. We
observed that adsorption of fluoride is a fast process on HT-like compounds.
This behaviour has already been reported in the adsorption of anionic species
on HT-like compounds [34].

For thSP 10-(500)-LDH used as a sorbent, the plot of the removed amount
of fluoride gives an initial steep portion (~30 mn) followed by the slow increase
for approximately 1h. The yield of fluoride removal was of 65%. For K _3P10-
(500)-LDH, the period of 3 h was necessary for reaching equilibrium and the
maximum percentage of fluoride removal was of 65%. It is well known that
HT- like compounds interacts strongly with anionic species due to the existence
of positive charges on the lamellae and also over their external surface [35].
This property makes possible the occurrence of two different mechanisms of
anion removal: (i) adsorption on external surface (fast process) and (ii) anion
exchange (slow process) [16].
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Fig. 6. Effect of time on fluoride adsorption on (%9 K 3P10-(500)-LDH and
(%) K, 3P10-(500)-LDH (C)= 600 mgF-L" and pH 6)

The adsorption process depends on the variable charge density on the
surface as well as on the surface area of the adsorbent. The ion exchange
depends on the nature of the interlayer anions represented in the sample
[36, 37]. Generally, the adsorption process is faster than the anion exchange
because of the strong interaction between negative ions and the positive
external surface and due to the high exposition of the external surface of
LDH, while ion exchange is a diffusion process. Moreover, in this study,
the fluoride removal is realized by sorption process followed by a rebuilding
of the initial structure with fluoride anion in the interlayer space.

Generally, three steps are involved in the process of sorption by porous
particles [19] (i) external mass transfer (by mechanism of boundary layer or
film diffusion) between the external surface of the sorbent particles and
surrounding fluid phase; (ii) inner transport within the particle; and (iii)
chemisorption (reaction kinetics at phase boundaries), where the rate of
adsorption is generally controlled by the kinetics of bond formation.

Kinetic modeling not only allows estimation of sorption rates but also
leads to suitable rate expressions characteristic possible reaction
mechanisms. In this respect, several kinetic models including the pseudo-
first-order (Eq.(1)), pseudo-second-order equation (Eq.(2)) and intraparticle
diffusion model (Eq.(3)) [38] were tested.
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here is the amount of fluoride sorbed (mg/g) at a given time, the maximum
adsorption capacity (mg/g), and the pseudo-first-order and pseudo-second-
order rate constant, respectively, the intraparticle diffusion rate constant and
C is the intercept. The calculated kinetic parameters for fluoride sorption by
calcined K P10 and K P10 are given in table 2.

Table 2. Kinetic parameters for sorption of fluoride by K PI10-(500) and
K, P10-(500)

ky O 2 o) 0, 2 k, C 2
i) | mge) | B | @mgh)| mee) | B |@me | mere) | B

Ii?gé)o' 0.111 | 9259 | 099 | 0.118 | 91.74 | 1.0 | 7.55 | 73.71 | 0.76

K(nquPOl)O- 0.065| 93.45 | 091 ] 0.023 | 91.74 | 1.0 | 455 |81.492| 0.58

It seems that, of the three kinetic equations tested, the pseudo-second-
order best described the kinetic data for fluoride sorption by calcined LDH
(Fig. 7), based on the correction coefficient R?. The pseudo-second-order
equation is based on the adsorption loading of the solid phase and is in
agreement with a chemisorption being the rate determining step mechanism.
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Fig. 7. Pseudo-second-order kinetics model. Plot of (t/q) as a function for
time (o) K _P10-(500)-LDH (R’ = 1.0) and (e) K, P10-(500)-LDH (R°=1.0)

3.3.3. Effect of the adsorbent dosage. The fraction of fluoride removal
increases with the increase of the adsorbent dose from 0.5 to 4.0 g/L at a fixed
fluoride concentration (600 mg F/L), pH 6 and temperature of 303 K (Fig. 8).
This is consistent with the argument that surface sites of oxide systems are
heterogeneous [39, 40]. According to this model; there is a spectrum of binding
energies of the adsorption sites. At a low fraction of adsorbent, all types of
sites are fully exposed to the interaction with the adsorbate, and the surface
saturation isreached rapidly. For higher particle concentrations, the availability
of sites with high energy decreases, while a larger fraction of low energy sites
are occupied. That is, the number of active adsorption sites is larger at a fixed
adsorbate concentration. The given plot shows a maximum of fluoride removal
at an adsorbent concentration of 3 g/L, while Lianget al. 2006 [41] were found
that 1.1 g/L is sufficient to have a maximum of fluoride removal using Mg —
Al— CO,- LDH synthesized by conventional method.
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Fig. 8. Effect of adsorbent dose on the fluoride removal at adsorbate con-
centration 600 mg/L, pH ~ 6.3, and temperature 303 K: (a) K _P10-500-LDH
and (b) K, P10-(500)-LDH

3.3.4. Effect of ionic strength. The effect of ionic strength on fluoride
anion adsorption was studied by conducting batch experiments at varied ionic
strength of 0.001, 0.01 and 0.1 M KCl. The results are shown in Fig. 9. The
fluoride uptake varies depending on the salinity solution due to the presence
of competing anions. The percentage of fluoride uptake decreases steeply from
60 to 38 for K ;P10-(500)-LDH and 80 to 50 for K| P10-(500)-LDH with an
increase in the ionic strength from 0.001 to 0.01 M and decreases slowly to 35
and 45, for K P10-(500)-LDH and for thPIO-(SOO)-LDH, respectively, for
an ionic strength of 0.1 M KCL The influence of ionic strength is more
pronounced in the region of low values. This suggests the presence of two
types of adsorption sites in the samples; () non-specific sites only capable of
weak interactions, and (b) specific ones that strongly interact with fluoride
ions. The non-specific sites may be sensitive to the coexisting anions, and
therefore the adsorbed fluoride may be easily exchanged with CI ions from
solution even at low concentration. The fluoride ions adsorbed on the strong
specific sites are rarely substituted on the surface even in a solution with a
large excessive amount of coexisting ions. However, we cannot distinguish
the strong specific sites and weak non-specific ones due to the nearly amorphous
structure of the samples. Similar observations have been made on the ionic
strength dependence of fluoride adsorption with calcined Mg — Al — CO,—
LDH in aqueous solution, in which the fluoride uptake decreased where CI
exists in solution [41].
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Fig. 9. Effect of ionic strength on the sorption of fluoride by (@) K _P10-(500)-
LDH and (b) K, P10-(500)-LDH (C,=600 mg/L and pH 6)

3.4. Adsorption isotherms. Equilibrium adsorption isotherms are of
fundamental importance in the study of adsorption systems since they indicate
how the anionic species partition themselves between the medium and liquid
phase with increasing concentration at equilibrium. When medium and anionic
species solutions are contacted, the concentration of the anions on the medium
will increase until a dynamic equilibrium is reached, at which point there is a
defined distribution of anionic species between the solid and liquid phases. The
adsorption isotherms were constructed using the batch equilibrium technique
where a fixed mass of adsorbent (100 mg) was agitated with fluoride solution of
various concentrations (0—800 mg/L) for a sufficient length of time to ensure
equilibrium had been achieved. An agitation time of 4h and equilibrium
temperature of 25°C were used.

Sorption isotherms of fluoride retention by calcined LDH are shown in
Fig. 10. It is evident that sorption capacity of KﬁqP 10-(500) is much larger than
these of K P10-(500)-LDH. For example, at a similar fluoride concentration
of 100 mg/L sorption capacity of anPlO-(SOO) was greater three times than
that of K P10-(500)-LDH. These results can be explained by the fact that
K ,P10-(500)-LDH contains an argillaceous phase as impurity. Indeed, the
PZC of silica, which coming from the argillaceous phase, is ~ 2 thus at pH 6,
the surface of silica is charged negatively what disadvantages the adsorption
of the ions fluoride.
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Fig. 10. Equilibrium isotherms of fluoride removal on (a) K P10-(500)-LDH
and (b) K, P10-(500)-LDH

Isotherms for fluoride sorption by K ,P10-(500)-LDH and anP 10-(500)-
LDH were modeled by two commonly used isotherm equations, Langmuir
(Eqg. 4) [42] and Freundlich (Eq. 5) [43].

0, =K,C, 4)
or
logQ, =logK, +nlogC, (5)

where O, (mg/g) is the amount of fluoride sorbed at equilibrium, QO (mg/g) the
theoretical maximum monolayer sorption capacity, C, (mg/L) the equilibrium
concentration of fluoride in solution, and K, n and K, are empirical constants. The
calculated Langmuir and Freundlich isotherm constants are given in Table 3. Data
for fluoride sorption by K _P10-(500)-LDH and K, P10-(500)-LDH were fitted
better by Freundlich equation than by the Langmuir equation based on the correction
coefficient R°. The best fit Freundlich parameters are K = 4.21 and 10.26, n =
0.5936 and 0.5962 for K P10-(500)-LDH and K, P10-(500)-LDH respectively.
The n value in the range of 0.1-1 indicates a favorable adsorption process. The
best fit Langmuir parameters are Q= 175 and 213.22 mg/g, K, = 0.008 and 0.017
L/mg for K_P10-(500)-LDH and K. P 10-(500)-LDH respectively.

The removal of fluoride by different adsorbents has been studied in recent
years and some of these reports provide Q values. Although these values were
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obtained under different ranges of conditions, they can be useful in criterion of
the adsorbent capacity. The Q value obtained in this study is greater than those of
reported for alum sludge (5.394 mg/g) [44], actived alumina (16.34 mg/g) [45],
flyash (20 mg/g) [13], lignite (7.09 mg/g) and bituminous coal (7.44 mg/g) [46].

Table 3. Langmuir and Freundlich isotherm constant for sorption of fluoride
by K P10-(500) and K, P10-(500)-LDH

Langmuir Freundlich

On K R Kr R?
(mg/g) | (L/mg) (%)

KaP10-(500) 175 0.008 | 0.9023 | 0.5936 4.21 | 0.9968

K1igP10-500) 238 0.017 | 09705 | 0.5962 | 10.26 | 0.9826

R?: Correction coefficient.

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, AlO,, ,

can be rehydrated and incorporate anions, such as fluoride, to rebuild the initial
layered structure.

[Mg, AL(OH),(CO,),, - Mg, ALO, , +(x/2)CO, +H,0 ; ©)

x 1+x2

Mg, AlO,  +(x)F + (1 + (x/2)+y)H,0 — [Mg, Al (OH),](F) +xOH. (7)

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 [42].

Structural reconstruction was confirmed by XRD analysis. The XRD pattern
of K_P10-(500) (Fig. 11, a) and Kh.qPIO—(SOO) (Fig.12, a) are evidence of the
presence of mixed oxide phase, which possesses a typical poorly crystalline
MgO-like structure.

Upon addition of the thermally activated hydrotalcite to an aqueous solution
containing sodium fluoride the so-called “memory” effect or reformation effect
of hydrotalcites comes into play. Hydrotalcites after thermal decomposition
will regain their original structure, providing the compound is not heated to
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too high a temperature. The XRD pattern of the fluoride adsorbed HT shows a
d,,, spacing of 7.63 and 7.65 E for K _P10-(500) and K“qP 10-(500)-LDH
respectively. These basal spacing values are weaker than of the original samples,
what indicates that fluoride ions are intercalated in the interlayer space, because

F has a radius smaller than carbonate ion.

7.6 AH)

intensity (1.a)
449 A
38R A (I

i0 20 3@ 4D SO &0

28/~

Fig. 11. XRD powder spectra of the: (a) K P10-(500) and (b) K P10-(500)
after a contact with the fluoride solution

7.63 A

385 A (HY

intensity (1 a)
449 A

19 20 30 40 50 60

Fig. 12. XRD powder spectra of the: (a) K e 0-(500) and (b) K i 0-(500)
after a contact with the fluoride solution
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The XRD pattern in Fig.12, b which corresponds to the product obtained
after the interaction of KﬁqP 10-(500)-LDH with F-reveals additional reflections
other than of the hydrotalcite structure. These reflections were attributed to the
formation of the aluminium fluoride phase which was formed by precipitation.
What explains why O (238 mgF/g) obtained by KﬁqPIO-(SOO)-LDH is large
compared to that is obtained by K _P10-(500) (Q =175 mg/g). The calcined
LDH after removal of fluoride can be regenerated using Na,CO, 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 recyclability of the material for further use.

4. Conclusion

This work describes a new method to remove fluoride fromaqueous solutions
that is promising for the treatment of wastewater in industrial processes. The
fluoride removal from water by calcined HT synthesized by co-precipitation
(K, P10-(500)-LDH) and by mechanochemical synthesis method (K, ;P 10-(500)-
LDH) using the kaolinitic clay as trivalent cation resource.

Our results show that the calcined LDH synthesized from the cationic clay
has a marked ability to adsorb fluoride. The adsorption loading is higher for
K. P 10-(500)-LDH than that of K_P10-(500)-LDH. It was found that fluoride
sorption occurs with a high extraction rate and the removal of fluoride by
calcined HT strongly depends on the process parameters. The increase of pH
from 5 to 13 results in a reduction of the positive charge of the adsorbent that
leads to a decrease of the amount of adsorbed fluoride. The maximum removal
of fluoride from aqueous solutions occurs at pH 6.3 in 4 h and the retention of
fluoride ions by the CLDH material was ~80% or higher. The increase in the
ionic strength by the addition of KCl results in a large decrease in the amount
of removed fluoride. This effect is probably due to the enhancement of anion
exchange during the adsorption process. Equilibrium 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 adsorption capacity is 238 and 175 mg/g
for K, P10-(500)-LDH and K_P10-(500)-LDH, respectively, higher than that
reported on other adsorbents for fluoride removal. A mechanism of the
adsorption phenomenon has been proposed on the basis of XRD. Overall, the
results demonstrate the convenient synthesis of the hydrotalcite from the
kaolinite and the high efficiency of fluoride removal that is promising for
potential applications of calcined K. P 10and K ,P10-LDH in the environmental
clean-up and remediation of contaminated water.
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Pestome. Vccnenosana copouus gropuna na Mg-Al-CO,, nonydeHHoM
13 KaOJIMHUTA KaK MPUPOIHOIO NCTOYHUKA aJTFOMUHUS C UCTIOIb30BaHUEM JIBYX
IIPOCTBIX METONIOB. B mepBoM MeTOIE IPUMEHEH KAOJIMHUT B TBEP/IOM COCTO-
SIHUU; BO BTOPOM — (DHIIBTPAT KAOJIMHUTA MTOCIIE PACTBOPEHUS TOJKUCIECHHBI-
MU pacTBOpamMu. B nabopaTopHbBIX YCIOBUSAX OLICHEHBI XapaKTEPUCTUKH aJl-
copbuuu propuaa u3 CHHTETHYECKOM CTOYHON BOIBI HA KaJILIIAHUPOBAHHBIX
obpasuax LDH. Uccnenoamu annonnsie mmuabl [K 3P10-T150] (cunresn-
pOBaHHasi MO MEPBOMY METOAY) U [th3P10] (cuHTE3UpOBaHHAS IO BTOPOMY
MeTony ). PaBHOBe cHast n30TepMa nokasasa, 4To u3BliedeHue GTOpUA-HOHA CO-
OTBETCTBYET ypaBHEHUAM JleHrmiopa u @peiinmnxa u Mmoaens OpeiHmxa
Jy4Ille COOTBETCTBYET IKCIIEPUMEHTAIbHBIM JaHHBIM, YeM MOZIeJb JIEeHr MIo-
pa. MakcumainbHas aicopOIMOHHAs €MKOCTh cocTaBisieT 238 u 175 mr/t co-
OTBETCTBEHHO JJI51 thPIO-(SOO)-LDH u K _P10-(500)-LDH, uto BbiIE, 4eM
3HA4YEHUs1, IPUBOTUBIINECS ISl APYTUX aJICOPOEHTOB, KOTOPHIE IPUMEHSIINCH
Ui ynanenus propuaa. MexaHusm yaaieHust GTOpUA-UOHOB TOATBEPKICH
PEHTTEeHOBCKON Audpakiueii. Pe3ynsrarel 1eMOHCTPUPYIOT Qe KTHBHBIHI
NyTh CUHTE3a TMAPOTAIBIUTA U3 KAOJUHUTA U BBICOKYIO CTENEHb Y/IaJCHUS
¢dTopuIa, KOTOpast IBJISAETCSI MHOTOOOCIIAIONICH 115 MIPUMEHEHUS KA bLIUHHU-
POBAaHHBIX TJIMH thPIO u K _P10-LDH B ourcTKe 0OBEKTOB OKpYKaroIen
Cpelbl U 3arpsi3HEHHBIX BOJI.

Pesrome. Jlocmimkena copbuis gpropuny na Mg-Al-CO,, orpumanomy 3
KAOJIHITY SIK MPUPOAHOTO JKEpesa aTIOMIHII0 3 BUKOPUCTAHHSAM J[BOX IPO-
CTUX METOMIB. Y TEepIIOMYy METOI BUKOPUCTOBYETHCS KAOJIHIT B TBEPAOMY
CTaHi; y Ipyromy — (uIbTpar KaoJiHITY IICJIi PO3YMHEHHS PO3UMHAMH, IO
MAKACIIAIOTE. Y 1a00paTOpHUX yMOBAX OIIHEHI XapaKTEPUCTHKH aacopOIii
(dbropumy 3 CHHTETUYHOI CTIYHOT BOIM HA KaJbllnHOBaHMX 3pazkax LDH. Jloc-
mipkyBamu anionsi rmed  [K 3P10-T150] (cunTe3oBana mepmmMm MeTO-
mom) i [K; 3P10] (cuuTesoBana apyrum metoaom). PiBHoBaxkHa i30Tepma
nokasajia, 110 BUTATraHHs (Topuay-ioHa BilnoBigae piBHAHHAM JIeHrMiopa i
Operinanixa i Mmoaens OpeitHTixa Kpaiile BIAMOBIIAE eKCIIEPUMEHTAIEHUM
TaHuM, YuM Mofienb Jlenrmiopa. MakcumanbHa aacopOrLiiHa eMHICTh CKJila-
mae 238 1 175 Mr/T BIAIIOBIAHO JUIS Kh.qPIO-(SOO)-LDH 1 K P10-(500)-LDH,
10 BUIIE, HI’K 3HAYCHHS, SIK1 MPUBOIUIIUCS TSI 1HIIMX aJCOPOESHTIB, 1110 3ac-
TOCOBYBAJIMCS /ISl BUAAJICHHS pTOpUIy. MexaHi3M BUIaleHHs PTOpUI-I0HIB
MIATBEPAKEHUI PEHTTeHIBChKOI0 Tudpakiieo. Pe3ynpbratn 1eMOHCTPYIOTh
e deKTUBHMIA CTIOCI0 CHHTE3Y THAPOTAIBIMTA 3 KAOJIHITY 1 BACOKY MIpY BH-
nayieHHsT GTOpUAY, siKa € 0aratoo0ISIOUOr0 TS BKUBAHHS KaJbIIMHOBAHIX
rma K, P10 i K _P10-LDH B ouniienHi 00’ €KTIB IOBKULIS 1 3a0pyIHEHUX
BO/I.
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