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Abstract Fluoride retention from water is nowadays a
serious health problem. This study reports the potential
of a newly developed nano-hydrotalcite/hydroxyapatite
(n-HT/HAp) composite, and its constituent materials,
hydrotalcite (HT) and hydroxyapatite (HAp), in fluoride
removal. Calcined hydrotalcites (cHT) showed a re-
markable fluoride removal ability from water through
memory effect mechanism. HAp, the mineral com-
pound of bones, adsorbs fluoride as well but through
ion exchange mechanism. Fluoride substitutes hy-
droxyls to produce fluorapatite. Among the tested cal-
cined hydrotalcites, cHT Mg-Al (4:1) sample, com-
posed of magnesium divalent cation to aluminum ratio
of 4, was identified as the best-performing hydrotalcite.
The differences among cHTsamples in fluoride removal
capacities are attributed to hydrotalcite composition as
well as to particle size. The performance of these mate-
rials is compared with that of n-HT/HAp composite

whose main features are basic acidic material and not
yet tested in fluoride retention. Interestingly, n-HT/HAp
also performs best, 98 %, slightly higher than the best
cHT Mg-Al (4:1) sample with 97 % fluoride removal
efficiency from such a high initial fluoride solution of
20 mg/L at 10 g/L dose, yielding the final residual
fluoride concentrations of 0.36 and 0.6 mg/L, respec-
tively; both meet the WHO standard for drinking water.
Besides, the uncalcined hydrotalcite constituent added
virtue to the advantage of using n-HT/HAp in fluoride
removal as the efficiency was compensated by the
nanometric size of the hydrotalcite particle.

Keywords Calcined hydrotalcite . Nano-hydrotalcite/
hydroxyapatite composite . Fluoride . Fluorosis .

Memory effect

1 Introduction

Fluoride affects human health, either positively or neg-
atively. Fluoride at a relative low level seems to be
beneficial in human body for the calcification of dental
enamel and maintenance of healthy bones. Furthermore,
often, fluoride is added to drinking water up to approx-
imately 1.0 mg/L to prevent dental decay. However,
excessive fluoride intake can result in dental and skeletal
fluorosis and lesion of the endocrine glands, thyroid,
liver, and other organs (Chinoy et al. 1991; Abe et al.
2004; Hichour et al. 2000). According to WHO guide-
lines, the acceptable fluoride concentration in drinking
water must be in the range 0.5 to 1.5 mg/L (The World
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Health Organization 1996). Despite its frequent high
fluoride content, groundwater is widely distributed and
more than 260 million people all over the world con-
sume drinking water with a fluoride concentration
higher than 1.0 mg/L. The majority of these people live
in tropical regions, 14 countries in Africa, eight in Asia,
and six in the Americas (TheWorld Health Organization
1984; UNICEF’s Position on Water Fluoridation 2014),
and many of them are confronted with problems due to
endemic fluorosis, either dental or skeletal. For instance
in the Rift Valley (Ethiopia) as well as in the north of
Mexico, the fluoride content may reach as much as
36 mg/L (Kloos and Tekle Haimanot 1999; Tekle-
Haimanot et al. 1995) and 8 mg/L (Díaz-Barriga et al.
1997; Galicia Chacón et al. 2011), respectively. Thus,
the problem is severe and needs immediate solution. At
present, a series of technologies exists to alleviate or at
least to minimize the effect of fluoride problem. Since
more than 100 years (Mullen 2005), a large number of
materials and methods have been proposed. The
methods may be classified as chemical precipitation,
ion exchange, adsorption, and membrane-based mecha-
nisms. However, most of them present disadvantages
which may be summarized as follows: Chemical pre-
cipitation requires large dosage of chemicals, appropri-
ate safety precautions in handling and disposal besides
its low treatment efficiency. In the case of ion exchange,
the presence of other anions such as sulfate, phosphate,
and bicarbonate results in ionic competition, it is rela-
tively costly, and treated water sometimes has a low pH
and high levels of chloride. Finally, membrane-based
mechanisms require skilled manpower, it is pricy, and it
may not be suitable for water with high salinity and high
total dissolved solids (TDS). Instead, adsorption pro-
cesses are attractive due to their effectiveness, conve-
nience, easy availability, ease of operation, and econom-
ical as well as environmental low impact (Jagtap
et al. 2012).

In this regard, several adsorbents have been reported
in the literature, out of which hydroxyapatite (HAp) is of
great importance because of the similarity in chemical
composition with the human bone and the potential for
fluoride retention. Many researchers studied on HAp-
based adsorbents and indicated their potential for fluo-
ride removal (Hammari et al. 2004; Badillo-Almaraz
et al. 2007; Jiménez-Reyes and Solache-Ríos 2010;
Mourabet et al. 2012). Although HAp has shown an
excellent potential towards the retention of fluoride from
water, current research is applied in an attempt to further

enhance its fluoride-removal capacity through the pro-
duction of nanostructured HApmaterials, which in recent
years have gained much attention due to their unique
properties. In this context, also a significant number of
nano-hydroxyapatite (n-HAp) adsorbents have been syn-
thesized and studied (Sundaram et al. 2008a; Gao et al.
2009; Poinern et al. 2011; Sternitzke et al. 2012; Zhang
et al. 2012). In fact, this nanostructured HAp showed a
much higher defluoridation capacity. However, the po-
tential application of these materials in the field is not
easily achievable, due to the cost associated with their
production and significant pressure drops during filtration
owing to the small particle size. To overcome such per-
meability problems and at the same time utilize the ad-
vantages of n-HAp, it is essential to prepare adsorbents
based on n-HAp in a usable form by combining them
with other high-surface materials (Sundaram et al. 2009;
Feng et al. 2012; Pandi andViswanathan 2014), on which
surface the HAp nanoparticles are supported. By having
the HAp nanoparticles not free but supported on the
external surface of a material with a large particle size,
we can avoid pressure drops associated with the nanosize
of n-HAp, as well as prevent the potential toxicity typical
of nanoparticles and possible sintering (and loss of effi-
ciency) during defluoridation treatments.

In our previous work, we developed the stilbite/
hydroxyapatite composite n-HAST for fluoride removal
by growing of n-HAp on the surface of natural stilbite
zeolite from Ethiopia (Gómez-Hortigüela et al. 2014).
The aim of the present study is another option based on
the use of HAp as a support material to grow the
hydrotalcite nanoparticles (n-HT) on hydroxyapatite
(HAp) surface to develop the nano-hydrotalcite/hy-
droxyapatite composite n-HT/HAp. Detailed
defluoridation experimental results including the com-
parison performance of calcined hydrotalcite (cHT) and
HAp are presented.

Hydrotalcites, also known as layered double hydrox-
ides (LDH), are anionic clays with positively charged
octahedral hydroxide layers, which are neutralized by
interlayer anions and water molecules and which are
generally formulated as [M2+

1 − xM
3+

x(OH)2](A
m−)x/

m·nH2O, where M2+ and M3+ are di- and tri-valent
cations, respectively, Am− is an anion whose charge is
m−. Magnesium-aluminum hydrotalcite is stable up to
400 °C. It decomposes into a NaCl-type magnesium-
aluminummixed oxide above 400 °C and intoMgO and
MgAl2O4 above 800 °C (Sato et al. 1988). It is note-
worthy that the NaCl-type magnesium-aluminummixed
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oxide is able to rehydrate and to combine with environ-
mental anions to resume the original hydrotalcite struc-
ture. Liang et al. (Liang et al. 2006a, b) among others
have already shown that magnesium cHT-like com-
pounds can be used for fluoride removal from aqueous
solutions. Hydrotalcites show great performance in fluo-
ride removal when they are previously thermally cal-
cined. The mechanism is known as memory effect
(Erickson et al. 2004). The thermal calcination of the
hydrotalcites has to be between 300 and 800 °C. In this
interval of temperatures, the interlayer water and com-
pensation anions are removed and the resulting com-
pound turns out to be a mixed metal oxide (Wang et al.
2007). The exceptional property of cHT is that when
they are exposed to water and a source of anions, the
hydrotalcite structure is recovered incorporating anions
and water. To maximize the memory effect, the maxi-
mum number of anions must be removed during thermal
activation. It is therefore important to choose anions that
can be easily removed at elevated temperatures forming
stable non-toxic decomposition products. Carbonate is
an ideal anion for this purpose. As a carbonate contain-
ing hydrotalcite decomposes, it releases carbon dioxide
and water vapor which are both stable and non-toxic (in
low concentration).

Hydroxyapatite (HAp), Ca10(PO4)6(OH)2, is a dou-
ble salt of tri-calcium phosphate and calcium hydroxide,
and it is the principal inorganic constituent of the human
bones and teeth. Over the past three decades, several
aspects of the uptake of fluoride ions by synthetic hy-
droxyapatite and tooth enamel have been studied
(Jiménez-Reyes and Solache-Ríos 2010; McCann
1953; Leach 1959). The surface and composition of
hydroxyapatite have a remarkable capacity for retaining
fluoride ions from an aqueous solution. This process is
governed by solution factors such as fluoride concentra-
tion, its pH, the exposure time, the temperature and by
the apatite composition and surface, which depend
mostly on the Ca/P molar ratio.

Hydrotalcite/hydroxyapatite, n-HT/HAp, composite
is an acid-basic solid whose features are due to the
interaction of hydroxyapatite and hydrotalcite (Rivera
et al. 2009a). The association of hydrotalcite and hy-
droxyapatite in a single material should present a rather
unique fluoride retention behavior. It has to be empha-
sized that this composite has been recently reported and
that it has not been tested in F− retention (Rivera et al.
2009a, b). In this manuscript, we study the effect of the
type and amount of divalent cations (nickel and

magnesium) of hydrotalcites in their defluoridation ca-
pacity via the memory effect. Furthermore, we compare
themwith a newly developed n-HT/HAp composite and
with pure hydroxyapatite. A correlation between adsor-
bent features and F− retention is established.

2 Materials and Methods

2.1 Adsorbents Preparation

The adsorbents (hydrotalcites, hydroxyapatite, and com-
posite) were synthesized in the Universidad de Puebla,
Mexico (Rivera et al. 2009a, b; Fetter et al. 1997). The
synthesis processes are described as follows:

Hydrotalcite Samples The Mg/Al and Ni/Mg-
hydrotalcite samples were synthesized from water solu-
tions, 2.5 M of Mg(NO3)2·9H2O, Ni(NO3)2·6H2O, and
Al(NO3)3·9H2O (Aldrich 99, 99, and 98 %, respective-
ly). A second aqueous solution, 1.86 M, was prepared
with NaOH (Aldrich 98 %). The precipitation was car-
ried out adjusting the flow of each solution to maintain a
pH constant at 9. The solution amounts were adjusted to
correspond to Mg/Al of 3:1 and 4:1 or Ni/Al molar
ratios of 2:1 and 3:1. The resulting gels were treated in
a microwave autoclave (MIC-I, Sistemas y Equipos de
Vidrio S.A. de C.V.) for 10 min operating at 2.45 GHz.
The microwave irradiation power was 200 W and the
temperature was fixed at 80 °C. The solids were recov-
ered by decantation and washed several times with
distilled water until the residual solution reached a pH
value of 8. The solids were, then, dried in an oven at
70 °C for 24 h. Part of these samples were calcined in air
at 500 °C for 8 h to be used in the fluoride removal
experiments.

Hydroxyapatite Sample This sample was prepared from
a 0.8 M (Baker, 99 %) H3PO4 solution dropped in a 2 M
(Baker, 98 %) Ca(OH)2 solution adjusting the flow in
such a way that the pH was maintained constant and
equal to 11.5. The amount of reactants was adjusted to
have a molar ratio Ca/P of 1.67. The mixture was treated
in a microwave autoclave at the same conditions as
described above. The sample was washed with distilled
water until the waste water reached a pH 10. The solids
were recovered by decantation and dried in an oven at
70 °C for 24 h.
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Nano-hydrotalcite/Hydroxyapatite CompositeThe same
solutions used to synthesize a Mg/Al 3:1 hydrotalcite
sample were used to synthesize a composite by
dropping those solutions over a slurry of a previously
precipitated and irradiated hydroxyapatite. The nominal
weight ratio hydrotalcite/hydroxyapatite was 1. The
resulting mixture was submitted to microwave irradia-
tion for 10 min as previously. The solids were washed
up to pH 10, recovered by decantation, and dried at
70 °C.

2.2 Characterization Method

Powder X-ray diffraction (XRD) patterns were collected
with a X’Pert Pro PANalytical equipment.

2.3 Fluoride Solution Preparations

A 0.1 mol L−1 sodium fluoride stock solution was
prepared by dissolving 2.0995 g of anhydrous sodium
fluoride (99.0 % NaF, SIGMA-ALDRICH, Germany)
in 0.5-L round-bottom flask with deionized water from
which the samples 5 and 20 mg/L for batch adsorption
studies were prepared by appropriate dilution. The total
ionic strength adjusting buffer (TISAB II) was prepared
by dissolving 58.5 g of sodium chloride, 57 mL of
glacial acetic acid, 7 g of tri-sodium citrate, and 2 g
cyclohexanediamine tetraacetic acid (CDTA) in 0.5-L
round-bottom flask. The pH was adjusted to 5.0–5.5
with a solution of 5 M NaOH, which was then diluted
to 1 L in round-bottom flask with deionized water.

2.4 Batch Adsorption Studies

The adsorption was studied using an adsorbent dose of
either 5 or 10 g/L and two initial fluoride solutions, 5
and 20 mg/L, that were chosen based on the most
reported values, 1.5 up to 11.6 mg/L, from drinking
water samples in the Rift Valley (Ethiopia) (Reimann
et al. 2003). The desired weight of the adsorbent was
added to the desired fluoride solution in a plastic bottle.
After thoroughly stirring in a magnetic stirrer for 20 h at
room temperature, the samples were filtered. After fil-
tration, a total ionic strength adjusting buffer (TISABII)
was added to the filtrate in 1:1 ratio in order to maintain
ionic strength and the pH, and eliminate the interference
effect of complexing ions. Finally, the equilibrium fluo-
ride concentration was determined using A pH/ISE me-
ter (CRISON GLP 22, China) equipped with a

combination fluoride-selective electrode (CRISON
Code 96 55). The pHwas measured with a pH/ionmeter
(CRISONGLP 22) using an unfilled pH glass electrode.
The residual fluoride concentration was measured ac-
cording to the procedure described in the instrument
manual. The electrode was calibrated prior to each ex-
periment over a concentration range of interest. All
experiments were performed in duplicate and mean
values are reported. All measurements were made at
room temperature (23±2 °C). The retention percentage
and defluoridation capacity were calculated as follows:

Retention percentage %ð Þ ¼ F−½ �i− F−½ � f
F−½ �i

� 100

Defluoridationcapacity DCð Þ ¼ F−½ �i− F−½ � f
AdsorbentDose

where [F−]i = initial fluoride concentration and
[F−]f = final fluoride concentration.

3 Results and Discussion

The fluoride retention of various hydrotalcite samples
was analyzed. The main difference among the studied
samples is the type of divalent metal and the ratio
between the divalent and trivalent metal in each hydro-
talcite; those parameters determine the amount of
retained fluoride. Samples with nickel and magnesium
as divalent cations, and at ratios of Ni-Al (2:1), Ni-Al
(3:1), Mg-Al (3:1), and Mg-Al (4:1), were tested for
fluoride removal using the memory effect mechanism.
In all cases, the samples were calcined at 500 °C for 8 h
prior to the adsorption tests. Figure 1 displays the fluo-
ride retention (%) and defluoridation capacity (DC) of
the cHT samples with different composition. Figure 1a
corresponds to an initial fluoride concentration of
20 mg/L and Fig. 1b to 5 mg/L, both at an adsorbent
dose of 10 g/L. If the initial fluoride concentration is
20 mg/L, the performance of the cHT samples Ni-Al
(2:1), Ni-Al (3:1),Mg-Al (3:1), andMg-Al (4:1) reaches
58, 82, 95, and 97 % of fluoride retention, respectively.
Thus, the fluoride retention in hydrotalcites is clearly
determined by the type of divalent metal cation as well
as by the divalent to trivalent metal ratio. Samples Ni-Al
(3:1) and Mg-Al (3:1) only differ in their divalent metal
but the fluoride retention increases 13 %. cHT having
the same divalent cation but in a higher amount show an
increase of 24 % in the case of Ni:Al cHT, and of only
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2 % in the Mg:Al system. Such a different behavior in
the two systems still remains unclear.

Nevertheless, Mg-Al cHT samples were better than
Ni-Al cHT samples due to the higher atomic weight of
Ni compared toMg, as already shown in previous works
(Jiménez‐Núñez et al. 2007). The advantage of the
smaller atomic weight is that atoms are fully dispersed
in the hydrotalcite structure. The hydrotalcite which has
the best fluoride retention percentage among the four
tested samples is Mg-Al (4:1). Comparison of this sam-
ple to Mg-Al (3:1) sample having the same divalent
cation but in a lower amount shows a slight increase in
fluoride removal possibly due to the increase in the
surface positive charge caused by the excess amount
of Mg than inMg-Al (3:1), which is neutralized through
adsorption of anions; thus it is not surprising that it
retains more fluoride. Still, Jiménez-Núñez et al. found

that the Ni-Al cHT presented a higher fluoride sorption
than the corresponding Mg-Al sample; the obtained
capacity was 1.202 mg/g of Ni-Al cHT (Jiménez‐
Núñez et al. 2007). Such result has to be attributed to a
different adsorption mechanism in the case of Ni-Al
cHT. Indeed, their X-ray diffraction patterns show that
Ni-Al cHT after calcination and being put in contact
with the fluoride solution do not present a memory
effect, whereas in our case, the XRD patterns of
Mg:Al (3:1) cHT sample prove the loss of the
typical hydrotalcite structure upon calcination
(Fig. 2 dotted line) and the recovery of the hex-
agonal structure after fluoride removal test (Fig. 2
solid line). Thus the use of Mg instead of Ni
provides a better sorbent for fluoride via the mem-
ory effect mechanism. Mg:Al (4:1) cHT shows the
best defluoridation capacities for 20 mg of F/L
(1.94 mg/g), but for the same sample, the
defluoridation capacity is reduced around 75 %
for 5 mg of F/L (0.49 mg/g), Fig. 1.

In order to justify this effect, the exchange of anions
may be described through the following equilibrium:
F−(S) +A

−
(HT)←→ F−(HT) +A

−
(S), where (S) means Bin

solution^ and (HT) means Bretained into the
hydrotalcite^, F− the fluoride anion, and A− the com-
pensation anion originally in the hydrotalcite. The cor-
responding equilibrium constant is K= [A−

(S)]/[F
−
(S)]

which turns out to be for an initial fluoride concentration
of 20 mg/L, K= [A−

(S)20] / (20− [A−
(S)20]), and for an

initial fluoride concentration of 5 mg/L, it turns out to
be K= [A−(S)5] / (5− [A−

(S)5]).
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Fig. 1 Fluoride removal percentage retention (%) and
defluoridation capacities (DC) of calcined hydrotalcites (cHT)
with different composition at an initial fluoride concentration of
a 20 mg/L and b 5 mg/L at an adsorbent dose of 10 g/L
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Fig. 2 X-ray diffraction patterns of the cHT Mg:Al (3:1) samples
after calcination at 500 °C for 8 h (dotted line) and after F removal
(solid line)
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Hence, [A−
(S)20] / (20 − [A−

(S)20]) = [A−
(S)5] / (5

− [A−(S)5]). As [A−
(S)20] and [A−

(S)5] are very small if
compared to 20 or 5 mg/L, the previous equation is
([A−

(S)20] / 20) = ([A−
(S)5] / 5) which means that

[A−
(S)20] / [A

−
(S)5] =4 in agreement with the experimen-

tal observations.
The best cHT sample (MgAl 4:1) was further com-

pared to a pure hydroxyapatite (HAp) and the newly
developed composite in which small crystals of n-HT
are grown on HAp (n-HT/HAp) (Rivera et al. 2009b;
Fetter et al. 1997). In all cases, the fluoride retention
percentage increases with the increasing adsorbent dose
as observed in Fig. 3 for the initial concentration of 20
and 5 mg of F/L, respectively. The n-HT/HAp compos-
ite shows the best defluoridation capacity for
[F]0=20 mg/L at an adsorbent dose of 5 g/L (3.65 mg/

g), if compared with HAp (3.37 mg/g) or cHT Mg-Al
(4:1) (3.54 mg/g) or even with the maximum adsorption
capacity of the Bexcellent ceramic^ adsorbent reported by
Chen et al. (2010) which for an initial fluoride concentra-
tion of 10 mg/L obtain an exchange capacity of 2.16 mg/g
(McCann 1953). For an adsorbent dose of 10 g/L in the
same initial fluoride concentration, the defluoridation ca-
pacities reached 1.94, 1.79, and 1.96 mg/g for cHTMg-Al
(4:1), HAp, and n-HT/HAp samples, respectively. Again,
the n-HT/HAp is the best adsorbent. The final residual
fluoride concentration was found to be 0.36 mg/L in the
case of n-HT/HAp composite as compared with the slight-
ly higher value, 0.6mg/L, of cHTMg-Al (4:1) from such a
high initial fluoride concentration of 20 mg/L at an adsor-
bent dose of 10 g/L; in both cases, the WHO standard for
drinking water was met very well.

The composite n-HT/HAp presents a synergetic ef-
fect between hydrotalcite and hydroxyapatite that can be
explained through two mechanisms, a mechanism de-
termined by pH values and another mechanism due to
the very small particle size of hydrotalcite particles
which favors diffusion. n-HT/HAp is an acidic and basic
material as hydroxyapatite is acidic and hydrotalcite is
basic. Fluoride adsorption is low at very low and very
high pH values, and the best value is between 4 and 8. It
seems then that hydrotalcite diminishes locally hy-
droxyapatite acidity and vice versa hydroxyapatite re-
duces hydrotalcite basicity; in such conditions F− reten-
tion must be favored in special sites of both hydrotalcite
and hydroxyapatite.

The second factor which improves retention is the
small particle size obtained for the hydrotalcite support-
ed on hydroxyapatite. Figure 4 describes the X-ray
diffraction patterns of n-HT/HAp composite before
and after F removal, and HAp for comparison purposes.
The profile of the composite is similar to the one of the
hydroxyapatite, and the presence of hydrotalcite is en-
visaged as peaks of low intensity, found at 12° to 13°
and 22° (2θ) whose broadness has to be attributed to
very small particle sizes.

Therefore, the hydrotalcite crystallites covering the
large particles of hydroxyapatite must be nanometrical.
Diffusion of fluoride ions to the center of the hydrotal-
cite particles is then easier and faster. Such scenario is
based also on the fact that the sample n-HT/HAp was
not calcined previously; therefore, hydrotalcite on the
hydroxyapatite support does not retain fluoride through
a memory effect; the exchange is a simple ionic ex-
change. In previous works, using composites
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constituted by nano-hydroxyapatite and chitosan
(Sundaram et al. 2008b) or zeolites (Gómez-Hortigüela
et al. 2014), or hydrotalcite and chitosan (Viswanathan
and Meenakshi 2010), the exceptional fluoride adsorp-
tion of these materials is attributed to the small size of
hydroxyapatite or hydrotalcite particles and the pro-
posed mechanism is both ion exchange and adsorption.

As stated by Loganathan et al. (2013), there are five
mechanisms of retention of F: (1) Van der Waals forces,
(2) ion exchange, (3) hydrogen bonding, (4) ligand
exchange, and (5) chemical modification of the adsor-
bent surface. Each mechanism implies different reten-
tion strengths, weak for the first two but strong for the
third and fourth. The fifth is governed by specific and
non-specific adsorption. Hydrotalcites are known to be
anionic exchangers; therefore, the strength of the reten-
tion is weak and the mechanism is clear (de Roy et al.
2006; Miyata 1983). Instead, in hydroxyapatite, F− ions
are strongly retained through a mechanism of chemical
modification (Bengtsson et al. 2009; Christoffersen et
al. 1995). Indeed, fluoride ions substitute hydroxyl ions
in the apatite structure.

4 Conclusion

The proposed mechanism for fluoride retention by the
calcined hydrotalcites is through memory effect as we
used a calcined hydrotalcite which primarily contains
carbonate ions. Mg gives better performance than Ni
and the higher concentrations shows up to 3.53 mg/g

def luor ida t ion capac i ty. The hydro ta lc i t e /
hydroxyapatite composite has a better fluoride retention
capacity than hydrotalcite or hydroxyapatite; it retains as
much as 98 % in 5 or 20 mg F/L solutions (3.65 mg/g
defluoridation capacity). The high fluoride retention of
the hydrotalcite/hydroxyapatite composite is attributed
mainly to the small particle size of the supported hydro-
talcite. Still, the acidic and basic properties of this ma-
terial guarantee the modulation of pH. For the hydroxy-
apatite, the mechanism must be the chemical modifica-
tion of the adsorbate surface to form a layer of
fluorapatite.
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