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Abstract

To enhance adsorption of harmful ions on type-A zeolites (LTA), hydroxyapatite (HAp) thin layers were synthesized on the LTA surface by an
ion exchange reaction of Ca2+ for NH4

+ under hydrothermal treatment. The temperatures and durations in the reactions were varied ranging
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rom 25 to 200◦C and from 1 to 168 h. The samples synthesized were characterized by X-ray diffraction method (XRD), scanning
icroscopy (SEM), transmission electron microscopy (TEM) and Brunauer–Emmet–Teller method (BET). The structure of LTA
estroyed by the hydrothermal treatments at 25 to 160◦C for 8 h and also at 120◦C for 1 to 72 h. The yield of HAp grown on the LTA surfac
ynthesized at 120◦C for 8 h, showed a maximum value of 0.82. The morphologies of HAp were dependent mainly on the temperat
pecific surface area remained unchanged in the treatments at 25 to 40◦C for 8 h, as compared to the specific surface area of Ca-LTA, how
p to 80◦C, the value decreased with an increase of exchange temperature.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Zeolites consist of a three-dimensional open-framework
tructure composed of AlO4 and SiO4 tetrahedra linked
ogether by oxygen sharing, and contain channels and cavi-
ies into which cations and water molecules diffuse, as well
s functioning as ion-exchange sites.1 More than 100 differ-
nt species of synthetic zeolites have been identified.2 Linde

ype A zeolite ((X12/m)(Si12Al12O48)·nH2O, X = cation,
= charge number, LTA) is the most useful among the

eolites due to highest cation exchange capacity (CEC).1

TAs are widely used as an ion exchanger for ammonium
nd cadmium,3–6 and are considered to utilize them for

he adsorption of radioactive elements, such as cesium and
odine.7 Hydroxyapatite [Ca10(PO4)6(OH)2, HAp] has a high
EC for cadmium and lead, and shows a high stability
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E-mail address: yujiro@neptune.kanazawa-it.ac.jp (Y. Watanabe).

in an alkaline solution.8 These properties are suitable
adsorbents or materials to fix harmful elements by con
ling the morphology and the amount of HAp on the L
surface.

Several studies have succeeded in growing apatite
tals on the surfaces of wollastonite and alite for biolo
cal and medical applications.9–12 However, in these studie
the substances are self-destroyed when coating thei
faces with HAp. We have been focused on the prepar
of multi-functional ceramic composites with the adso
tion and/or fixation properties. In our previous studies,
with HAp thin layers were prepared by a hydrother
treatment at 120◦C for 8 h based on the basis of a cat
exchange reaction.13,14 The hydrothermal treatment did n
destroy the cubic automorphism but changed its su
morphology by covering evenly with needle crystals
nano-HAp.

In this study, HAp thin layers were synthesized on
LTA surface by hydrothermal treatment at different te

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.07.024



470 Y. Watanabe et al. / Journal of the European Ceramic Society 26 (2006) 469–474

peratures and duration in the reactions. The crystal phases
and morphologies of HAp grown on the LTA surface
were evaluated by the powder X-ray diffraction method
(XRD), scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM). The yield of HAp was
calculated from the weight changes and the amount of Si,
Al, Ca and P in samples analyzed by inductivity coupled
plasma–atomic emission spectroscopy (ICP-AES) before and
after the reactions. The specific surface areas and pore diam-
eters were evaluated by the Brunauer–Emmet–Teller (BET)
method.

2. Experimental

2.1. Preparation of LTA with Ca2+

LTA with Ca2+ (Ca-LTA) as a starting substance for
hydrothermal treatments was prepared as follows. LTA with
Na+ (Na-LTA) was purchased from Wako Pure Chemicals
Industries, Ltd. The exchange of Na+ for Ca2+ was carried
out by immersing and stirring 5.0 g of the Na-LTA in 1500 ml
of a 0.5 M CaCl2 solution for 24 h. The resultant sample was
filtered with a membrane filter of 0.45�m in pore size and
rinsed with distilled water to remove excess cations. The Ca-
LTA was then dried at 100◦C for 24 h.
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2.3. Specific surface areas measurement of LTA with
HAp layers

The samples after the hydrothermal treatments were
immersed in 1500 ml of a 0.5 M CaCl2 solution for 24 h
for the ion exchange of NH4+ for Ca2+. The resultant sam-
ples were filtered with a membrane filter of 0.45�m in pore
size and rinsed with distilled water to remove excess cations.
The samples obtained were dried at 100◦C for 24 h. 0.05 g
of the samples and Ca-LTA obtained in Section2.1 were
degassed at 200◦C for 3 h in vacuum. The specific surface
areas and pore diameters were measured by the multipoint
Brunauer–Emmet–Teller method using a Beckman Coulter
SA3100 instrument with N2 gas as an adsorbent.

3. Results and discussion

Fig. 1shows the XRD patterns of Ca-LTA before and after
the hydrothermal treatment at 120◦C for the durations of
1–168 h. The Ca-LTA exhibited the complete exchange of
Na+ for Ca2+ in LTA, which was judged from the change of
diffraction intensities and the appearance of a new diffraction
at 25.1◦ in 2θ (Fig. 1a).15 After the hydrothermal treatment
of Ca-LTA at 120◦C for 4–168 h, broad diffractions at about
2 ◦ ◦ les,
w ther
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.2. Synthesis of HAp crystals on the LTA surface

Hydrothermal treatments were conducted as follows:
f the Ca-LTA powder was immersed in 20 ml of a 1
NH4)3PO4 solution in a 100 ml Teflon cup fitted into a sta
ess steal pressure vessel. The pH value was controll

by the addition of an ammonium solution. The susp
ion was heated at different temperatures ranging from
00◦C and duration ranging from 1 to 168 h. The sam
ere quenched and washed three times with distilled w
nd dried at 100◦C for 24 h. The Ca-LTA and the resulta
amples after the hydrothermal treatments were investi
y XRD (Rigaku, RINT2200) with monochromatized Cu�
adiation at 40 kV and 40 mA. The morphology was obse
y SEM (Hitachi S-5500) and TEM (Hitachi H-9500 op
ted at 300 kV). The yield was calculated from the we
hanges of samples before and after the reactions. The
osition of the samples before and after the reaction at 12◦C
as determined by ICP-AES (SEIKO HVR 1700). For
easurement of Si and Al, 50 mg of each sample was f
ith Na2CO3 (0.5 g) and H3BO3 (0.2 g) in a platinum cru
ible at 1000◦C for 10 min. The mixtures were dissolved
1.6 mol/l of HCl solution, and distilled water was adde

he solutions to the final volume of 100.0 ml. For the m
urement of Ca and P, 50 mg of each sample was diss
n 2 ml of HF (27 M) and 1 ml of H2SO4 (18 M), and evap
rated. The dried residues were then dissolved in 11.6
f HCl solution with heating, and distilled water was ad

o the solutions to the final volume of 100 ml.
6 and 32 in 2θ were observed as indicated by solid circ
hich corresponded to the diffractions from HAp. The o
harp diffractions inFig. 1b–f agreed with those of LTA wit
a2+ replaced by NH4+, indicating that the cation sites in t
a-LTA were occupied by NH4+ during the hydrotherma

reatments as described by Matsumoto et al.16 The XRD pat-
erns demonstrated that there was no significant differen
he full-width at half maximum intensity (FWHM) before a

ig. 1. XRD patterns of (a) Ca-LTA and LTAs after the hydrothermal tr
ents at 120◦C for (b) 1 h, (c) 4 h, (d) 8 h, (e) 24 h, (f) 72 h and (g) 16
ll diffractions in (a) are attributed to Ca-LTA. The solid circles indic

he diffractions of HAp. The other diffractions in (b–g) are attribute
H4-LTA.
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after the hydrothermal treatments until 72 h (Fig. 1c–e), but
the shift of the diffractions of LTA with NH4+ (NH4-LTA)
and the increases of the FWHM were found at 168 h. The
results of XRD indicate that the LTA structure is stable in a
1 M (NH4)3PO4 solution heated at 120◦C until 72 h, how-
ever the LTA structure starts to deteriorate at 168 h. The HAp
thin layers were formed on the LTA surface after 4 h. The
cation exchange model of Ca-LTA in the (NH4)3PO4 solu-
tion can be described as Eq.(1) and the yield of HAp after
the hydrothermal treatments described as Eq.(2):

5Ca6(Si12Al12O48)·nH2O + 18PO4(NH4)3·nH2O

+ 6NH4(OH) → 3Ca10(PO4)6(OH)2

+ 5(NH4)12(Si12Al12O48)·nH2O+ mH2O (1)

α = X

0.324W
(2)

If weight (W, g) of LTA reacts perfectly in the (NH4)3PO4
solution, the theoretical increase of the weight is 0.324W g.
Therefore, the yield,α, can be calculated by Eq.(2) using
experimental data, whereX is the weight increase of the
formation of HAp at nominated durations and temperatures.
Fig. 2shows the change of the HAp yields after hydrothermal
treatments of Ca-LTA at 120◦C against various durations.
The increase ofα at 4 h indicates the formation of HAp on
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Table 1
The composition of Ca-LTA before and after the hydrothermal treatment at
120◦C

Ca-LTA (10−4 mol) HAp-LTA (10−4 mol)

Si 2.74 2.42
Al 2.74 2.37
Si/Al 1.00 1.02
Ca 1.30 0.91
P N.D. 0.54
Ca/P 1.69

N.D.: not detected. HAp-LTA: Ca-LTA after the reaction at 120◦C.

Fig. 3. XRD patterns of (a) Ca-LTA and LTAs after the hydrothermal treat-
ment at (b) 25◦C, (c) 40◦C, (d) 80◦C, (e) 120◦C, (f) 160◦C and (g) 200◦C
for 8 h. All diffractions in (a) are attributed to Ca-LTA. The black circles indi-
cate the diffractions of HAp and the other diffractions in (b–g) are attributed
to NH4-LTA.

which is almost equal to the result (α = 0.82) calculated from
the weight changes. On the contrary, at 168 h, theα value
was decreased because the dissolution of cations caused the
destruction of the LTA structure.

Fig. 4. The change of the HAp yields after the hydrothermal treatment of
Ca-LTA for 8 h vs. the various temperatures.
he LTA surface, which was matched to the results of X
easurements. The maximum value ofα is 0.82 at 8 h, whic

s 20-fold larger than the value in the formation of HAp
lite.12

The compositions of Ca-LTAs before and after the reac
t 120◦C, analyzed with ICP-AES, were shown inTable 1.
he Si/Al mole ratio was not changed to be near 1.0 be
nd after the reaction. The Ca/P mole ratio after the rea
as 1.69, which was matched to the theoretical Ca/P
f HAp. The yield (α) of HAp was calculated to be 0.7

ig. 2. The change of the HAp yields after hydrothermal treatment o
TA at 120◦C vs. various durations.
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Fig. 3 shows the XRD patterns of Ca-LTA before and
after the hydrothermal treatments at 25–200◦C for 8 h. After
the hydrothermal treatments, broad diffractions at about 26◦
and 32◦ in 2θ were observed as indicated by solid cir-
cles, which corresponded to the diffractions of HAp. The
HAp crystals were grown at any synthetic temperature. The
other sharp diffractions inFig. 3b–f coincided with those
of NH4-LTA. These XRD patterns demonstrated that there
was no significant difference in FWHM before and after
the hydrothermal treatment at 25–160◦C, but a decrease of
the diffraction intensity and an increase of FWHM were
found at 200◦C. We thus conclude that the LTA struc-

ture is stable in the 1 M (NH4)3PO4 solution heated at
25–160◦C for 8 h but the structure starts to deteriorate
at 200◦C.

Fig. 4 shows the change of the HAp yields after the
hydrothermal treatments of Ca-LTA for 8 h against the vari-
ous temperatures. Theα values increased against the temper-
ature range of 25–120◦C but decrease against 160–200◦C.
The increase ofα values was attributed to the formation of
HAp and the decrease was corresponded to the destruction of
the LTA structure. The maximumα value at 120◦C showed
the homogeneous covering of HAp on the surface of LTA as
shown in the next SEM image.

F
1

ig. 5. SEM images of Ca-LTA (a and f) and LTAs after the hydrothermal trea
20◦C and (e and j) 200◦C.
tment at various temperatures for 8 h; (b and g) 25◦C, (c and h) 40◦C, (d and i)
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Fig. 5shows the SEM images of Ca-LTA and those after
the hydrothermal treatments at 25–200◦C for 8 h. The mor-
phology of the Ca-LTA before the treatments exhibited a
cubic automorphism with smooth surface. The surface of
the Ca-LTA heated at 25◦C was covered by tiny ball-like
HAp particles with the sizes of about 30 nm in diameter
(Fig. 5b and g). This morphology was very similar to that
of HAp formed in SBF.9–11 The morphology of the Ca-LTA
at 40◦C showed tiny scaly HAp particles of about 80 nm
in diameter (Fig. 5c and h). The Ca-LTA surface at 120◦C
was covered by needle-like HAp crystals of 100–200 nm in
diameter (Fig. 5d and i). The morphology was very similar to
that of HAp formed under same hydrothermal treatment.17

At 200◦C the amorphous-like particles were covered with
the destroyed LTA (Fig. 5e and j), which corresponded with
the XRD patterns shown inFig. 3g.

TEM was applied to the observation of the interface
between HAp and LTA. The TEM images as shown inFig. 6
clearly indicated the HAp crystals of 30 nm in length grown
on the LTA surface in the treatment at 40◦C, and the com-
plete covering of needle-like HAp crystals of up to 100 nm in
length in the treatment at 120◦C. In our previous study, the
needle-like HAp crystals grew roughly perpendicular to the
LTA surface from the SAED pattern.13

Moriyoshi et al.12 have discussed a formation mechanism
of HAp on alite. According to their report, Ca2+ in the struc-
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Table 2
The specific surface areas of Ca-LTA and samples synthesized from 25 to
200◦C for 8 h

Samples Specific surface area (m2/g)

Ca-LTA 591.0
LTA25 548.6
LTA40 584.8
LTA80 223.5
LTA120 148.5
LTA160 128.9
LTA200 31.1

Ca-LTA treated at 25, 40, 80, 120, 160 and 200◦C are shown as LTA25,
LTA40, LTA120, LTA160 and LTA200, respectively.

in a (NH4)3PO4 solution is a driving force of the formation
of HAp, and then the discharged Ca2+ reacts with phosphate
ions on the surface of LTA due to Ca supersaturation at local
area. The reaction of HAp formation in the previous study was
related to the amount of calcium dissolution from alite. For
this reason, the yield (maximumα = 0.04) for HAp formation
is smaller than that (maximumα = 0.82) of LTA in this study.
Furthermore, these substrates were self-destroyed in the reac-
tions to form HAp. In this study, however, the reaction of HAp
formation occurred by ion exchange reaction following Eq.
(1). In particular, this reaction is pronounced in an ammonium
phosphate solution because of the high NH4

+ selectivity of
LTA. The Ca2+ ions in Ca-LTA were almost involved in the
formation of HAp crystals on the surface of LTA.

The specific surface areas of Ca-LTA and samples synthe-
sized from 25 to 200◦C are shown inTable 2. The specific
surface areas of samples synthesized at 25 and 40◦C for 8 h
were almost the same as compared to that of Ca-LTA, and
the pore diameter (0.88 nm) remains almost constant. These
results mean that pores in LTA are completely maintained at
the applied conditions. The prepared nanocomposites possess
the combined adsorption characteristics of LTA and HAp. At
hydrothermal treatment over 80◦C, the specific surface areas
of samples decreased with increase of temperature. These
results mean that the pores in LTA are partially covered by

hydroth
ure of alite released into a (NH4)3PO4 solution reacts ver
apidly with PO4

3− to form further HAp crystals. Liu et al.10

ave also reported a formation mechanism of HAp on
astonite in a simulated body fluid (SBF). They discus
hat Ca2+ released from wollastonite increase the ion act
f apatite in SBF, and hydrate silica on the surface of

asonite provides the sites favorable for apatite nuclea
onsequently, the apatite nuclei are rapidly formed on the

ace of wollastonite. The release of the Ca2+ was dependen
n its solubility. However, in our study, the reaction of C
TA with ammonium phosphate is the ion exchange m
hown in Eq.(1). The exchange of Ca2+ on LTA for NH4

+

Fig. 6. The TEM images of Ca-LTA after the
 ermal treatment at (a) 40◦C and (b) 120◦C for 8 h.
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HAp thin layers. The materials are promising as material for
encapsulate harmful ions or radioactive ion absorbed in LTA.

4. Conclusions

We successfully obtained the nanocomposite, HAp coated
LTA by a new concept, which makes use of the intrinsic
exchange properties of one of the starting compounds. The
ion exchange of Ca2+ on LTA for NH4

+ in an ammonium
phosphate solution is a driving force for the formation. The
structure of LTA was not destroyed by the hydrothermal treat-
ment at 25–160◦C for 8 h and also at 120◦C for 1–72 h. The
yield of LTA with HAp thin layers synthesized at 120◦C
for 8 h showed maximum value of 0.82. The specific surface
area was maintained in the treatment at 25 and 40◦C for 8 h
as compared with that of Ca-LTA, but over 80◦C, the value
decreased with an increase of temperature. These nanocom-
posites obtained are novel materials for the simultaneous
adsorption and capsulation of both harmful and radioactive
ions, possessing the excellent characteristics of both zeolite
and hydroxyapatite.
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