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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 €afor NH,* under hydrothermal treatment. The temperatures and durations in the reactions were varied ranging
from 25 to 200C and from 1 to 168 h. The samples synthesized were characterized by X-ray diffraction method (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and Brunauer—-Emmet-Teller method (BET). The structure of LTA was not
destroyed by the hydrothermal treatments at 25 to°06f@r 8 h and also at 12 for 1 to 72 h. The yield of HAp grown on the LTA surface,
synthesized at 12@ for 8 h, showed a maximum value of 0.82. The morphologies of HAp were dependent mainly on the temperatures. The
specific surface area remained unchanged in the treatments at 253dat® h, as compared to the specific surface area of Ca-LTA, however

up to 80°C, the value decreased with an increase of exchange temperature.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction in an alkaline solutiod. These properties are suitable for
adsorbents or materials to fix harmful elements by control-
Zeolites consist of a three-dimensional open-framework |ing the morphology and the amount of HAp on the LTA
structure composed of AlDand SiQ tetrahedra linked  syrface.

together by oxygen sharing, and contain channels and cavi-  Several studies have succeeded in growing apatite crys-
ties into which cations and water molecules diffuse, as well tals on the surfaces of wollastonite and alite for biologi-
as functioning as ion-exchange sifelslore than 100 differ-  cal and medical applicatiors12 However, in these studies,
ent species of synthetic zeolites have been identffisdde the substances are self-destroyed when coating their sur-
type A zeolite ((42m)(Sh2Al12048)-nH20, X=cation,  faces with HAp. We have been focused on the preparation
m=charge number, LTA) is the most useful among the of multi-functional ceramic composites with the adsorp-
zeolites due to highest cation exchange capacity (CEC). tion and/or fixation properties. In our previous studies, LTA
LTAs are widely used as an ion exchanger for ammonium with HAp thin layers were prepared by a hydrothermal
and cadmiun¥;® and are considered to utilize them for treatment at 126C for 8h based on the basis of a cation
the adsorption of radioactive elements, such as cesium andexchange reactiol?'1* The hydrothermal treatment did not
iodine” Hydroxyapatite [Cao(PQs)s(OH)2, HAp] hasahigh  destroy the cubic automorphism but changed its surface
CEC for cadmium and lead, and shows a high stability morphology by covering evenly with needle crystals of

nano-HAp.
* Corresponding author. Tel.: +81 76 248 9504 fax: +81 76 294 6723. In this study, HAp thin layers were synthesized on the
E-mail address: yujiro@neptune.kanazawa-it.ac.jp (Y. Watanabe). LTA surface by hydrothermal treatment at different tem-
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peratures and duration in the reactions. The crystal phase2.3. Specific surface areas measurement of LTA with

and morphologies of HAp grown on the LTA surface HAp layers

were evaluated by the powder X-ray diffraction method

(XRD), scanning electron microscopy (SEM) and transmis-  The samples after the hydrothermal treatments were

sion electron microscopy (TEM). The yield of HAp was immersed in 1500 ml of a 0.5M Caghkolution for 24 h

calculated from the weight changes and the amount of Si, for the ion exchange of Nit for C&*. The resultant sam-

Al, Ca and P in samples analyzed by inductivity coupled ples were filtered with a membrane filter of O in pore

plasma—atomic emission spectroscopy (ICP-AES) before andsize and rinsed with distilled water to remove excess cations.

after the reactions. The specific surface areas and pore diamThe samples obtained were dried at 200for 24 h. 0.05¢g

eters were evaluated by the Brunauer—-Emmet-Teller (BET) of the samples and Ca-LTA obtained in SectA were

method. degassed at 20Q@ 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

2. Experimental SA3100 instrument with Blgas as an adsorbent.

2.1. Preparation of LTA with Ca®*
3. Results and discussion

LTA with Ca?* (Ca-LTA) as a starting substance for
hydrothermal treatments was prepared as follows. LTAwith  Fig. 1shows the XRD patterns of Ca-LTA before and after
Na" (Na-LTA) was purchased from Wako Pure Chemicals the hydrothermal treatment at 120 for the durations of
Industries, Ltd. The exchange of Néor C&* was carried  1-168h. The Ca-LTA exhibited the complete exchange of
out by immersing and stirring 5.0 g of the Na-LTAin 1500 ml  Na* for C&* in LTA, which was judged from the change of
of a 0.5 M CaCj solution for 24 h. The resultant sample was  diffraction intensities and the appearance of a new diffraction
filtered with a membrane filter of 0.46m in pore size and  at 25.7 in 29 (Fig. 1a)1° After the hydrothermal treatment
rinsed with distilled water to remove excess cations. The Ca- of Ca-LTA at 120°C for 4-168 h, broad diffractions at about

LTA was then dried at 100C for 24 h. 26° and 32 in 20 were observed as indicated by solid circles,
which corresponded to the diffractions from HAp. The other
2.2. Synthesis of HAp crystals on the LTA surface sharp diffractions irFig. Ib—f agreed with those of LTA with

C&* replaced by Ni*, indicating that the cation sites in the
Hydrothermal treatments were conducted as follows: 0.3 g Ca-LTA were occupied by NH’ during the hydrotherma]
of the Ca-LTA powder was immersed in 20ml of a 1M treatments as described by Matsumoto éfadlhe XRD pat-
(NH4)3POy solution in a 100 ml Teflon cup fitted into a stain-  terns demonstrated that there was no significant difference in

less steal pressure vessel. The pH value was controlled tathe full-width at half maximum intensity (FWHM) before and
9 by the addition of an ammonium solution. The suspen-

sion was heated at different temperatures ranging from 25 to
200°C and duration ranging from 1 to 168 h. The samples . . ©
were quenched and washed three times with distilled water, w A ﬁ Do s o
and dried at 100C for 24 h. The Ca-LTA and the resultant
samples after the hydrothermal treatments were investigated
by XRD (Rigaku, RINT2200) with monochromatized CaK . . ©
radiation at 40 kV and 40 mA. The morphology was observed T l 1 }J_JL\AJL PRI
by SEM (Hitachi S-5500) and TEM (Hitachi H-9500 oper-
ated at 300kV). The yield was calculated from the weight
changes of samples before and after the reactions. The com- . o

position of the samples before and after the reaction at €20 LL_,_A__J‘L_ALLA,)\ —n ©
was determined by ICP-AES (SEIKO HVR 1700). For the
measurement of Si and Al, 50 mg of each sample was fused

Intensity
]
.
3
&

(b)

with NapCO3 (0.5g) and HBOs (0.2 g) in a platinum cru-

cible at 1000 C for 10 min. The mixtures were dissolved in l A | l A | | l* \ n . foonn ("3
11.6 mol/l of HCI solution, and distilled water was added to 10 15 20 25 30 35 40 45 50
the solutions to the final volume of 100.0 ml. For the mea- 26 degree Cukat

surement of Ca and P, 50 mg of each sample was dissolved

in 2ml of HF (27 M) and 1 ml of HSQOy (18 M), and evap- Fig. 1. XRD patterns of (a) Ca-LTA and LTAs after the hydrothermal treat-

orated. The dried residues were then dissolved in 11.6 mol/| et at 120C for (b) 1h, () 4h, (d) 8h, (e) 241, () 72h and (g) 168 .
' . . ) . ) All diffractions in (a) are attributed to Ca-LTA. The solid circles indicate

of HCl solution with heating, and distilled water was added e giffractions of HAp. The other diffractions in (b—g) are attributed to

to the solutions to the final volume of 100 ml. NH4-LTA.
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after the hydrothermal treatments until 72fg. 1c—e), but Table 1

the shift of the diffractions of LTA with NH+ (N H4-LTA) The composition of Ca-LTA before and after the hydrothermal treatment at
and the increases of the FWHM were found at 168 h. The 129°¢ - "
results of XRD indicate that the LTA structure is stable in a Ca-LTA (107" mol) HAp-LTA (10™" mol)
1M (NHg)3POy solution heated at 12@ until 72 h, how- Si 2.74 242
ever the LTA structure starts to deteriorate at 168 h. The HAp A!/ | 2.74 23;
thin layers were formed on the LTA surface after 4h. The SUA 11'03% 10'%1
cation exchange model of Ca-LTA in the (W-HPQy solu- p ND. 054
tion can be described as EHd.) and the yield of HAp after  cap 1.69
the hydrothermal treatments described as(Ej. N.D.: not detected. HAp-LTA: Ca-LTA after the reaction at 220
5Ca(Si12Al12048)-nH20 + 18PQy(NH4)3-nH20 . o ®

+ 6NH4(OH) — 3Cayo(POs)s(OH)2

i A ERPRU U 1 W N ®
+ 5(NH4)12(Si12Al 12048)-nH20 4+ mH20 (1) "

H 'H “ . (e)
_ X (2) An
“= 0324w L L @

If weight (W, g) of LTA reacts perfectly in the (NgJ3sPOy

solution, the theoretical increase of the weight is 0182¢ “ I .l I * ©

Therefore, the yieldy, can be calculated by E¢2) using
experimental data, wher¥ is the weight increase of the || .I l . ®)
formation of HAp at nominated durations and temperatures. - A

Fig. 2shows the change of the HAp yields after hydrothermal I l n ’l @
treatments of Ca-LTA at 120C against various durations. i

The increase of at 4 h indicates the formation of HAp on e

) 20 degree Cuk
the LTA surface, which was matched to the results of XRD egree LK
measurements. The maximum valuevds 0.82 at 8 h, which Fig. 3. XRD patterns of (a) Ca-LTA and LTAs after the hydrothermal treat-

is 20-fold larger than the value in the formation of HAp on  mentat (b) 25¢, (c) 40°C, (d) 80°C, (€) 120°C, (f) 160°C and (g) 200C

Intensity

alite 12 for 8 h. All diffractions in (a) are attributed to Ca-LTA. The black circles indi-
The compositions of Ca-LTAs before and after the reaction cate the diffractions of HAp and the other diffractions in (b—g) are attributed
at 120°C, analyzed with ICP-AES, were shown Table 1 t0 NH,-LTA.

The Si/Al mole ratio was not changed to be near 1.0 before
and after the reaction. The Ca/P mole ratio after the reaction

was 1.69, which was matched to the theoretical Ca/P ratio
of HAp. The yield &) of HAp was calculated to be 0.79,

which is almost equal to the resudt € 0.82) calculated from

the weight changes. On the contrary, at 168 h,dhalue

was decreased because the dissolution of cations caused the
destruction of the LTA structure.
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Fig. 2. The change of the HAp yields after hydrothermal treatment of Ca- Fig. 4. The change of the HAp yields after the hydrothermal treatment of
LTA at 120°C vs. various durations. Ca-LTA for 8 h vs. the various temperatures.
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Fig. 3 shows the XRD patterns of Ca-LTA before and ture is stable in the 1M (Ni3sPOy solution heated at
after the hydrothermal treatments at 25—2QGor 8 h. After 25-160°C for 8h but the structure starts to deteriorate
the hydrothermal treatments, broad diffractions at abotit 26 at 200°C.
and 32 in 20 were observed as indicated by solid cir- Fig. 4 shows the change of the HAp yields after the
cles, which corresponded to the diffractions of HAp. The hydrothermal treatments of Ca-LTA for 8 h against the vari-
HAp crystals were grown at any synthetic temperature. The ous temperatures. Thevalues increased against the temper-
other sharp diffractions ifrig. 3o—f coincided with those  ature range of 25-12@ but decrease against 160—-2@0
of NHy4-LTA. These XRD patterns demonstrated that there The increase ok values was attributed to the formation of
was no significant difference in FWHM before and after HAp and the decrease was corresponded to the destruction of
the hydrothermal treatment at 25-1€0), but a decrease of  the LTA structure. The maximum value at 120C showed
the diffraction intensity and an increase of FWHM were the homogeneous covering of HAp on the surface of LTA as
found at 200C. We thus conclude that the LTA struc- shown in the next SEM image.

200nm

Fig. 5. SEM images of Ca-LTA (a and f) and LTAs after the hydrothermal treatment at various temperatures for 8 h; (b a@J () &5d h) 40C, (d and i)
120°C and (e and j) 200C.
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Fig. 5shows the SEM images of Ca-LTA and those after
the hydrothermal treatments at 25—-2@for 8 h. The mor-
phology of the Ca-LTA before the treatments exhibited a

cubic automorphism with smooth surface. The surface of Samples

the Ca-LTA heated at 25C was covered by tiny ball-like
HAp particles with the sizes of about 30nm in diameter
(Fig. 5o and g). This morphology was very similar to that
of HAp formed in SBF-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
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 treatriént.
At 200°C the amorphous-like particles were covered with
the destroyed LTAKig. 5e and j), which corresponded with
the XRD patterns shown iRig. 3g.

TEM was applied to the observation of the interface
between HAp and LTA. The TEM images as showifrig. 6
clearly indicated the HAp crystals of 30 nm in length grown
on the LTA surface in the treatment at 4D, and the com-
plete covering of needle-like HAp crystals of up to 100 nm in
length in the treatment at 12C. In our previous study, the
needle-like HAp crystals grew roughly perpendicular to the
LTA surface from the SAED pattert?.

Moriyoshi et al'? have discussed a formation mechanism
of HAp on alite. According to their report, 4in the struc-
ture of alite released into a (NpEPOy solution reacts very
rapidly with PQ;3~ to form further HAp crystals. Liu et &
have also reported a formation mechanism of HAp on wol-
lastonite in a simulated body fluid (SBF). They discussed
that C&* released from wollastonite increase the ion activity
of apatite in SBF, and hydrate silica on the surface of wol-
lasonite provides the sites favorable for apatite nucleation
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Table 2
The specific surface areas of Ca-LTA and samples synthesized from 25 to
200°C for8h

Specific surface area(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 2Q0are shown as LTA25,
LTA40, LTA120, LTA160 and LTA200, respectively.

in a (NH4)3PO solution is a driving force of the formation

of HAp, and then the discharged €aeacts with phosphate
ions on the surface of LTA due to Ca supersaturation at local
area. Thereaction of HAp formation in the previous study was
related to the amount of calcium dissolution from alite. For
this reason, the yield (maximua= 0.04) for HAp formation

is smaller than that (maximumn=0.82) of LTA in this study.
Furthermore, these substrates were self-destroyed in the reac-
tionsto form HAp. In this study, however, the reaction of HAp
formation occurred by ion exchange reaction following Eq.
(2). In particular, this reaction is pronounced in an ammonium
phosphate solution because of the highNidelectivity of
LTA. The C&* 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 200C are shown infable 2 The specific
surface areas of samples synthesized at 25 afi@46r 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

Consequently, the apatite nuclei are rapidly formed on the sur-the applied conditions. The prepared nanocomposites possess

face of wollastonite. The release of the’XCavas dependent
on its solubility. However, in our study, the reaction of Ca-
LTA with ammonium phosphate is the ion exchange model
shown in Eq.(1). The exchange of G4 on LTA for NH4*

the combined adsorption characteristics of LTA and HAp. At
hydrothermal treatment over 8Q, the specific surface areas

of samples decreased with increase of temperature. These
results mean that the pores in LTA are patrtially covered by

Fig. 6. The TEM images of Ca-LTA after the hydrothermal treatment at (aC4thd (b) 120C 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 G4 on LTA for NH4* in an ammonium

phosphate solution is a driving force for the formation. The 7.
structure of LTA was not destroyed by the hydrothermal treat-

ment at 25-160C for 8 h and also at 120C for 1-72 h. The
yield of LTA with HAp thin layers synthesized at 12C

for 8 h showed maximum value of 0.82. The specific surface g

area was maintained in the treatment at 25 antCHor 8 h
as compared with that of Ca-LTA, but over 8D, 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 11
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