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CHAPTER 1

INTRODUCTION



1-1. GENERAL INTRODUCTION

The world is faced with increasing demands for removal of contaminants from
municipal, agricultural, and industrial wastewaters. The most common cation in the waters
affecting human and animal health is ammonium ion (NH,"). To achieve better NH,"
treatment, the use of activated carbon, which is comparatively expensive, is proposed.
Zeolites have been proposed as an alternative to the activated carbon, and can also be used
as a pretreatment material prior to biological processing to ensure a constant concentration
feed to a biological treatment plant. The use of natural zeolites in removal of NH," from
wastewaters has been reported by many authors. But the characterization, synthesis, and
chemical behavior of various zeolites for improvement of NH;* removal from wastewaters
have not been investigated in detail. Therefore, it is very important to investigate about
NH," behaviors on various zeolites. In this study, the characterization, synthesis, and NH4"
exchange behaviors of natural zeolites, synthetic zeolites, and modified zeolite were
carried out by using various methods (XRD, SEM, EDS, ICP, electric specific (NH;"), and
BET).

The disposal of radioactive waste generated by the nuclear fuel cycle also is among
the most pressing and potentially costly environmental problems of the 21st century.
Proposed disposal strategies are complicated, not only because of the large volumes and
high radioactivities of the waste, but also because of the political and public-policy issues

associated with a long period of time of storage in containment (10* to 10° years).



Zeolites have been proposed as a material for removing hevy metal ions such as Cd**
and Pb**, and radioactive ions such as Cs*, Sr**, and I'. But the stability in alkali solution is
lower than other materials for fixation. Hydroxyapatite [Caio(PO4)s(OH),] also has a high
cation exchange capacity for Cd®* and very low solubility products of under 5.4x10™*

(Ksp; mol*® 8

), and shows particularly high stability in alkaline solution. Therefore, the
apatite solidication is expected to be stable for a longer period of time than cement
solidication or glassification. For these reasons, we focused on zeolite/apatite composites
as a material for removal of these harmful ions and radioactive ions. In this study, the
synthesis and sintering of zeolite/aptite composites were carried out under various
conditions, and the characterization of the obtained materials was investigated by using
various methods (XRD, SEM, EDS, TEM, STEM, ICP, Electric specific (NH;"), BET,
Dynamic—ultra -microhardness tester, and Universal tester).

This thesis is composed of 6 chapters. Chapter 1 describes about characterization of
zeolites and their application in water and wastewater treatment, and about characterization
of apatite and its application for removing of harmful ions and for fixing of radioactive
ions.

Chapter 2 describes about ion exchange behavior of natural zeolites from Shimane and
Akita prefectures, Japan and Mount Gipps, Australia in distilled water, hydrochloric acid,

and ammonium chloride solution. The results were compared with published adsorption

values of other zeolites.



Chapter 3 describes about ammonium ion exchange of synthetic zeolites (Lide Type A
zeolite, Faujasite, Sodalite, and rho zeolite) in regard to the effect of their open-window
sizes, pore structures, and cation exchange capacities.

Chapter 4 describes about hydrothermal modification of natural zeolites (natural
clinoptilolite and mordenite) to improve up-take of ammonium ions.

Chapter 5 describes about hydrothermal formation of hydroxyapatite layers on the
surface of type-A zeolite.

Chapter 6 describes about the sintered bodies of LTA with HAp thin layers and FAp
fabricated by using the pulse electronic current sintering (PECS) method.

Chapter 7 concludes the results obtained in this study.



1-2. ADSORBENT FOR AMMONIUM IONS AND RADIOACTIVE IONS:

ZEOLITE

1-2-1. Characterization of zeolite

Zeolite is defined by the requirements of Smith (1963) for a zeolite." These requirements
include: (a) a three-dimensional framework of tetrahedral, more than 50% of which is
occupied by Si and Al; (b) an ‘open’ structure with a framework denisity (i.e. the number
of tetrahedral atoms per 1000 A® ) lower than 20 (Brunner and Meier, 1989) and hence
enclosing cavities connected by windows lager than regular six-membered rings; and (c) an
extraframework content represented by cations and water molecules.?

In the general formula MyDy[Aly2,Sin.(x+2y) O2n] - MH,0, where My are monovalent and
Dy are divalent cations, it is possible to distinguish two parts, although they are very
different, which are mutually dependent and form a homogeneous complex endowed with
exclusive chemico-physical properties. A portion in the square brackets represents the
tetrahedral framework and is characterized by an overall negative charge which increases
as the Si/Al ratio decreases. The area outside the square brackets consists of exchangeable
extraframework cations, which neutralize the framework negative charge, and finally water
molecules which often coordinate with the extraframework cations.

1-2-2. The application of zeolite to water and wastewater treatment

The world is faced with increasing demands for removal of contaminants from

municipal, agricultural, and industrial wastewaters. The use of natural zeolites in removal



of impurities from drinking water or wastewater have been reported by many authors
(Murphy et al. 1978, Tarasevich 1994, Kallo 1995).%°

Most technologies using natural zeolites for water purification are based on the unique
cation-exchange behavior of zeolites through which dissolved cations can be removed
from water by exchanging with cations on zeolites exchange sites. The most common
cation in water affecting human and animal health is NH,". It can be removed by
exchanging with biologically acceptable cations such as Na*, K*, Mg®*, Ca** or H' residing
on the exchange sites of the zeolites. Fortunately, many natural zeolites (e.g. clinoptilolite,
mordenite, phillipsite, and chabazite) are selective for NH,", meaning that they exchange
NH," even in the presence of larger amounts of competing cations. Clinoptilolite and
mordenite are also selective for transition metals (e.q. Cu*, Ag*, Zn**, Cd**, Hg**, Pb**,
cr¥, Mo*, Mn?*, Co?*, and Ni**), which are often present in industrial wastes, and can be
very toxic even in a concentration as low as several mg/L. As emphasized in discussion of
radioactive waste treatment, both clinoptilolite and mordenite have very high selectivity for
Cs*and Sr**, and can therefore be used to remove minute amounts of radioactive **'Cs and
%3y from nuclear process wastewater.

The quality of water prior to treatment can vary considerably. Simple purification
technologies, such as the use of chemical additives, may not meet demands for quality
water. This is particularly so in cases where too much chemicals are applied, which may

result in hazardous water (e.g. excess organic coagulants may increase the biological



oxygen demand (BOD) in the effluent, or surplus Al added for phosphate removal may
become a harmful contaminant to humans). Fortunately, the use of natural zeolites has
apotential to eliminate this problem by removing contaminants from the water via an
ion-exchange or adsorption process. Furthermore, abundant deposits of natural zeolites in
near-surface sedimentary deposits make their use in the treatment of drinking water and

wastewater very attractive.

1-3. MATERIAL FOR REMOVING HARMFEUL IONS AND FOR FIXING OF

RADIOACTIVE IONS: APATITE

1-3-1. Characterization of apatite

The apatite-group minerals of the general formula of M1o(Z0O4)eX2(M = Ca, Sr, Pb,
Na..., Z = P, As, Si, V..., and X= F, OH, Cl...) are remarkably tolerant to structural
distortion and chemical substitution, and consequently are extremely diverse in
composition (e.q., Kreidler and Hummel 1970; McConnell 1973; Roy et al. 1978; Elliott
1994).°° Of particular interest is that a number of important geological,
environmental/paleoenvironmental, and technological applications of the apatite-group
minerals are directly linked to their chemical compositions. It is therefore fundamentally
important to understand the substitution mechanism, and other intrinsic and external
factors that control the compositional variation in apatites.

Phosphate apatites, particularly fluorapatite and hydroxyapatite, are by far the most
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common in nature, and are often synonymous with “apatite(s)”. For example, fluorapatite
is a ubiquitous accessory phase in igneous, metamorphic, and sedimentary rocks, and
major constituent in phosphorites, and certain carbonaties and anorthosites (McConnell
1973; Dymek and Owens 2001).”*° Of particular importance in a biological system is
hydroxylaptite and fluorapatite (and their carbonate-bearing varieties) which are important
mineral components of bones, teeth, and fossils.

1-3-2. The application of apatite for removing of harmful ions and for fixing of

radioactive ions

The disposal of radioactive waste generated by the nuclear fuel cycle is among the
most pressing and potentially costly environmental problems of the 21st century. Proposed
disposal strategies are complicated, not only because of the large volume and high
radioactivity of the waste, but also because of the political and public-policy issues
associated with a long period of time of storage in containment (10* to 10° years).

To keep the waste in a highly durable form, materials that have a high chemical
durability and resistance to radiation damage effects contribute to the disposal strategy.

An interest in a phosphate-based form of waste has been aroused because the waste with

a high radioactivity level generated by reprocessing of used nuclear fuel contains a

substantial amount of phosphate (up to 15wt % P,Os) that results from processing

technology utilized either a bismuth phosphate or tributylphosphate process (Bunker et al.

1995).* In addition to the high phosphate content, other metal oxides may account for a
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significant proportion (Lambert and Kim 1994).** These complex compositions have
presented special challenge in developing crystalline ceramics that can accommodate the
full compositional range of the waste stream.

The early work on phosphate glasses led to the idea that crystalline phosphate might
make extremely durable waste forms, particularly for actinides. The earliest suggestion was
for the use of monazite (Boatner 1978, Boatner et al. 1980, McCarthy et al. 1978,
1980).53*° The attractive features of monazite as a nuclear waste form are: (1) a high
solubility for actinides and rare earths (10 to 20 wt%); (2) high chemical durability in
nature; (3) an apparent resistance to radiation damage as natural monazites are seldom
found in the metamict state, despite very high alpha-decay event is induced (Boatner and
Sales 1988)."" There have been extensive studies of monazite and apatite as potential
wastes from phases, and a considerable amount of work on a number of synthetic

phosphate phases has been completed.
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CHAPTER 2

ION EXCHANGE BEHAVIOR OF NATURAL ZEOLITES

15



Natural zeolites from Shimane, Japan

2-1. INTRODUCTION

In recent years, wastewaters are discharged after the primary process of flocculation and
the sedimentation, and secondary process of biological treatment. Increasing levels of
ammonium and phosphate are the main factors of eutrophication in river or lakes. These
levels are now being controlled by legislation on discharge limits in many countries. The
increase in ammonium and phosphate levels causes increases in BOD (biochemical oxygen
demand) and COD (chemical oxygen demand) in many rivers and lakes. Therefore a
process to further reduce the quantity of ammonium and phosphate levels is needed. To
achieve better wastewater treatment, the use of activated carbon, which is comparatively
expensive, is proposed.

Natural zeolites have been proposed as an alternative to activated carbon, and can also
be used as a pretreatment material prior to biological processing to ensure a constant
concentration feed to a biological treatment plant. Clinoptilolite and mordenite are the
main minerals of natural zeolites found in abundance in many locations.*? These minerals
consist of three-dimensional open-framework structures consisting of AlO, and SiO,
tetrahedra linked together by oxygen sharing and contain channels and cavities in which
cations and water molecules can diffuse, as well as ion-exchange sites. These are widely
used as low-cost ion exchangers.**

The chemical behavior of natural zeolites in aqueous solutions has been investigated.

16



> The use of natural zeolites for removal of ammonium in wastewater treatment has also
been reviewed by a number of researchers.”*? The method of regeneration of zeolites has
also been discussed.? Zeolites saturated with ammoniacal nitrogen have been continuously
regenerated in biological processes without the use of chemical regenerants such as NacCl. °
The adsorption behavior of treated zeolites has also been described.*® For example, it has
been shown that ammonium ions can be stripped from zeolite using 2 M sodium chloride
solution.” The ion exchange selectivity of zeolite is related to its ionic charge and ion
radius. Zeolites also have the ability to absorb ammonium ions in the low-concentration
range that is often observed in rivers or lakes.™

In the present study, the chemical behavior of three natural zeolites from Shimane, Japan
was investigated in distilled water and hydrochloric acid. Ammonium adsorption by these
zeolites in ammonium chloride solution was also investigated and the results obtained were

compared with published adsorption values for other zeolites.

2-2. EXPERIMENTAL METHOD

2-2-1. Materials

Three types of natural zeolites mined from Shimane, Japan were used in this study.
Two of the three natural zeolites (CLI1 and CLI2) consisted mainly of clinoptilolite, and
the remaining one (MOR3) consisted mainly of mordenite. They were all sieved to below

50 um particle size before use.
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2-2-2. Characterization

Mineral identification was carried out by the powder X-ray diffraction (XRD) with
CuKa radiation (RIGAKU RINT 2200). The zeolites were characterized by scanning
electron microscopy (SEM) (JEOL S-5500). The chemical compositions of the zeolites
were determined by inductively coupled plasma spectroscopy (ICP) (SEIKO HVR 1700).

A photomultiplier tube was used as the detector for ICP. The operating conditions for
ICP are given in Table 2.1. The solutions for ICP were prepared as follows: For Si and Al
50 mg of sample was mixed with Na,CO3 and H3;BO3; powders. The mixture was dissolved
by addition of HCI solution, and pure water was added to the solution to a final volume of
100 ml. For Na, K, Ca and Mg, 50 mg of sample was dissolved in HF and H,SO, solutions.
After the solution was evaporated, the dried residue was dissolved in HCI solution with
heating, and pure water was added to the solution to a final volume of 100 ml. The
detection limits of ICP were 0.002 ppm for Na and Si, 0.004 ppm for Al, 0.00004 ppm for
Ca and Mg, and 0.030 ppm for K.

2-2-3. Adsorption Experiment

For ammonium adsorption experiments, 30.0 ml of each solution containing different
proportions of NH,CI (10*-10"M) was added to 0.1 g of air-dried zeolite samples in
stoppered polyethylene tubes. The tubes were shaken at 25°C for 7 days. The mixture was
separated by centrifugation at 15000 rpm for 30 minutes and then filtered with a 0.45 um

membrane filter (Millipore, 0.45 um HA-type).
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The ion concentration of the filtered solution was determined by ICP (SEIKO-SPS4000).
pH was determined using a pH meter (Toa Dempa Kogyo HM-60V). Adsorption
experiments in distilled water and hydrochloric acid (10™ - 10™*M) were also carried out
using the same experimental method. The ammonium concentration of the filtered solution
was determined using an ammonium ion-specific electrode (Toa Dempa Kogyo IM-20B,
ammonia electrode Ae-235). After the adsorption experiments, XRD using CuKa radiation

was used to examine the crystal structure.

2-3. RESULTS and DISCUSSION

2-3-1. ldentification by XRD

The XRD patterns of the three zeolite powders are shown in Fig. 2.1. CLI1 and CLI2
consisted mainly of clinoptilolite with traces of quartz, feldspar and layered silicate (Figs
2.1a and 2.1b). CLI2 was richer in clinoptilolite than CLI1. MOR3 consisted mainly of
mordenite with quartz and layered silicate (Fig. 2.1c).

2-3-2. SEM

SEM photographs showed that the main mineral in CLI1 is clinoptilolite (Fig. 2.2) and
that in MOR3 is mordenite (Fig. 2.3). Clinoptilolite in CLI1 was crystalline, submicron in
size, and assumes a sharp similar to the coffin -shape of heulandite.*®* Mordenite in MOR3
was fibrous and ranged from 0.05 to 0.1 um in diameter and from 1 to 5 um in length.

2-3-3. Chemical Composition by ICP

19



The chemical compositions of the zeolites determined by ICP are shown in Table 2.2.
The Si/Al ratios of the three samples were constant, in the range of 4.8 to 5.0. The total
amount of Na*, K, Mg®* and Ca®" in ion-exchange sites on the zeolites was about 5 wt%.
Hydrogen Adsorption Behavior

The concentrations of cations, silica and alumina in solution, initial pH and equilibrium
pH in distilled water are shown in Table 2.3. The concentrations of all species in the blank
solution, that is, distilled water without zeolite, were below the detection limit of ICP.
The equilibrium pH increased from the initial pH in distilled water due to exchange of
hydrogen ions from the solution with the other cations in the zeolite matrix. The amount of
exchanged cations was less than 0.1wt% in all of the samples. The amount of exchanged
cations for MOR3 was the smallest of three samples, and the equilibrium pH was also the
smallest in this sample. This may be explained by considering the exchange of cations Na®,
K*, Mg” and Ca” in ion- exchange sites on zeolites with H* ions in distilled water. For
each type of zeolite, the exchange of Na in the zeolite structure is the easiest and thus has
the largest effect. The results of H" ion exchange for MORS3 in hydrochloric acid are shown
in Table 2.4. The increase in the equilibrium pH was due to the increase in cation
concentration. This phenomenon was also observed for the other cations Na*, K*, Mg** and
Ca’* in ion-exchange sites on zeolites which exchanged with H" ions in hydrochloric acid
as well as in distilled water. Sodium was observed to be more easily exchanged than the

other cations in the zeolites. By decreasing the equilibrium pH, dissolved silica and
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alumina concentrations increased. This result indicates that the structures of silica and
alumina are destroyed at low pH.
Ammonium Adsorption Behavior

The ammonium adsorption isotherm of the three natural zeolites in ammonium chloride
solution is shown in Fig. 2.4. CLI2 shows the highest ammonium capacity among the three
natural zeolites, with a capacity of 1.28 mmol/g. This phenomenon can be explained by the
difference in mineral compositions among the three zeolites. CLI12 was shown to be nearly
pure clinoptilolite using XRD m (Fig. 2.1.) and to have the highest exchange capacity.
The ammonium adsorption capacity of the three zeolites was compared with other
published data on zeolites in Table 2.5.3 The results indicate that the three samples have
similar but slightly higher exchange capacities than other previously reported zeolites.

The pH of the solution before/after adsorption, the concentration of silica, alumina and
cations in ion-exchange sites on zeolites in solution, and the theoretical and experimental
ammonium adsorption levels in 3xX10°~1x10* M ammonium chloride solutions are
shown in Table 2.6. By increasing the initial concentration of ammonium chloride solution,
the concentration of silica and alumina decreased. This result indicates that the framework
structures of the zeolites are stable in high-ammonium-concentration solution. This was
also confirmed by the unchanged crystal structures of the zeolites after ammonium
adsorption, as determined by XRD. The order of ammonium ion exchange selectivity for

cations on zeolites is Na* >> K" > Ca?* > Mg”', i.e., the exchange of Na* on zeolites is the
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largest. This also indicates that Na® exchange on zeolites occurs by the following

ion-exchange reaction (Egn. 1).

Na-Ze + NH," = NHg-Ze+Na' - « - (Ze:zeolite) « + - (1)

It is apparent that Na* are very weakly bound in the structures of these zeolites. Other
ions are strongly held in the structure of all zeolite samples compared with Na*. The
theoretical amounts of various cations exchanged with zeolites are calculated using the
formula below (Egn. 2), the assumption that a charge balance on the zeolites with an
equivalent number of charged ions are exchanged with ammonium ions, i.e., one Na* or K*
with one NH,4", one-half Ca®* or Mg?* with one NH,*.?° The concentration of the cations

released in distilled water (Table 2.3) was deducted from the above concentrations.

[Total NH,'] = [Na']+[K']+1/2[Mg*]+1/2[Ca*'] - - - (2)

The amount of adsorbed ammonium ions determined experimentally is quantitatively in

agreement with the amount determined using the above approach at high ammonium

concentrations. This result indicates that ammonium adsorption occurs by ion exchange

involving Na*, K*, Mg”* and Ca*" in cation exchange sites on zeolites.
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2-4. CONCLUSION

Three natural zeolites mined from Shimane, Japan have been shown to have a high
ammonium adsorption capacity. Of these three zeolites, CLI2, which is rich in
clinoptilolite, was shown to have the highest ammonium adsorption capacity of 1.28
mmol/g. The amount of cation released from this zeolite was less than 0.1 wt% of the
initial amount in the sample in distilled water. The lowest ammonium adsorption capacity
was observed in MOR3. This indicates that the cations Na*, K*, Mg* and Ca®' in
ion-exchange sites on zeolites exchanged with H* ions in distilled water and hydrochloric
acid. With decreasing equilibrium pH, silica and alumina concentrations increase. This
indicates that the structures of silica and alumina are destroyed under these conditions.
Regarding ion exchange of the Na" on natural zeolite were used as an alternative to
ammonium ion in ammonium chloride solution and H" ions in distilled water and
hydrochloric acid.

The order of ammonium ion exchange selectivity for cations on zeolite is Na">> K* >
Ca®* > Mg”. The amount of ammonium ions adsorbed in this experiment quantitatively
corresponded to the theoretically expected amount of adsorbed ions given a mole balance
on the zeolite at high ammonium concentrations. This result indicates that ammonium
adsorption occurs by ion exchange with Na*, K*, Mg®" and Ca®" in cation-exchange sites

on zeolites.
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Table 2.1. Operating Conditions for ICP.

Frequency 27.12 MHz
RF power 1.3 kW
Plasma gas 16 | min™
Auxiliary gas 0.5 I min™
Carrier gas 1.0 I min™
Observation height in plasma 13.0 mm
Analytical lines :

Si :251.611 nm Al : 396.152 nm
Na : 588.955 nm K:766.490 nm
Ca : 393.366 nm Mg : 279.553 nm

Table 2.2. Chemical composition of natural zeolites CLI1, CLI2,
and MOR3 (wt%).

CLI1 CLI2 MOR3
Si 29.3 29.3 30.8
Al 5.93 5.93 6.35
Fe 0.76 0.49 0.49
Na 257 2.43 1.88
K 1.19 1.42 1.53
Ca 1.40 1.21 0.91
Mg 0.44 0.40 0.40

Si/Al 4.94 4.94 4.85
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Table 2.3. The concentration of dissolved cations, silica and alumina
from zeolites in distilled water (mol/L).

CLI1 CLI2 MOR3
pH, 5.45 5.45 5.45
pHeq 9.31 6.87 6.59
Sio, 0.098 0.035 ND
AlLO, 0.051 0.035 ND
Na 0.459 0.093 0.056
K 0.019 0.037 0.017
Ca 0.011 0.007 ND
Mg 0.008 0.001 ND

pH, = initial pH values. pHeq = equilibrium pH values after reaction.
ND = not detected

Table 2.4. The concentration of dissolved cations, silica and alumina
from zeolites in distilled water (mol/L).

pH, pHeq Si0, Al,Oq Na K Ca Mg
1.33 1.33 0.363 - 1.516 - - -
1.78 1.89 0.208 - 1.381 - - -
2.17 2.29 0.104 0.104 1.121 0.091 0.242 0.121
2.55 2.87 0.053 0.020 0.800 0.075 0.175 0.122
2.92 3.55 0.034 0.001 0485 0.031 0.055 0.086
3.34 6.01 0.025 ND 0290 0.018 0.011 0.013
3.79 6.54 0.021 ND 0.139 0.015 0.004 0.002
4.34 6.69 0.018 ND 0.088 0.013 0.005 0.002

pH, = initial pH values. pHeq = equilibrium pH values after reaction.
"—" =not determined. ND = not detected.
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Table 2.5. Exchange capacities of various zeolites in 1 mol/L
(NH,").

Ammonium Exchange Capacity Ref
Zeolite Origin meq NH;3(N)/g

CLI1 0.336

CLI2 0.359

MOR3 0.351
Grant Co., NM 0.288 (3)
Owyhee Co., ID 0.247 (3)
Fremont Co., WY 0.187 (3)
Lander Co., NV 0.255 (3)
Washoe Co.,NV 0.140 (3)
Malheur Co.,OR 0.377 (3)
Maricopa Co.,AZ 0.139 (3)
Hector Clinoptilolite 0.286 (3)

Table 2.6. The concentration of dissolved cations, silica, and
alumina from zeolite (mmol/L) alnd the amount of adsorbed
ammonium (mmol/g) in ammonium chloride solution (mmol/L).

Co (NH,H)  pHy PHeq Sio, ALO;  Na' K* ca®  Mg* C1(NH,"ads) C,(NH,"ads)
cLIL 3.0 542 8.4 0.072 0001 1330 0.187 0150 0.027 0.544 0.583
1.0 530 877 0.086 0.003 0760 0.065 0.025 0.012 0.252 0.252
0.3 552  9.00 0.116 0.005 0230 0.026 0.011 0.010 0.072 0.081
0.1 570  9.27 0.114 0.005 0.160 0.020 0.010  0.009 0.048 0.255
CLI2 3.0 542  6.34 0.023 ND 1760 0.140 0.010 0.010 0.631 0.655
1.0 530  6.40 0.022 ND 0920 0.036 0.06 0.008 0.285 0.279
0.3 552 653 0.068 0.006 0.340 0.017 0.007  0.009 0.108 0.086
0.1 570  6.76 0.069 0.007 0.220 0.010 0.006  0.009 0.072 0.026
MOR3 3.0 542 559 0.017 ND 1340 0.143 0.086 0.063 0.514 0.568
1.0 530  6.02 0.018 ND 0700 0050 0.021 0.022 0.231 0.270
0.3 552  6.17 0.024 0.001 0210 0.018 0.004  0.002 0.051 0.084
0.1 570  6.43 0.023 0.001 0.130 0.014 0.009 0.003 0.029 0.027

Co (NH,") = initial concentration of ammonium chloride solution. pH, = initial pH values

pHeq = equilibrium pH values after ammonium removal.
C,(NH,"ads) = caluculated values of ammonium adsorption.

C,(NH,"ads) = experimental values of ammonium adsorption.
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Intensity

20 degree CuKa
Fig. 2.1. X-ray powder diffraction patterns of natural zeolites.

(a) CLIL, (b) CLI2, (c) MOR3. C, clinoptilolite, M: mordenite, Q:
quartz, F: feldspar, L: layered silicate.

27



Fig. 2.2. SEM photograph of clinoptilolite in CLI1.
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Fig. 2.3. SEM photograph of mordenite in MORS.
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Fig. 2.4. The ammonium adsorption isotherm of three natural
zeolites. H: CLI1, A:CLI2. @: MOR3.
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Natural zeolites from Akita, Japan and Australia

2-5. INTRODUCTION

Clinoptilolite is an abundant zeolite found in nature with high cation-exchange capacity,
ion adsorption and high ammonium-selective properties. Its chemical composition is
(EX)®*(AlgSis)Ogs * 24H,0, where Ex denotes exchangeable cation. The exchangeable
cations are required for preserving electrical neutrality in aluminosilicate framework,
because the charge imbalance in framework is occurred from the substitution of aluminum
atoms for silicon atoms. In natural zeolite, these cations are typically Na*, K*, Ca®*, Mg*",
or other alkali earth elements. The use of zeolite for removal of ammonium ion in
wastewater treatment has been reported by a number of researchers.”**® % In the 1960s,
Ames found that the ion selectivity for clinoptilolite as K* > NH;" > Na* > Ca®* > Mg*".
They revealed that highest ammonium removal efficiency was achieved when the
cation-exchange sites were converted to the sodium form. In chapter from 2-1 to 2-4, we
reported that the order of selectivity of ammonium ions for cations on the zeolites was Na*
>> K> Ca®*> Mg”*.?® The natural zeolite with various combinations of cations would be
expected to show the different ammonium ion exchange behavior.

In this study, the ammonium exchange behavior of two natural clinoptilolites from Akita
Prefecture, Japan and Mount Gipps, Australia with several cations were investigated in
ammonium chloride solution with different concentration. The results obtained were

compared with the published ones for other clinoptilolite.
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2-6. EXPERIMENTAL METHOD

Two natural zeolites mined from Akita Prefecture, Japan and Mount Gipps, Australia
were used in this study. These zeolites were abbreviated to AKI and AUS, respectively.
They were all sieved to below 50 um particle size before use. Mineral identification was
carried out by the powder X-ray diffraction (XRD) with CuKa radiation (RIGAKU RINT
2200). In order to determine the chemical compositions of the natural clinoptilolites, the
inductively coupled plasma spectroscopy (ICP) (SEIKO HVR 1700) was used. The
solutions for ICP were prepared as follows: For Si and Al, 50.0 mg of the AKI and AUS
zeolites was melted with Na,CO; and H;BOs; at 1000 “C. The mixture obtained after
cooling was dissolved into HCI solution, and distilled water was added to the solution to a
final volume of 100.0 ml. For Na, K, Ca and Mg, 50.0 mg of the AKI and AUS samples
was dissolved in HF and H,SO, solutions. After the solution was evaporated, the dried
residue was dissolved into HCI solution at 60 “C, and distilled water was added to the
solution to a final volume of 100.0 ml. A photomultiplier tube was used as the detector for
ICP. The detection limits of ICP were 2 <10 ppm for Na and Si, 4 < 10" ppm for Al, 4 X
10 ppm for Ca and Mg, and 3 X 10 ppm for K.

For ammonium ion exchange experiment, 30.0 ml of each solution containing four
different concentrations of NH,Cl (0.1-10.0 mM: M=mol dm™) was added to 0.1 g of
air-dried zeolites in stoppered polyethylene tubes. The tubes were shaken at 25 C for 7

days. The mixture was separated by centrifugation at 15000 rpm for 30 minutes and then
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filtered with a 0.45 um membrane filter (Millipore, 0.45 um HA-type). The ammonium ion
concentration of the filtered solution was determined using an ammonium ion-specific
electrode (Toa Dempa Kogyo IM-20B, ammonia electrode Ae-235). The other ions
concentration of the filtered solution was determined by ICP (SEIKO-SPS4000). The
structural change was not detected for the zeolites before and after the ion exchange

experiments through the powder XRD method.

2-7. RESULTS and DISCUSSION

The XRD patterns of the two zeolites powders, AKI and AUS, are shown in Fig.2.5.
They were identified to be clinoptilolite with quartz (Fig.2.5a and 5b). AKI was nearly
pure clinoptilolite. The peak intensities of clinoptilolite of AKI were higher than these of
AUS. The chemical composition of AKI and AUS shown in Table 2.7 together with those
of the clinoptilolite from Shimane prefecture, Japan, which is abbreviated to SHI.?* The
Si/Al ratios of the three samples are similar, in the range of 4.9 to 5.2. One can see in the
Table 2.7, the AKI contains more Na™ and K* than the AUS by about twice although
amount of Na* in AKI samples is about half of SHI.

Table 2.8 shows the concentration of silica, alumina and cations in ion exchange sites on
zeolites in solution, and the theoretical and experimental ammonium exchange amount vs.
the ammonium chloride solutions in the range of 0.3-10 mM. The theoretical values® are

calculated through the eq.(1):
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[Total NH,'] = [Na'|+[K']+1/2[Mg?*]+1/2[Ca®*] -+ - - . (1)
The concentration of Na* in three samples was higher than other cations in the low
ammonium concentration (0.3-1.0 mM) solutions. In high ammonium concentration
solutions (3.0-10.0 mM), the concentration of K* and Ca®* was higher than those values in
the low ammonium concentration solutions. It is apparent that Na* are very weakly bound
in the structures and other ions are strongly held in the structure of all zeolite samples
compared with Na’. The ammonium ion is exchanged with dominantly Na® on
clinoptilolite. These results agreed with ammonium ion exchange selectivity reported by

Watanabe et al.?

The relationship between equilibrium concentration of ammonium ion in
solution and ammonium concentration on zeolites is shown in Fig.2.6. AKI shows the
highest ammonium capacity among the three natural zeolites of 1.318 mmol/g. With
increasing the initial concentration of ammonium chloride solution, the concentration of
silica and alumina in solution decreased given in Table 2.8. This result indicates that the
framework structures of the clinoptilolites were stable even in higher ammonium
concentrations. No change of the XRD pattern after ammonium ion exchange also
confirmed the stability of clinoptilolite in ammonium solution. It is noted that the
ion-exchange capacity of clinoptilolite for ammonium ion was dependent on mainly both
the species of exchangeable cation and purity because natural zeolites studied contain

many other impurity ions. The previous studies (Cooney et al.'* Watanabe et al.?*) showed

that the Na-formed clinoptilolite indicated the highest ammonium removal efficiency.
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But the exchanged amount of ammonium ion on Na-rich SHI was slightly smaller than that
of K-rich AKI. This discrepancy can be mainly explained by the amount of impurities.
SHI contained the small amount of quartz and feldspar, but AKI was almost pure
clinoptilolite as shown in Fig.2.5. For the case of AUS, the lower amount of exchanged
ammonium ion was explained by mainly the larger amounts of calcium ion. The presence
of calcium ion reduced the amount of exchanged ammonium ion in zeolite."* Furthermore
the selectivity of ammonium ion for Ca*" in clinoptilolite was worse than that for Na* and
K+.11' 23

Ammonium ion exchange behavior on clinoptilolites clarified in this study will be useful

as a basic research for the removal of ammonium ion from municipal wastewater.

2-8. CONCLUSION

The amounts of ammonium ion exchange on natural clinoptilolites were investigated in
ammonium chloride solution for the samples from Akita, Japan and Mount Gipps,
Australia together with that from Shimane, Japan reported previously. The exchange
capacity for the natural clinoptilolite from Akita, which consists of almost pure
clinoptilolite, showed the highest ammonium ion exchange value of 1.318 mmol/g. The
measured amount of ammonium ions exchanged quantitatively agreed well with the
theoretical values of exchanged ions calculated by an equation between the concentration

of ammonium ion and that of the exchanged ions on the zeolites in ammonium chloride
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solution. The ammonium ion was mainly exchanged with Na*, K* and Ca* ions on these
clinoptilolites. By changing the concentration of the ammonium chloride solution, the
dissolved Na® amount was the largest among these three ions. This showed that the
ammonium ion was dominantly exchanged with Na* ion. The exchange capacity of Na-rich
Shimane clinoptilolite was smaller than that of the K-rich Akita sample. This indicated that
the ion-exchange was depend not only the ion species on the natural clinoptilolites but also

contained impurities such as quartz and feldspar.
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Table 2.7. Chemical composition of natural zeolites. AKI, AUS and
SHI (wt%)

AKI AUS *SHI

Si 31.5 30.8 29.3
Al 6.10 6.10 5.93
Fe 0.45 0.77 0.76
Na 1.52 0.62 257
K 2.66 1.10 1.19
Ca 0.69 1.98 1.40
Mg 0.42 0.63 0.44
Si/Al 5.20 5.00 4.94

* \Watanabe et al.(2003).%
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Table 2.8. The concentration of dissolved cations, silica and alumina
from zeolites (mmol/L) and amounts of exchanged ammonium ion
(mmol/g) in ammonium chloride solution.

Co (NH,) Sio, ALO; Na K" Ca” Mg~ Ci(NH, exc) C,(NH, exc)

AKI 10.0 0.006 ND 1.847 1429 0208 0.111 1.150 1.318
3.0 0.006 ND 1505 0.088 0.028  0.042 0.724 0.618
1.0 0.006 ND 0.363  0.021 ND 0.007 0.344 0.269
0.3 0.011 ND 0.286  0.019 ND ND 0.115 0.087
AUS 10.0 0.024 ND 0522 0.075 0755 0.194 0.749 0.738
3.0 0.029 ND 0.456 0.040 0.156  0.053 0.274 0.267
1.0 0.030 ND 0.352 0.018 0.051  0.022 0.155 0.169
0.3 0.034 ND 0.286  0.008 0.017  0.008 0.103 0.071
SHI* 10.0 0.072 ND 1556 0.385 0.266  0.062 0.976 1.094
3.0 0.086 0.001 1330 0187 0.150 0.027 0.544 0.583
1.0 0.116 0.003 0.760 0.065 0.025 0.012 0.252 0.252
0.3 0.114 0.005 0230 0.026 0.011 0.010 0.072 0.081

Co (NH,") = initial concentration of ammonium chloride solution.
C; (NH,exc) = calculated values of ammonium ion exchange.

C, (NH,exc) = experimental values of ammonium ion exchange.
ND = not detected. *Watanabe et al.(2003) **.
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Fig. 2.5. X-ray diffraction patterns of zeolites (a) AKI, (b) AUS C:
cinoptilolite, Q: quartz
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Fig. 2.6. The relationship between equilibrium concentration of
NH," in solutions and NH," concentration on zeolites. Hl:AKI,
@ AUS, @:SHI (Watanabe et al.?).
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CHAPTER 3

AMMONIUM ION EXCHANGE OF SYNTHETIC ZEOLITES
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3-1. INTRODUCTION

Municipal wastewater often contains a considerable amount of ammonium ions, which
causes an environmental problem. The ions are discharged after the primary process of
flocculation and sedimentation, and the secondary process of biological treatment. The
increase in an ammonium level causes increases in BOD (biochemical oxygen demand)
and COD (chemical oxygen demand) in rivers and lakes. Therefore, the establishment of a
process to reduce the quantity of ammonium ions is needed. The use of activated carbon
has been proposed for this purpose’, but this is comparatively expensive.

Zeolites are crystallites composed of hydrated aluminosilicates with exchangeable
cations. The aluminosilicate portion of the structure is a 3-dimensional open framework
consisting of a network of AlO, and SiO, tetrahedra linked each other by sharing all the
oxygen molecules. Zeolites have periodic and molecular-sized pores, and channels in their
unique structure. Therefore, they have high cation exchange capacity, high ion adsorption
capacity, and high ammonium ion selectivity.? The high affinity of zeolites for ammonium
ions and the slow release of ammonium ions from them are of special interest for
minimizing environmental pollution in municipal and industrial wastewater.

Natural zeolites such as clinoptilolite and mordenite are found in abundance in many
locations. These are widely used as a low-cost ion exchanger. The use of zeolites for the
removal of ammonium ions from wastewater has been reviewed by a number of

researchers.®® Furthermore, zeolites have been proposed as an alternative to activated
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carbon, and can also be used as a pretreatment material prior to biological processing to
ensure a constant concentration feed to a biological treatment plant. In Chapter 2, the
ammonium ion exchange behavior of natural clinoptilolite and mordenite that have similar
pore sizes and cation exchange capacities (CEC) was investigated with an ammonium
chloride solution. Natural zeolites are rich in clinoptilolite having the highest ammonium
ion exchange capacity of 1.318 mmol/g.*®

More than 100 different species of synthetic zeolites have been identified.” Among
them, Linde Type A (LTA) zeolite with a-cages and [-cages, and faujasite (FAU) zeolite
with B-cages and super cages are the 2 most important zeolites that have been extensively
used in industries for ion exchange, adsorption, catalysis, and other aspects. Studies of
ammonium ion exchange with a sodium form of synthetic LTA and FAU have been carried
out by various researchers till now. >*°** Sodalite (SOD) and rho zeolite (RHO) are known

14-15

as a zeolite with only pB-cages and a zeolite with o-cages,™® respectively. These have

been studied for applications ranging from catalysis to adsorption and ion exchange.'***

In the present study, the behavior of ammonium ions in ion exchange on synthetic
zeolites such as SOD with Na" ions (Na-SOD), RHO with Na* ions and Cs" ions
(NaCs-RHO), LTA with Na' ions (Na-LTA), and FAU with Na ions (Na-FAU) was
investigated. In particular, the effects of the cage sizes, open-window sizes, pore structures,

and CEC of the zeolites on ammonium ion exchange were examined in order to find the

best candidate for ammonium adsorption from wastewater.
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3-2. EXPERIMENTAL METHOD

3-2-1. Preparation of Zeolites

The synthesis of Na-SOD was performed under hydrothermal conditions by a modified
procedure derived from the pioneering work of Barrer and coworkers.*** A mixture of
1.802 g of SiO, (High Pure Chemical Co., Ltd., Japan), 1.529 g of Al,O3; (High Pure
Chemical Co., Ltd., Japan), and 24.0 g of NaOH (Wako Pure Chemical Industries, Ltd.,
Japan) (the molar ratio, SiO,:Al,03:NaOH = 2:1:40) was dissolved in 50 mL of distilled
water contained in a 100 mL Teflon cup fitted into a stainless steel pressure vessel, and
heated at 150°C under autogenous pressure for 7 days.

NaCs-RHO was prepared using a method similar to that of Robson et al.™>  Twelve g
of NaOH (Wako Pure Chemical Industries, Ltd., Japan) were dissolved in 19.4 mL of
distilled water, and 9.33 g of aluminum hydroxide hydrate (Al(OH)3;-xH,0) (Aldrich
Chemical Co., Inc. ) were added to this solution with warming at 80°C. The solution was
then cooled down, and mixed with 12 mL of 50wt% CsOH (the purity 99.9%, Aldrich
Chemical Co., Inc.) solution. Finally, the resulting solution was blended with 100 g of
30wt% colloidal silica (Ludox HS-30) by vigorous mixing to make the colloid
homogeneous sol. During incubation of the sol at room temperature for 7 days, it turned
to gel, and the gel in a sealed Teflon container was then heated at 85°C for 7 days. The
molar ratio of the compositions of the gel was Na,O: Cs,0: Al,03: SiO,: H,0 = 3: 0.4: 1:

10: 110.
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Na-LTA and Na-FAU were supplied in a powder form by Wako Pure Chemical
Industries, Ltd., Japan. The zeolites described above were characterized by a powder X-ray
diffraction (XRD) method with Cu Ka radiation (RIGAKU: RINT2200) and by scanning
electron microscopy (SEM) (HITACHI: S-5500). Their chemical compositions were
determined by inductively coupled plasma spectroscopy (ICP) (SEIKO: HVR1700). The
solutions for ICP were prepared as follows: on Si and Al, 50.0 mg of the synthetic zeolites
were melted with Na,CO3; and H3;BO3; at 1000°C. The mixtures were dissolved in a HCI
solution after cooling, and distilled water was added to the solutions to the final volume of
100.0 mL. On Na*, K*, Ca?*, and Mg?*, 50.0 mg of the synthetic zeolites were dissolved in
HF and H,SO, solutions. After the solutions were evaporated, the dried residues were
dissolved in a HCI solution at 60°C, and distilled water was added to the solutions to a
final volume of 100.0 mL. A photomultiplier tube was used as a detector for ICP. The
detection limits of ICP were 2x10" ppm of Na* and Si**, 4x10° ppm of AI**, 4x10®° ppm

of Ca®* and Mg, and 3x10 ppm of K",

3-2-1. Ammonium lon Exchange

The experiments of ammonium ion exchange were carried out with 2 stages. Firstly, the
effect of reaction time on ammonium ion exchange was examined. Thirty mL of a 10%M
ammonium chloride solution were added to 0.1 g of synthetic zeolites in polyethylene

tubes. The tubes were then shaken at 30 rpm by an end-over-end shaker (Towa Labo
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RKVSD 10101) at 25°C for 1 min to 7 days. The resultant suspensions were filtered with
0.45 um membrane filters (Millipore, HA-type) at various reaction times. The ammonium
concentrations of the filtered solutions were determined using an ammonium ion-specific
electrode (Toa Denpa Kogyo IM-20B, Ammonia Electrode Ae-235). The amounts of
exchanged ammonium ions were calculated from differences between the concentrations of
ammonium ions in the filtered solutions and that in the initial solution.

Secondly, the effect of the initial concentration of ammonium ions on ion exchange was
examined. Thirty mL of ammonium chloride solutions whose ammonium concentrations
ranging from 10 to 3 x10° M were added to 0.1 g of synthetic zeolites in polyethylene
tubes. The tubes were shaken at 30 rpm by an end-over-end shaker (Towa Labo RKVSD
10101) at 25°C for 7 days. The suspensions were filtered with 0.45um membrane filters
(Millipore, HA-type). The ammonium concentrations of the filtered solutions were
determined using an ammonium ion-specific electrode (Toa Denpa Kogyo IM-20B,
Ammonia Electrode Ae-235). The amounts of exchanged ammonium ions were calculated
from differences between the concentrations of ammonium ions in the filtered solutions

and those in the initial solutions.

3-3. RESULTS and DISCUSSION

3-3-1. Structures and Compositions of Synthetic Zeolites

The powder XRD patterns and SEM images of the zeolites obtained are shown in Fig.
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3.1 and 2, respectively.

The powder XRD pattern in Fig. 3.1a demonstrated for Na-SOD having no impurity and
high crystallinity as reported previously.** The grain size of Na-SOD was about a few
hundred nm (Fig. 3.2a). The chemical formula determined by ICP was the same as that of
reported sodalite with Na* ions, Nag(AlSiO4)s(OH),-nH,0.%*

The XRD pattern of NaCs-RHO in Fig. 1b agreed well with that of NaCs-RHO shown
in a previous study.'® NaCs-RHO obtained in the present study had high crystallinity with
no impurity. Morphologically, NaCs-RHO zeolite formed 0.5-1 um rhombododecahedral
crystals (Fig. 3.2b). The chemical formula determined by ICP was
Na;Cs4(AlO2)11(S10,)37-nH,0 per unit cell. This result shows slightly silica rich compared
to the chemical formula reported by previous studies.**°

The powder XRD patterns of Na-LTA (Fig. 3.1c) and Na-FAU (Fig. 3.1d) were the same
as those of LTA and FAU with Na* ions, respectively, reported previously.” The chemical
compositions of Na-LTA and Na-FAU determined by ICP were (Naj2)(Sii;2Al1,045)-nH,0O
and Nags(AlgsSiip803s4)-NHL0, respectively, which were the same as those expected for
LTA with Na" ions” and FAU with Na* ions (NaAlSiigrxOsss-NH0; x = 77-96).
Na-LTA was found to be the intergrowth of typical cubic crystallites of micrometer size
(Fig. 3.2c), and Na-FAU was found to be the aggregate or intergrowth of fine octahedral

crystallites of submicrometer size (Fig. 3.2d).
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3-3-2. Ammonium lon Exchange on Synthetic Zeolites

The relationship between the amounts of ammonium ions exchanged on the zeolite and
the reaction times is shown in Fig. 3.3. Initial ammonium concentration was 10 M. The
amounts of synthetic zeolites were 0.1 g. The amounts of ammonium ions exchanged on
the samples were calculated from differences between the concentrations of ammonium
ions in the filtered solutions and that in the initial solution. Regarding Na-SOD, a small
amount of ammonium ions, 0.60 mmol/g (about 20% of the original amount) was
exchanged at the initial stage, but the amount of exchanged ammonium ions decreased
with reaction time. After 7 days, about 10,000 min, no ion exchange was observed.
Regarding NaCs-RHO, the amount of exchanged ammonium ions, 1.37 mmol/g (about
46% of the original amount) increased at 1-10 min, but after that the amount of the ions
became changeless. Regarding Na-LTA, the amount of exchanged ammonium ions
increased at the initial stage and decreased at 1-10 min, and after that the amount of the
ions became changeless. The value of the equilibrium state was 1.77 mmol/g (about 52%
of the original amount). There was no such dependence on reaction time in Na-FAU. The
value of the equilibrium state was 2.00 mmol/g (about 60% of the original amount).
After the ammonium ion exchange, the crystal structure of these zeolites was confirmed as
unchanged by the XRD patterns.

The framework structures of zeolites are schematically shown in Fig. 3.4. The structure

of SOD is formed by placing -cages (sodalite cages) on the body-centeredcubic lattice
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(Fig. 3.4a). There are relatively small windows of 2.2 A in free diameter, which are smaller
than the diameter of ammonium ions (2.9 A). The framework of RHO consists of a-cages
joined together by double 8-membered rings (Fig. 3.4b), and the size of the open-window
is 3.6 A, which is slightly larger than that of ammonium ions. In LTA, large cages
(a-cages) with an inner diameter of about 11 A are surrounded by 8 B-cages linked by
double 4-membered rings (Fig. 3.4c). The a-cages are arrayed in a simple cubic structure,
and are connected by shared windows with an inner diameter of about 5 A. The size of the
open-window is dependent on the type of exchangeable cations in the cages. The
open-window size of Na-LTA is about 4 A. The framework of FAU consists of p-cages
linked by double 6-membered rings (Fig. 3.4d). In the FAU structure, the SOD cages stack
in the same way, same as carbon atoms in diamond. The pore opening of Na-FAU is about
7.4 A, which is largest among the presently studied zeolites.

Regarding the B-cages of Na-SOD, physical adsorption probably occurred at the initial
stage but no ion exchange was observed at the equilibrium state. This conclusion is
supported by the open-windows size of the B-cages of Na-SOD, which is smaller than that
of ammonium ions.

The open-windows of the other 3 zeolites are larger than ammonium ions, which makes
ammonium ion exchange possible. Regarding RHO, the size of the open-windows in the
a-cages is barely larger than ammonium ions. Furthermore, large cations, Cs” ions, in the

a-cages make the actual size of the open windows smaller. Therefore, the ion exchange of
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ammonium ions was more or less blocked in RHO in the present study. A similar behavior
has been observed in previous studies of the ion exchange of Ag* ions.'® Because of these
reasons, the amount of exchanged ammonium ions probably increased with increasing of
reaction time at the initial stage, and then the equilibrium state was reached in RHO.
Regarding LTA, the amount of exchanged ammonium ions decreased with increasing of
reaction time, and then reached plateau. It indicates that both the ion exchange on the
a-cages and the physical adsorption on the 3-cages occurred at the initial stage, which was
followed by the equilibrium state of ion exchange on the a-cages. Regarding Na-FAU,
no dependence on reaction time was observed, because the size of the open-windows is
largest among the zeolites and large enough for ion exchange of ammonium ions. The
result of Na-FAU is also supported by a *“case” for ammonium ions to move inward.
Therefore, instantaneous equilibrium was not achieved in ion exchange of Na-FAU.

Fig. 3.5 shows the relationship between the exchanged amounts of ammonium ions
and the concentrations of ammonium ions. The exchange capacities of Na-SOD,
NaCs-RHO, Na-LTA, and Na-FAU calculated from their chemical formulas in this study as
well as published data of other zeolites are shown in Table 3.1. Regarding Na-SOD,
ammonium ion exchange was expected to happen in the various concentrations of
ammonium ions at the equilibrium state, because the CEC of Na-SOD calculated from the
chemical formula was 6.4 mmol/g, which is higher than those of clinoptilolite and

mordenite (Table 3.1). But ammonium ion exchange didn’t completely occur at the
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equilibrium state (Fig. 3.5) because the open-window size is smaller than the diameter of
ammonium ions.

Ammonium ion exchange occurred in other 3 synthetic zeolites, because their
open-window sizes are lager than the diameter of ammonium ions. The type of isotherm
curves was corresponded with Langmuir type. The curve occurs in probably majority of
cases of adsorption from dilute solution. The initial curvature shows that as more sites in
the zeolites are filled it became increasingly difficult for a bombarding solute molecule to
find a vacant site available.?** Regarding NaCs-RHO, the ammonium ion exchange was
higher than that of Na-LTA and Na-FAU at low ammonium concentrations. These results
are not easy to explain precisely for complex reaction, but the effect of Cs*ionson RHO is
one probable factor. The maximum capacity was 1.65 mmol/g of ammonium. The value
was lower than those of Na-LTA (2.56 mmol/g) and Na-FAU (3.20 mmol/g). The
ammonium ion exchange mechanism is probably explained by Na® (Cs") exchange on

zeolites occurring by the following ion exchange reaction (Eqg. 1).

Na(Cs)-Ze + NH," = NHj-Ze + Na* (Cs") ...(Ze : zeolite ) ... (1)

It is apparent that Na* ions bind very weakly to the structure of zeolites, because the
hydrogen energy of Na* ions is lower than other cations.’

Based on this reaction, the main factor influenced the results is explained that the
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CEC of NaCs-RHO (3.1 mmol/g) calculated from the chemical formula is smaller than
those of Na-LTA (7.0 mmol/g) and Na-FAU (6.4 mmol/g) (Table.3.1). But this explanation
is not applied when the CEC of Na-LTA is compared with that of Na-FAU. The latter is
better explained by ammonium ion selectivity of these zeolites. The selectivity is Na-FAU
> Na-LTA when the percentages of ammonium ion exchange on these zeolites is higher
than 10 %.> Also added to the explanation is that the size of the open-windows of
Na-FAU (7.4 A) is not only larger than that of Na-LTA but also considerably larger than
the diameter of ammonium ions (2.9 A), therefore, physical ammonium adsorption was
maintained at the equilibrium state. Na-FAU showed the highest exchange capacity for
ammonium ions among the synthetic zeolites tested in the present study as well as other
zeolites reported previously (Table. 3.1).3>'* The maximum amount of ammonium ion
exchange was 3.20 mmol/g. From these results and discussion, we conclude that the factors
influencing ammonium ion exchange are ammonium ion concentration, reaction time of
zeolite with ammonium ions, the open-window size and pore structure of zeolite, and

cation exchange capacity of zeolite.

3-4. CONCLUSION

The behavior of synthetic zeolites, i.e. Na-SOD, NaCs-RHO, Na-LTA, and Na-FAU, in
ammonium ion exchange was investigated at 25°C. The ammonium ion exchange

activity of these zeolites was dependent on their open-window sizes, pore structures, and
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cation exchange capacities. The Na-FAU, which has the largest open-windows among
these zeolites, showed the highest exchange capacity of ammonium ions, and ,therefore,
we conclude that this zeolite is an ideal candidate for the removal of ammonium ions from

municipal wastewater.
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Table 3.1. Exchange capacities of various zeolites

CEC (mmol/g) calculated

Maximum Ammonium

Zeolite from chemical formula, Exchange Capacity Ref.
Anhydrous (mmol/g)
Na-SOD 6.4 0
NaCs-RHO 3.1 1.65
Na-LTA 7.0 2.56
Na-FAU(X) 6.4 3.20
Clinoptilolite 2.6 1.35 3
Mordenite 2.6 1.05 3
Na-FAU(Y) 4.3 3.04 (10)
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Intensity (arbitrary scale)

20, CuKa
Fig.3.1. XRD patterns of the synthetic zeolites. (a) Na-SOD (b)

NaCs-RHO (c) Na-LTA (d) Na-FAU.
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Fig.3.2. SEM photographs of the synthetic zeolites. (a) Na-SOD.
(b) NaCs-RHO. (c) Na-LTA. (d) Na-FAU.
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Fig.3.4. The schematic representation of the framework structure of
zeolites. (a) SOD. (b) RHO. (c) LTA. (d) FAU.
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Fig.3.5. The relationship between the ion exchange amount of
ammonium ion and the concentration of ammonium solution.

A Na-SOD. B: NaCs-RHO. X:Na-LTA. @: Na-FAU.
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CHAPTER 4

AMMONIUM IONS EXCHANGE OF SYNTHETIC ZEOLITES

OBTAINED FROM HYDROTHERMAL MODIFICATION OF

NATURAL ZEOLITES
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4-1. INTRODUCTION

Clinoptilolite and mordenite are the main natural zeolite minerals found in abundance in
many locations.’® They have high cation exchange capacity (CEC) and ion adsorption
capacity with remarkably high ammonium ion selective properties.® They are widely used
as low cost ion-exchangers and especially used for the removal of ammonium ions in
wastewater treatment.*®

Synthesis of high-quality zeolites by hydrothermal treatment of various materials, such
as fly ash,”® kaolinite,™ smectite,"**? bentonite'* and natural zeolite,*** has been reported.
Kang et al. have synthesized sodium phillipsite (Na-P) with a trace of feldspar from natural
clinoptilolite and mordenite by hydrothermal treatment with 2 M NaOH for 16 hours at
103°C.* They have found that the natural clinoptilolite treated hydrothermaly changes to
Na-P, sodium faujasite (Na-X) and hydroxy-sodalite depending on the reaction
conditions.”> The CEC of the synthesized Na-P is higher than those of Na-X,
hydroxy-sodalite and the starting materials. The improvement of CECs of natural
homoionic zeolites by Na* exchange has also been reported by many researchers™®™*®.

In the present study, natural zeolites originated in Japan, such as mordenite and
clinoptilolite, with traces of quartz and feldspar were treated hydrothermaly with 0.1, 0.3,
1.0 and 3.0 M NaOH solutions at temperatures in the range of 25-150°C for 7 days. The

amounts of ammonium ions up-taken by the hydrothermaly treated zeolites were compared

with those of untreated zeolites. The up-take mechanism of ammonium ions was confirmed
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by investigation of the modified material with the highest CEC for ammonium ions.

4-2. EXPERIMENTAL METHODS

Two natural zeolitic rocks mined in Shimane Prefecture, located in the South-West of
Japan, were used as starting materials. The mineral composition and morphology of this

zeolite have been reported by Watanabe et al.*®

The first sample (CLI1) was clinoptilolite
with traces of quartz, feldspar and layered silicate. The clinoptilolite in CLI1 was a
coffin-shaped crystallite in a submicron size. The Si/Al molar ratio of CLI1 was 4.94,

1822 the surface area was 91.8

which is similar to that of published natural clinoptilolites
m?/g, and the pore volume was 0.144 mm?®/g. The second one (MOR3) consisted mainly of
mordenite with quartz and a trace of layered silicate. The mordenite in MOR3 had fibrous
morphology with the length of 1 to 5 um and the diameters of 0.05 to 0.1 um. The Si/Al
molar ratio of MOR3 was 4.85, which is similar to that of published natural mordenite?,
the surface area was 129.6 m?/g, and the pore volume was 0.143 mm®/g. They were sieved
and only particles with the sizes below 50 um were used as starting materials.

The mixtures of 2.0 g of a starting material and 30 ml of 0.1, 0.3, 1.0 and 3.0 M NaOH
solutions were placed in Teflon cups fitted into stainless steal pressure vessels and heated
in an oven at 25, 50, 100 and 150°C under autogenous pressure for 7 days. The

modification of natural zeolites is to be performed under an alkaline condition because this

reaction is for recrystallization. The hydrothermal treatment was carried out for 7 days in
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order to remove impurities as much as possible. After the hydrothermal treatment, the
resultant products were filtered through membrane filters of 0.45 um in pore size and
washed several times with distilled water. Then they were freeze-dried for 24 hours.
Identification of minerals was carried out by the powder X-ray diffraction (XRD)
method with monochromatized CuKa radiation at 40 kV and 40 mA using RIGAKU
RINT2200 diffractometer. Morphological changes of the crystallites were observed by
scanning electron microscopy (SEM) using Hitachi S-5000 electron microscope. The
chemical composition of the sample obtained was determined by inductively coupled
plasma spectroscopy (ICP) (Seiko HVR 1700) with a photomultiplier tube as a detector.
The test solutions were prepared as follows. For the measurement of Si and Al, 50 mg of a
sample were mixed with Na,CO3; and H3BO3; powders and then dissolved in HCI solution.
The volume of the solution was increased up to 100 ml with pure water. For the
measurement of Na, K, Ca and Mg, 50 mg of a sample were dissolved in a mixture of HF
and H,SO, solutions and evaporated. The dried residue was then dissolved in HCI solution
with heating, and the volume was increased up to 100 ml with water. The specific surface
areas were measured by the multipoint Brunauer-Emmet-Teller (BET) method using a
Beckman Coulter SA3100 instrument with N, gas as an adsorbent after degassed at 200°C
for 3 hrs in vacuum.
For ammonium ions up take experiments, 30.0 ml of solutions containing different

concentrations of NH,CI (10°3-10% M, the initial pH= 5.1-5.4) were added to 0.1 g of each
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product in stoppered polyethylene tubes. The tubes were shaken at 30 rpm by an
end-over-end shaker (Towa Labo RKVSD 10101) for 7 days at 25°C, and then the solids
phase were separated by centrifugation at 15000 rpm for 30 minutes and filtration using
membrane filters of 0.45 um in pore size.

The concentrations of ammonium ions in the filtrated solutions were determined with an
ammonium specific ion electrode (Toa Dempa Kogyo IM-20B, Ammonia Electrode
Ae-235). The amounts of ammonium ions up-take were calculated from differences
between the concentrations of ammonium ions in the filtrated solutions and those in the
initial solutions. The values were the averages of three samples. The concentrations of Na*
K* Ca®* and Mg in the filtrated solutions were determined by ICP analysis (Seiko
SPS4000). Before and after the up-take experiments, the separated solids were examined
for the confirmation of the changes of zeolite structures by the powder XRD method. The
CECs of the samples were determined by extracting ammonium with 1 M KCI solution
(pH=7) from the ammonium-saturated samples obtained by repeating centrifugal washing
with 1 M CH;COONH, solution (pH=7)."* The amounts of ammonium ions were

determined with an ammonium specific ion electrode.

4-3. RESULTS and DISCUSSION

4-3-1 Characterization of hydrothermally modified products

Changes of the phases of the natural zeolites, CLI1 and MORS3, by hydrothermal
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treatment are shown in Table 4.1. The transformation of the natural zeolites to phillipsite,
hydroxy-sodalite and analcime depended on types of the zeolitic rocks, and the reaction
conditions such as hydrothermal temperature and NaOH concentration.

The structure of CLI1 was not changed after treatment with 0.1 M NaOH solution at
temperatures below 150°C. The CLI1 samples treated with 0.3 M NaOH solution at 25, 50
and 100°C also didn’t show any change of XRD patterns. But after treatment at 150°C, the
amount of clinoptilolite, which is the major zeolite species in CLI1, decreased, and
analcime was formed. CLI1 treated with 1 M NaOH solution at 25°C didn’t show any
phase change, but at 50°C, the low intensity pattern of phillipsite was identified. Treatment
at 100°C transformed CLI1 mainly to phillipsite with a trace of feldspar, and at 150°C,
analcime with a cubo-octahedral shape of 10-30 um in diameter was formed. The CLI1
treated with 3 M NaOH solution at 25°C didn’t show any phase change. At 50°C, the phase
consisted mainly of phillipsite with traces of clinoptilolite and feldspar. The treatment at
100°C led to phillipsite and hydroxy-sodalite with a trace of feldspar, and that at 150°C led
to sodalite with layered silicate.

On the other hand, MOR3 treated with 0.1 M NaOH solution at temperatures below
150°C and with 0.3 M NaOH or 1 M NaOH solution at below 50°C didn’t show the
structural changes. After treatment with 0.3 M NaOH solution at 100 and 150°C, phillipsite
started appearing. After treatment with 1 M NaOH solution at 100°C, the main phase

became phillipsite with traces of quartz and feldspar, whereas at 150°C MOR3 was mainly
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transformed to analcime with traces of quartz and feldspar. The MOR3 in 3 M NaOH
solution was transformed to phillipsite or hydroxy-sodalite depending on treatment
temperature.

The chemical composition of MOR3 obtained after treatment with 3 M NaOH
solution at 100°C as determined by ICP analysis showed that the Si/Al molar ratio was
about 1.64, and the amount of Na" ions was 13.0 wt%, which is nearly equal with the Si/Al
molar ratio and CEC of synthetic PHI.> K*, Ca®* and Mg®* were not detected by ICP
analysis.

The SEM image of the phillipsite showed aggregates or intergrown fine rosette
crystallites submicrons in size (Fig. 4.1). These results indicate that the phase
transformation of natural zeolites as the result of hydrothermal treatment depends on the
compositions of starting zeolite materials, hydrothermal temperature and NaOH
concentration.

4-3-2 Ammonium up-take

Ammonium up-take experiments were carried out with the samples modified by
hydrothermal treatment with 1 and 3 M NaOH solutions at 100°C. The relationship
between the amounts of ammonium up-taken by the modified samples of CLI1 and MOR3,
and the equilibrium concentrations of ammonium chloride is shown in Figs. 4.2 and 4.3,

respectively.
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Phillipsite obtained from MOR3 treated at 100°C in 3 M NaOH solution has a greater
ammonium up-take capacity than the untreated sample as reported by Watanabe et al.*® In
the present study, the amount of ion-exchanged ammonium by phillipsite (1.92 mmol/g in
10 mM NH,CI) was about twofold larger than that obtained by MOR3. The surface area of
phillipsite was 31.4 m%g, which is lower than that obtained from MOR3 (129.6 m*g), and
the pore volume was 0.119 mm®/g. These results indicate that the surface area is not related
to ammonium up-take.

Similar results were obtained from CLI1 treated with 1 M NaOH solution at 100°C.
When CLI1 was transformed to phillipsite, the up-take of ammonium ions increased. The
increase of the amount of up-taken ammonium ions by phillipsite is related to a larger
number of ion-exchange sites in phillipsite framework rather than those in mordenite and
clinoptilolite lattices.” The real CECs of CLI1, MOR3 and the treated zeolites are shown
in Table 4.2. The CECs of phillipsite obtained from CLI1 and MOR3 treated with 3 M
NaOH at 100°C were 2.88 and 3.13 meq/g, respectively, but the values were nearly two
time larger than those of CLI1 (1.40 meg/g) and MOR3 (1.12 meqg/g). From these results
we conclude that the change of clinoptilolite and mordenite to phillipsite improves CEC
and ammonium up-take.

The CECs of the zeolites used in this study are compared with other published data on
zeolites in Table 4.3. This comparison indicates that the treated zeolites composed of

mainly phillipsite have similar but slightly higher exchange capacities than other

71



previously reported zeolites. *> 72> %

4-3-3 lon-exchange mechanism of Ammonium ions

Phillipsite modified from MOR3 at 100°C in 3 M NaOH solution, with the highest
ion-exchange capacity for ammonium ions, was used to investigate the up-take mechanism
of ammonium ions. Fig. 4.4 shows the relationship between the amounts of ammonium ions
up-taken by phillipsite and the amounts of the Na" released from phillipsite. The amounts
of ammonium ions up-taken by phillipsite were equal to those of Na' released from
phillipsite. The amounts of K*, Ca** and Mg”* were not detected. These results indicate
that the up-take of ammonium ions proceeds by an ion-exchange mechanism. X-ray
diffraction patterns did not show any structural change of phillipsite after ion-exchange,

which proves that the framework structure is stable under this condition.

4-4. CONCLUSION

Natural zeolitic rocks, such as mordenite and clinoptilolite with traces of quartz and
feldspar, were treated hydrothermaly with 0.1, 0.3, 1.0 and 3.0 M NaOH solutions at
temperatures below 150°C. The phase changes of these zeolites depended on reaction
conditions such as hydrothermal temperature and NaOH concentration, as well as the
chemical compositions of the starting materials.

The amount of ammonium ions up-taken by the product modified from MOR3 at

100°C in 3 M NaOH solution, which contained mainly phillipsite, was twofold larger
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(1.92 mmol/g) than that up-taken by the starting material. This result is explained by
higher CEC of phillipsite framework in comparison to mordenite and clinoptilolite. The
mechanism of ammonium up-take by phillipsite involved ion-exchange of Na" ions with
ammonium ions. The framework structure of phillipsite was stable in ammonium ion
solutions, and therefore we conclude that phillipsite is ideal for an industrial

ion-exchanger to remove ammonium ions from wastewater.
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Table 4.1. The hydrothermal modifications of natural zeolites,
CLI1 and MORS.

Starting

Materials T(C) Craon(N) products
CLI1 25 0.1 Cli, Feld, Qtz, LS
0.3 Cli, Feld, Qtz, LS
1.0 Cli, Feld, Qtz, LS
3.0 Cli, Feld, Qtz, LS
50 0.1 Cli, Feld, Qtz, LS
0.3 Cli, Feld, Qtz, LS
1.0 Cli, Feld, Qtz, LS, Phi
3.0 Phi, Cli, Feld, Qtz, LS
100 0.1 Cli, Feld, Qtz, LS
0.3 Cli, Feld, Qtz, LS
1.0 Phi, Feld
3.0 Phi, Sod, Feld
150 0.1 Cli, Feld, Qtz, LS
0.3 Cli, Ana, Feld, Qtz, LS
1.0 Ana
3.0 Sod, LS
MOR3 25 0.1 Mor, Qtz, LS
0.3 Mor, Qtz, LS
1.0 Mor, Qtz, LS
3.0 Mor, Qtz, LS
50 0.1 Mor, Qtz, LS
0.3 Mor, Qtz, LS
1.0 Mor, Qtz, LS
3.0 Phi, Mor, Qtz, LS
100 0.1 Mor, Qtz, LS
0.3 Mor, Phi, Qtz, LS
1.0 Phi, Qtz, LS
3.0 Phi
150 0.1 Mor, Qtz, LS
0.3 Mor, Phi, Qtz, LS
1.0 Ana, Qtz, Fed
3.0 Phi, Sod

Craon(N): NaOH concentration in normality

Cli: clinoptilolite. Mor: mordenite. Phi: phillipsite. Ana: analcime. Sod: sodalite.
Qtz: quartz. Feld: feldspar. LS: layered silicate.
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Table 4.2. Cation exchange capacities of CLI1, MOR3 and treated
zeolite.

Starting

Materials T(°C) Cnaor(N) CEC (mea/g)
CLI1 - - 1.40

100 1.0 2.76

100 3.0 2.88
MOR3 - - 1.12

100 1.0 2.30

100 3.0 3.13

Table 4.3. Cation exchange capacities of various zeolites.

Cation Exchange Capacity Ref
Zeolite Origin meq /g

CLI1 1.40

MOR3 1.12

CLI1 treated 3N at 100 °C 2.88

MORS3 treated 3N at 100 °C 3.13
Natural clinoptilolite 1.75 (15)
Na-P 4.18 (15)
Natural clinoptilolite (Na type) 0.44 (17)
Faujasite (Na type) 3.20 (20)
Natural clinoptilolite (Na type) 2.05 (21)
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Fig. 4.1. The SEM image of phillipsite obtained after treatment of
natural mordenite. (MOR3) with 3 M NaOH solution at 100°C.
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Fig. 4.2. The adsorption isotherms for modified clinoptilolite.

Solid circles: phillipsite with trace of feldspar (1 M NaOH, 100°C).
Solid squares: phillipsite with trace of hydroxy-sodalite and
feldspar (3 M NaOH, 100°C). Dotted line: starting material
(CLI1).*®
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The equilibrium concentration of ammonium chloride (mM)

Fig. 4.3. The adsorption isotherms for modified mordenite.

Circles: phillipsite with trace of feldspar (1 M NaOH 100°C).
Squares: phillipsite (3 M NaOH, 100°C). Dotted line: starting
material (MOR3)."
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Fig. 4.4. The relationship between the released amounts of Na*
ions and the amounts of ammonium ions up-taken by phillipsite (3
M NaOH, 100°C).
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CHAPTER 5

HYDROTHERMAL FORMATION OF HYDROXYAPATITE LAYERS

ON THE SURFACE OF TYPE-A ZEOLITE
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Preparation of a novel type-A zeolite with hydroxyapatite layers on its
surface by a hydrothermal method

5-1. INTRODUCTION

Increased levels of ammonium, heavy metals and radioactive elements result in serious
environmental pollution problems. These levels have been controlled by legislation on
discharge limits in many countries. It is thus important to develop new materials for
removing harmful ions such as NH,*, Cd®* and Pb?" and for fixing radioactive ions such
as Cs*, Sr** and I' for long terms. Zeolite, hydrated aluminosilicate, has a high cation
exchange and ion adsorption capacities with characteristic nanopores, which is
extensively used as an adsorbent for NH,*, Cs*, Sr** and I".** We focused on the high
cation exchange ability to prepare multi-functional ceramic composites with the
adsorption properties. Hydroxyapatite [Caio(PO4)s(OH).] has also a high cation exchange

0% and shows

capacity for Cd** and very low solubility product of under 1x1
particularly high stability at alkaline solutions* Several studies have succeeded in
growing apatite crystals on the surface of wollastonite and alite for biological and
medical applications.”” However, in these studies, the substances were rather
self-destroyed in coating hydroxyapatite on its surfaces. We prepared a novel type-A
zeolite with hydroxyapatite layers on its surface by a hydrothermal method on the basis
of the cation exchange of Ca®* in zeolite for NH," in solution and discussed the

formation mechanism of hydroxyapatite on the surface.

5-2. EXPERIMENTAL METHODS
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Type-A zeolite with Ca?* (Ca-LTA) as a starting substance for hydrothermal treatment
was prepared as follows. Type-A zeolite powder (200 meshes under) with Na* as an
exchangeable cation was purchased from Wako Pure Chemicals Industries, Ltd., Japan.
The exchange of Na* for Ca®* was carried out by washing 5.0g of zeolite three times in
500 ml of 0.5 M CaCl; solution. The resultant sample was filtered with a membrane filter
0.45 um in pore size and washed in distilled water to remove excess cations. The Ca-LTA
was obtained after dried at 100°C for 24 hours. The hydrothermal treatments were
conducted as follows. 0.3 g of the Ca-LTA powder was immersed in 20 ml of 1 M
ammonium phosphate [(NH4)3PO4] solution in a 100ml teflon cup fitted into a stainless
steal pressure vessel. The pH value of the solution was controlled to 9 by addition of an
ammonium solution and heated at 120°C for 8 hours. The sample was quenched and
washed three times in distilled water and dried at 100°C for 24 hours. The Ca-LTA and
the resultant sample of the hydrothermal treatment were characterized by powder X-ray
diffraction (XRD), scanning electron microscopy (SEM) and Fourier transform-infrared
spectroscopy (FT-IR), and transmission electron microscopy (TEM) equipped with an

energy dispersive X-ray spectrometer (EDS).

5-3. RESULTS AND DISCUSSION

The SEM images in Figs. 5.1a and c showed that the Ca-LTA had a cubic

automorphism with smooth surface. Figs. 5.1b and d showed the resultant LTA after
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hydrothermal treatment. The hydrothermal treatment was not destroyed the cubic
automorphism but changed its surface morphology with complete covering of scaly
particles. The scaly particles were aggregated with needle-like crystals of 100-200 nm in
diameter and 30 nm in thickness. The crystal morphology was very similar to that of
hydroxyapatite obtained under hydrothermal treatment.®

The XRD pattern of the Ca-LTA indicated the complete exchange of Na* for Ca** in
zeolite and showed typical Ca-type zeolite with high crystallinity (Fig. 2a) from the
change of diffraction intensities and the appearance of a new diffraction at 25.1 degree.’
After the hydrothermal treatment of Ca-LTA, broad peaks were observed as indicated
arrows in Fig. 2b. The broad peaks corresponded closely to those of apatite although the
positions of the broad peaks were difficult to determine exactly because these extremely
broad peaks overlapped with those due to the zeolite structure. The other sharp peaks in
Fig 2b agreed with those of LTA replaced Ca®* by NH,", indicating that the most cation
sites in the Ca-LTA were occupied by NH," during the hydrothermal treatment as
described previously by Matsumoto et al.’® The XRD patterns demonstrated that there
was no significant difference in the FWHM before and after the hydrothermal treatment
(Fig. 2). From the results of SEM and XRD, the LTA structure is stable in the 1 M
ammonium phosphate solution heated at 120°C for 8 hours.

Fig. 3 shows FT-IR spectra of Ca-LTA (a) and Ca-LTA after hydrothermal treatment

(b). The absorption bands at 542 and 460 cm™ were attributed to double rings and Si,
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Al-O bend in the LTA structure, and those at 1130/1055/998 and 742/705/665 cm™ were
judged due to asymmetric and symmetric stretches of the framework aluminosilicate in
the LTA, respectively (Figs. 3a and b). ! These results indicated that the framework of
LTA was not affected by the hydrothermal process, which was comparable to the results
obtained by XRD. After the hydrothermal treatment, absorption bands due to v, vz and v4
vibration of PO,> (474 cm™, 1092/1045 cm™ and 602/572 cm™, respectively) and OH’
(632 cm™) were observed and corresponded to the characteristic absorption bands of
hydroxyapatite.'? Absorption bands due to COs% ions (875cm™ and 1450 cm™) that could
replace PO, sites (B sites) in hydroxyapatite were observed. An absorption band at
1400 cm™ was attributed to NH,* present in the exchangeable cation sites of the LTA
structure. Thus, the hydrothermal treatment caused the cation exchange of Ca®* for NH,*
which was agreed with the results of XRD.

A TEM image and selected-area electron diffraction (SAED) pattern of the scaly
particles present on the surface of the LTA after hydrothermal treatment are shown in Fig.
4. The SAED and EDS revealed that the scaly particles growing in the direction roughly
perpendicular to the surface were hydroxyapatite since the SAED pattern of the scaly
particles corresponded to that of apatite and the scaly particles had only the components
of Ca, P and O. The hydroxyapatite had about 30 nm in thickness and a sharp interface
with the LTA, indicating that the hydroxyapatite grew toward the outside solution

without the marked dissolution of LTA. In the SAED pattern, the Debye ring of the 002
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reflection had a crescent-like form. The crescent-like Debye ring is known to decide the
preferential orientation of hydroxyapatite crystals.* The TEM image corresponded to the
SAED pattern, indicating that the c-axes of the hydroxyapatite crystals preferentially
oriented along the direction perpendicular to the LTA surface. It has already known this
orientation of hydroxyapatite depends strongly on a substratum®*.

Therefore, the orientation of hydroxyapatite is possibly controlled by the surface porous
structure of LTA. The SAED pattern showed the sharp Debye rings and some spots,
suggesting that the broad peaks in the XRD pattern were formed by the fine crystallites
but not the defective structure.

The hydroxyapatite prepared had a similar shape to those formed on the surfaces of
alite and wollastnite particles.>’ Moriyoshi et al. have discussed a formation mechanism
of hydroxyapatite.” According to their reports, Ca®" in alite released in an ammonium
phosphate solution reacts very rapidly with PO,* to form hydroxyapatite at the interface
between the hydrated alite and hydroxyapatite particles. Liu et al. have also reported a
formation mechanism of hydroxyapatite on wollastonite in a simulated body fluid
(SBF).> They released discussed that Ca** released from wollastnite increases the ion
activity of the apatite in SBF, and the hydrated silica on the surface of wollastonite
provides sites favourable for apatite nucleation. Consequently, the apatite nuclei are
rapidly formed on the surface of wollastonite. However, in our study, the reaction of

Ca-LTA and ammonium phosphate is concluded to take place by a different mechanism.
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The ion exchange of Ca?* on LTA for NH," in an ammonium phosphate solution is a
driving force of the formation of hydroxyapatite and then the discharged Ca** ions
reacted with the phosphate ions on the surface of LTA due to Ca®* supersaturation at the

local area.

5-4. CONCLUSION

We successfully obtained the nanocomposite by a new concept which applied an ion
exchange reaction. The thin layers of hydroxyapatite needle-like crystals with
100-200nm in diameter and 30nm in thickness were formed on the surface of type-A
zeolite by a reaction between discharged Ca?* ions from type-A zeolite and an
ammonium phosphate solution in hydrothermal treatment. The c-axes of the
hydroxyapatite crystals preferentially oriented along the direction perpendicular to the
LTA surface. The ion exchange of Ca’* on LTA for NH," in an ammonium phosphate
solution is a driving force of the formation and the preferential orientation of
hydroxyapatite. The nanocomposite obtained is a novel material for the simultaneous
removal of both harmful and radioactive ions, which has the excellent characteristics of

both zeolite and hydroxyapatite.
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(c) o (d)

Fig. 5.1. SEM images of Ca-LTA (a, ¢) and LTA after hydrothermal
treatment (b, d).
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Fig. 5.2. XRD patterns of Ca-LTA (a) and LTA after hydrothermal
treatment (b). All diffraction peaks in (a) are attributed to Ca-LTA.
The arrows in (b) indicate the diffractions due to hydroxyapatite.
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Fig. 5.3. FT-IR spectra of Ca-LTA (a) and LTA after hydrothermal
treatment.
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Fig. 5.4. TEM image (a) and SAED pattern (b) of LTA after
hydrothermal treatment. The arrow in (a) indicate the interface
between LTA and hydroxyapatite.
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lon exchange ability in NaCl solution and stability of its structure in the
process of the ion exchange for the type-A zeolite with hydroxyapatite

surface layers.

5-5. INTRODUCTION

Increased levels of harmful elements caused serious environmental pollutions. These
levels have been controlled by legislation on discharge limits in many countries. It is thus
important to develop new materials for removing harmful elements such as NH,", Cd*
and Pb? ions. Zeolite, hydrated aluminosilicate with exchangeable cations has high
cation exchange and ion adsorption capacities with characteristic nanopores, which is
extensively used as an adsorbent for NH," ions in wastewater.> Hydroxyapatite
[Ca10(PO4)s(OH),] (HAP) has also a high cation exchange capacity for Cd** and Pb**
ions in wastewater. We prepared a novel type-A zeolite with hydroxyapatite layers on its
surface by a hydrothermal method on the basis of the cation exchange of Ca?* in zeolite
for NH;*.* In this study, ion exchange ability in 0-10mM NaCl solution and stability of
its structure in the process of the ion exchange were investigated for the type-A zeolite

with hydroxyapatite surface layers.

5-6. EXPERIMENTAL METHODS

5-6-1. Preparation of type-A zeolite with hydroxyapatite surface layers

Type-A zeolite with Ca®" ions (Ca-LTA) as a starting substance for the hydrothermal
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treatment was prepared as follows. Type-A zeolite powder (200 meshes under) with Na*
ions as an exchangeable cation was purchased from Wako Pure Chemicals Industries, Ltd.
The exchange of Na* ions for Ca®* ions was carried out by immersing 5.0 g of the zeolite
in 1500 ml of 0.5 M CaCl, solution for 24 hours. The resultant sample was filtered with a
membrane filter of 0.45 um in pore size and rinsed with distilled water to remove excess
cations. The Ca-LTA was dried at 100°C for 24 hours.

The hydrothermal treatment was conducted as follows. 0.3 g of the Ca-LTA powder
was immersed in 30 ml of 1 N ammonium phosphate ((NH4)3PO,4) solution in a 100ml
Teflon cup fitted into a stainless steal pressure vessel. The pH value of the solution was
controlled to 9 by addition of an ammonium solution and heated at 120°C for 8 hours.
The sample was rinsed in 1500 ml of distilled water and dried at 100°C for 24 hours. The
Ca-LTA and the resultant sample of the hydrothermal treatment (HAp-LTA) were
characterized by Fourier transform-infrared spectroscopy (FT-IR), scanning electron
microscopy (SEM) and powder X-ray diffraction (XRD). The chemical compositions of
these samples were determined by both inductively coupled plasma spectroscopy (ICP)
and the KJELDAHL determination.®

5-6-2. lon exchange ability of type-A zeolite with hydroxyapatite layers

0.1 g of HAp-LTA was immersed in 30.0 ml solutions containing different
concentrations of NaCl (0-10mM) in polyethylene tubes. The tubes were shaken for 1

day at 25°C and the solid phases were separated by filtration using membrane filter of
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0.45 um. The concentration of NH," ions in filtrated solutions were determined by an
ammonium specific ion electrode. The concentrations of cations in filtrated solutions
were measured by inductively coupled plasma (ICP) analysis. After the ion exchange

experiments, the separated solids were examined by the powder XRD method.

5-7. RESULTS AND DISCUSSION

The chemical compositions of Ca-LTA and HAp-LTA were shown in Table 5.1. The
chemical formula of the Ca-LTA obtained was determined to be
(Cas.4sNag 55)(Si12Al12.0,047.7)-nH,0. The Na* ions were almost exchanged for Ca®* ions.
After the hydrothermal treatment, the NH," ions were partially exchanged for the Ca**
and Na* ions and the Si/Al molar ratio was near 1.0. Furthermore, the phosphate ions
were detected due to the crystal growth of HAp on the surface of LTA. The exact
chemical formula of the HAp-LTA was not determined from these experiments because
the mechanism of HAp crystal growth was a complex manner. However, it was
concluded that the ion exchange of Ca”* ions for NH," ions was a driving force for the
crystal growth of HAp on its surface.

Fig. 5.5 shows FT-IR spectra of Ca-LTA (a), HAp-LTA (b) and HAp-LTA after mixing
it in 20mM NaCl solution (c). The absorption bands at 542 and 460 cm™ were attributed
to double rings and Si, Al-O bond, and those at 1130/1055/998 and 742/705/665 cm™

were to asymmetric and symmetric stretches of the LTA framework.' After the
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hydrothermal treatment, absorption bands due to v, vs and v, vibration of PO,> (474 cm™,
1092/1045 cm™ and 602/572 cm™, respectively) and OH™ (632 cm™) were observed and

corresponded to the characteristic absorption bands of HAp."

An absorption band at
1400 cm™ was attributed to NH,* present in the exchangeable cation sites of the
HAp-LTA structure. After mixing HAp-LTA in 10mM NacCl solution, the absorption band
at 1400 cm™ for NH," was decreased in comparison with that of HAp-LTA. The
characteristic bands of HAp were not diminished, which means that the crystal structure
of HAp was stable in the process of the ion exchange experiments.
Fig. 5.6a and Fig. 5.6b shows the Ca-LTA and HAp-LTA with a cubic automorphism,
respectively. The surface morphology of Ca-LTA with a smooth surface was completely
different compared with that of HAp-LTA. The small crystals of needle-like HAp were
aggregated to form the scaly particles on the surface of HAp-LTA. The hydrothermal
treatment did not destroy the cubic automorphism but only changed its surface
morphology. Furthermore, the HAp-LTA mixed in 10 mM NacCl solution had almost
similar structure of HAp-LTA.

Table 5.2 shows the concentrations of cations, initial and equilibrium pH values after
mixing HAp-LTA in various NaCl solutions. The amounts of Ca, P, Si and Al were less
than 0.1 wt% for all samples. The increase in the equilibrium pH was observed due to the

increases in the cation concentrations. The increase of initial concentration of NaCl

caused the increase of NH," ion in the solutions. The Na’ ion exchanged after the
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reactions were almost equal to the amounts of NH," ions leached from HAp-LTA at these
conditions, when the amount of NH," ions leached in distilled water was excluded.

The ion exchange ability in NaCl solutions was confirmed for type-A zeolite (NH,"
type) covered with hydroxyapatite layer on the surface prepared by hydrothermal
treatment. The amounts of dissolved Si and Al were less than 0.1 wt%. The
concentrations of the dissolved Ca and P from HAp-LTA were also negligible. These
results indicate that the structures of HAp-LTA are stable in 0-10mM NaCl solutions.
This was also confirmed by the unchanged crystal structures of the LTA and HAp from
the results of XRD measurements. We already reported the ion exchange behavior of
natural zeolites and ammonium adsorption was occurred by the ion exchange with cation
on zeolites.” In this study, also sodium uptake on LTA occurred by ion exchange. The
sodium ion-exchange proceeds by the following ion-exchange reaction (Eqgn. 1).

NH;-[HAp -LTA]+ Na* — Na-[HAp -LTA] + NH;" - - - (1)

This was also confirmed by the decrease of absorption band at 1400 cm™ which was
attributed to NH," ions in the LTA structure after the reactions as compared with that of
before reactions (Fig. 5.5). The amount of Na* ions exchanged in the HAp-LTA is almost
equal to the amount of NH," ions leached from HAp-LTA. This result indicates that the
type-A zeolite with HAp surface layers maintains ion-exchange ability and is a novel
material for the simultaneous removal of harmful elements such as NH,*, Cd** and Pb**

ions. The complex composites with the excellent characteristics of both zeolite and HAp
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will be applicable to the environmental purification material.

5-8. CONCLUSION

The ion exchange ability in 0-10mM NacCl solutions was investigated for a novel type-A
zeolite (NH," type) covered with hydroxyapatite layer on the surface prepared by
hydrothermal treatment. The silicon and aluminum ions dissolved from the zeolite
framework were less than 0.1 wt% and the structure was not collapsed. The Na* ions in
the solutions were exchanged for NH," ions in cation exchange sites on the type-A
zeolite since the exchanged amount of Na' ions for NH," ions was almost coincident.
This result indicates that the type-A zeolite with hydroxyapatite layers maintains

ion-exchange ability.
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Table. 5.1 Chemical composition of Ca-LTA and HAp-LTA (wt%).

Ca-LTA HAp-LTA
Si 15.40 13.60
Al 14.80 12.80
Na 0.58 0.22
Ca 10.40 7.24
NH, ND 5.10

P ND 3.32
ND = not detected.

Table. 5.2 The concentration of dissolved cations from HAp-LTA
(mmol/l) and the amount of adsorbed sodium (mmol/l) in NaCl
solutions.

C, (Na") pH, pHeq Si Al Ca P NH, Nags
10.0 6.78 8.23 0.133 0.013 0.002 0.016 5.851 4.061
7.0 6.61 8.30 0.137 0.018 0.002 0.012 5.075 3.121
5.0 6.42 8.32 0.142 0.022 0.001 0.011 4.415 2.449
3.0 6.35 7.82 0.154 0.033 ND 0.011 3.506 1.655
1.0 6.26 6.90 0.172 0.068 ND 0.008 2.320 0.574
0.0 6.24 7.48 0.056 ND 0.001 0.015 1.820 ND

Co (Na") = initial concentration of NaCl solution. Naas= The values of sodium adsorption
ND = not detected. pH, = initial pH values. pHeq = equilibrium pH values.
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Fig. 5.5. FT-IR spectra of Ca-LTA (a), HAp-LTA (b) and HAp-LTA
after mixing it in 20mM NacCl solution (c).
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Fig. 5.6. SEM images of Ca-LTA (a), HAp-LTA (b) and HAp-LTA
after mixing it in 10mM NacCl solution (c).
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HAp thin layers synthesized on the LTA surface by hydrothermal

treatments at different temperatures and durations in the reactions
5-9. INTRODUCTION

Zeolites consist of a three-dimensional open-framework structure composed of AlO,
and SiO, tetrahedra linked together by oxygen sharing, and contain channels and cavities
into which cations and water molecules diffuse, as well as functioning as ion-exchange
sites.’” More than 100 different species of synthetic zeolites have been identified.'® Linde
type A zeolite ((X12/m)(Si12Al12048)-nH20, X=cation, m=charge number, LTA) is the most
useful among the zeolites due to highest cation exchange capacity (CEC).'” LTAs are

231920 and are considered

widely used as an ion exchanger for ammonium and cadmium,
to utilize them for the adsorption of radioactive elements, such as cesium and iodine.!
Hydroxyapatite [Caio(PO4)s(OH),, HAp] has a high CEC for cadmium and lead, and
shows the high stability in an alkaline solution® These properties are suitable for
adsorbents or materials to fix harmful elements by controlling the morphology and the
amount of HAp on the LTA surface.

Several studies have succeeded in growing apatite crystals on the surfaces of
wollastonite and alite for biological and medical applications.”” However, in these
studies, the substances are self-destroyed in coating their surfaces with HAp. We have
been focused on the preparation of multi-functional ceramic composites with the
adsorption and/or fixation properties. In our previous studies, LTA with HAp thin layers
were prepared by a hydrothermal treatment at 120°C for 8 hrs based on the basis of a
cation exchange'*??. The hydrothermal treatment did not destroy the cubic automorphism

but changed its surface morphology by covering evenly with needle crystals of

nano-HAp.
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In this study, HAp thin layers were synthesized on the LTA surface by hydrothermal
treatments at different temperatures and durations 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 transmission
electron microscopy (TEM). The yield was calculated from the weight changes of
samples before and after the reactions. The specific surface areas and pore diameters

were evaluated by the Brunauer-Emmet-Teller (BET) method.

5-10. EXPERIMENTAL

5-10-1. Preparation of LTA with Ca®

LTA with Ca** (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 Ca®* was carried out by immersing 5.0 g of the
Na-LTA in 1500 ml of a 0.5 M CacCl; solution for 24 hrs. The resultant sample was
filtered with a membrane filter of 0.45 pum in pore size and rinsed with distilled water to
remove excess cations. The Ca-LTA was then dried at 100°C for 24 hrs.

5-10-2. Synthesis of HAp crystals on the LTA surface

Hydrothermal treatments were conducted as follows. 0.3 g of the Ca-LTA powder was
immersed in 20 ml of a 1 M (NH,)3PO, solution in a 100 ml Teflon cup fitted into a
stainless steal pressure vessel. The pH value was controlled to 9 by the addition of an
ammonium solution. The suspension was heated at different temperatures ranging from
25 to 200°C and duration ranging from 1 to 168 hrs. The samples were quenched and
washed 3 times with distilled water, and dried at 100°C for 24 hrs. The Ca-LTA and the

resultant samples after the hydrothermal treatments were investigated by XRD (Rigaku,
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RINT2200) with monochromatized CuKa radiation at 40 kV and 40 mA. The
morphology was observed by SEM (Hitachi S-5500) and TEM (Hitachi H-9500 operated
at 300 kV). The yield was calculated from the weight changes of samples before and
after the reactions.

5-10-3. 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
CaCl, solution for 24 hrs for the ion exchange of NH," for Ca®*. The resultant samples
were filtered with a membrane filter of 0.45 um in pore size and rinsed with distilled
water to remove excess cations. The samples obtained were dried at 100°C for 24 hrs.
0.05 g of the samples and Ca-LTA obtained in the section 1.1 were degassed at 200°C for
3 hrs in vacuum. The specific surface areas and pore diameters were measured by the
multipoint Brunauer-Emmet-Teller (BET) method using a Beckman Coulter SA3100

instrument with N, gas as an adsorbent.

5-11. RESULTS AND DISCUSSION

Fig. 5.7 shows the XRD patterns of Ca-LTA before and after the hydrothermal
treatment at 120°C for the durations of 1-168 hrs. The Ca-LTA exhibited the complete
exchange of Na“ for Ca”* in LTA, which was judged from the change of diffraction
intensities and the appearance of a new diffraction at 25.1 degrees in 20 (Fig. 5.7a).°
After the hydrothermal treatment of Ca-LTA at 120°C for 4-168 hrs, broad diffractions at
about 26° and 32° in 26 were observed as indicated by solid circles, which corresponded
to the diffractions from HAp. The other sharp diffractions in Fig 5.7b-f agreed with those
of LTA replaced Ca®* by NH,", indicating that the cation sites in the Ca-LTA were

occupied by NH,* during the hydrothermal treatments as described by Matsumoto et al.*°
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The XRD patterns demonstrated that there was no significant difference in the full-width
at half maximum intensity (FWHM) before and after the hydrothermal treatments until
72 hrs (Fig. 5.7c-e), but the shift of the diffractions of LTA with NH;" (NH4-LTA) and the
increases of the FWHM were found at 168 hrs. The results of XRD indicate that the LTA
structure is stable in a 1 M (NH,)3PO, solution heated at 120°C until 72 hrs, however the
LTA structure starts to deteriorate at 168 hrs. The HAp thin layers were formed on the
LTA surface after 4 hrs. The cation exchange model of Ca-LTA in the (NH,;)3PO, solution
can be described as the equation (1) and the yield of HAp after the hydrothermal
treatments described as the equation (2):
5Cas (Si12Al15045)-NH,0 + 18PO4(NH,)3-nH,0 + 6NH4(OH) —

3Cay0(PO4)s(OH); + 5(NH4)12(Sii2Al12048)-nH,O + mH,0 ---
(1)

a = X/0.324W--- (2)

If weight (W) g of LTA reacts perfectly in the (NH4)3PO, solution, the theoretical
increase of the weight is 0.324 Wg. Therefore, the yield, o, can be calculated by the
equation (2) using experimental data, where X is the weight increase of the formation of
HAp at nominated durations and temperatures. Fig. 5.8 shows the change of the HAp
yields after hydrothermal treatments of Ca-LTA at 120°C against various durations. The
increase of a at 4hrs indicates the formation of HAp on the LTA surface, which was
matched to the results of XRD measurements. The maximum value of o is 0.82 at 8 hrs,
which is twentyfold larger than the value in the formation of HAp on alite.” On the
contrary, at 168 hrs, the o value was decreased because the dissolution of cations caused
the destruction of the LTA structure.

Fig. 5.9 shows the XRD patterns of Ca-LTA before and after the hydrothermal
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treatments at 25 to 200°C for 8 hrs. After the hydrothermal treatments, broad diffractions
at about 26° and 32° in 260 were observed as indicated by solid circles, which
corresponded to the diffractions of HAp. The HAp crystals were grown at any synthetic
temperatures. The other sharp diffractions in Fig 5.9b-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 in FWHM were found at 200°C. We thus conclude that the LTA
structure is stable in the 1 M (NH,4)3PO, solution heated at 25-160°C for 8 hrs but the
structure starts to deteriorate at 200°C.

Fig. 5.10 shows the change of the HAp yields after the hydrothermal treatments of
Ca-LTA for 8hrs against the various temperatures. The a values increased against the
temperature range of 25-120°C but decrease against 160-200°C. The increase of a values
was attributed to the formation of HAp and the decrease was corresponded to the
destruction of LTA structures. The maximum o value at 120°C showed the homogeneous
covering of HAp on the surface of LTA as shown in the next SEM image.

Fig. 5.11 shows the SEM images of Ca-LTA and those after the hydrothermal
treatments at 25 to 200°C for 8 hrs. The morphology 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. 5.11b and g). This morphology was very similar to that of HAp formed in
SBF. >® 2! The morphology of the Ca-LTA at 40°C showed tiny scaly HAp particles of
about 80 nm in diameter (Fig. 5.11c and h). The Ca-LTA surface at 120°C was covered by
needle-like HAp crystals of 100-200 nm in diameter (Fig. 5.11d and i). The morphology

was very similar to that of HAp formed under same hydrothermal treatment.® At 200°C
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the amorphous-like particles were covered with the destroyed LTA (Fig. 5.11e and j),
which corresponded with the XRD patterns shown in Fig. 5.99.

TEM was applied to the observation of the interface between HAp and LTA. The TEM
images as shown in Fig. 5.10 clearly indicated the HAp crystals of 30 nm in length
grown on the LTA surface in the treatment at 40°C, and the complete 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.™

Moriyoshi et al. have discussed a formation mechanism of HAp on alite.” According to
their report, Ca®* in the structure of alite released into a (NH,)3PO4 solution reacts very
rapidly with PO,* to form further HAp crystals. Liu et al. have also reported a formation
mechanism of HAp on wollastonite in a simulated body fluid (SBF).® They discussed that
Ca’* released from wollastonite increase the ion activity of apatite in SBF, and hydrate
silica on the surface of wollasonite provides the sites favorable for apatite nucleation.
Consequently, the apatite nuclei are rapidly formed on the surface of wollastonite. The
release of the Ca®* was dependent on its solubility. However, in our study, the reaction of
Ca-LTA with ammonium phosphate is the ion exchange model shown in equation (1).
The exchange of Ca** on LTA for NH," in a (NH4)sPO, solution is a driving force of the
formation of HAp, and then the discharged Ca®* react 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 number of calcium dissolution from alite. For this
reason, the yield (maximum a= 0.04) for HAp formation are smaller than that (maximum
o= 0.82) of LTA in this study. Furthermore, these substrates were self-destroyed in the

reactions to form HAp. But in this study, the reaction of HAp formation was occurred by

106



ion exchange reaction in the equation (1). In particular, this reaction was considerably
occurred in ammonium phosphate solution for high NH," selectivity of LTA. The Ca®*
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 synthesized from 25 to 200°C were
shown in Table.5.3. The specific surface areas of samples synthesized at 25 and 40°C for
8 hrs were almost same as compared with that of Ca-LTA, and the pore diameter
(0.88nm) also were almost constant. These results mean that pores in LTA are completely
maintained at the conditions. These nanocomposites obtained are useful for the
simultaneous adsorbent that has characteristics of LTA and HAp. At hydrothermal
treatment at over 80°C, the specific surface areas of samples decreased with increase of
temperature. These results means that the pores in LTA are partially covered by HAp thin
layers. The materials were promising as material for encapsulate harmful ions or

radioactive ion absorbed in LTA.

5-12. CONCLUSIONS

We successfully obtained the nanocomposite, HAp coated LTA by a new concept
which applied an ion exchange reaction. The ion exchange of Ca** on LTA for NH," in an
ammonium phosphate solution is a driving force of the formation. The structure of LTA
was not destroyed by the hydrothermal treatment at 25-160°C for 8 hrs and also at
120°C for 1 to 72 hrs. The yield of LTA with HAp thin layers synthesized at 120°C for
8hrs showed maximum value of 0.82. The specific surface area was maintained in the
treatment at 25 and 40°C for 8 hrs as compared with that of Ca-LTA, but over 80°C, the

value decreased with an increase of temperature. These nanocomposites obtained are
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novel materials for the simultaneous adsorption and capsulation of both harmful and
radioactive ions, which has the excellent characteristics of both zeolite and

hydroxyapatite.
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Table. 5.3 The concentration of dissolved cations from HAp-LTA
(mmol/l) and the amount of adsorbed sodium (mmol/l) in NaCl
solutions.

Samples Specific surface area (m2/g)
Ca-LTA 591.0

LTA25 548.6

LTA40 584.8

LTAS80 223.5

LTA120 148.5

LTAL60 128.9

LTA200 31.1

Ca-LTA treated at 25°C, 40°C, 80°C, 120°C, 160°C and

200°C are shown as LTA25, LTA40, LTA120, LTA160
and LTA200, respectively.
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Fig. 5.7. XRD patterns of (a) Ca-LTA and LTAs after the
hydrothermal treatments at 120 °C for (b) 1hrs, (c) 4 hrs, (d) 8hrs,
(e) 24 hrs, (f) 72hrs and (g) 168 hrs. All diffractions in (a) are
attributed to Ca-LTA. The solid circles indicate the diffractions
from HAp. The other diffractions in (b-g) are attributed to
NH,-LTA.
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Fig. 5.8. The change of the HAp vyields after hydrothermal
treatments of Ca-LTA at 120°C against various durations.
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Fig. 5.9. XRD patterns of (a) Ca-LTA and LTAs after the
hydrothermal treatments at (b) 25°C, (c) 40°C, (d) 80°C, (e) 120°C,
(f) 160°C and (g) 200°C for 8 hrs. All diffractions in (a) are
attributed to Ca-LTA. The black circles indicate the diffractions
from HAp and the other diffractions in (b-g) are attributed to
NH,-LTA.
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Fig. 5.11. SEM images of Ca-LTA (a, f) and LTAs after the
hydrothermal treatments at various temperatures for 8 hrs; (b, g)
25°C, (c, h) 40°C, (c, h) 120°C, (d, i) 160°C and (e, j) 200°C.
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Fig. 5.12. The TEM images of Ca-LTA after the hydrothermal
treatments at (a) 40 °C and (b) 120°C for 8 hrs.
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CHAPTER 6

THE DENSIFICATION OF ZEOLITE/APATITE COMPOSITES

USING A PULSE ELECTRIC CURRENT SINTERING METHOD
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6-1. INTRODUCTION

High-level radioactive elements, such as cesium, strontium and iodine, are discharged in
the processes of nuclear power generation and nuclear reprocessing. These levels are
controlled by legislation on discharge limits in many countries. It is thus important to
develop long-term assurance materials for adsorbing, fixing and preserving radioactive
elements over a long period of time. More than 100 different species of synthetic zeolites
have been identified.! Zeolites consist of a three-dimensional open-framework structure
composed of AlO, and SiO, tetrahedra linked together by oxygen sharing with a
three-dimensional open framework. The cations and water molecules diffuse through the
channels and cavities as ion-exchange sites. Of the synthesized zeolites, Linde type-A
zeolite ((Xi12m)(Si12Al1204g)-24H,0, X=cation, n=cation valence, LTA) with a- and 3-cages
has the highest cation exchange capacity (CEC).> Therefore, LTA is widely used as an

adsorbent for harmful and radioactive elements.>” Hydroxyapatite (Cayo(PO4)s(OH)2,

0-119 |18|-18

HAp) has a very low solubility of 5.4x1 (Ksp; mo ) at a neutral pH solution, and
shows high stability in an alkaline solution Furthermore, the Ksp of fluorapatite
(Ca1o(PO.)sF2, FAP) is 8.1x10™2! which is lower than that of HAp.2 The HAp and/or FAp
sintered bodies have been studied as one of long-term assurance matrices for preserving
the radioactive elements.’ Fabrication of dense HAp sintered bodies has been described by
many researchers in which the spherical HAp particles improve sinterbility.** ™3

In our previous studies' *°, LTA with HAp thin layers was prepared by hydrothermal
method in the cation exchange processes of Ca®* to NH,". This treatment did not destroy
the cubic automorphism but changed its surface morphology by covering completely with

nano-HAp scaly particles. We expect that the HAp thin layers play an important role for

improving the affinity between FAp as matrix and zeolite in a sintering process.
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In this study, the sintered bodies of LTA with HAp thin layers and FAp were fabricated
by using the pulse current sintering (PECS) method. The composites were characterized by
XRD, SEM and STEM. The microstructure and mechanical properties of the sintered
bodies were elucidated by using the dynamic-ultra-microhardness tester and universal

tester.

6-2. EXPERIMENTAL METHODS

6-2-1. Preparation of LTA with Ca’* and HAD thin layers on its surface

LTA powder (<200 meshes) with Na® (Na-LTA) was purchased from Wako Pure
Chemicals, Ltd., Japan. The complete cation exchange of Na* for Ca®* was carried out by
reacting 5.0g of Na-LTA in 500ml of 0.5mol/l CaCl; solution for 1 hrs. This process was
repeated three times. The resultant solid was isolated with a membrane filter of 0.45 um in
pore size, and washed with distilled water to remove excess cations. The LTA with Ca**
(Ca-LTA) was obtained after dried at 100°C for 24 hrs. The Ca-LTA powder with the
complete exchange of Na* for Ca®* in LTA was obtained, judged from the change of
diffraction intensities and the appearance of a new diffraction at 25.1 degree in 26 by XRD.
The hydrothermal treatment was conducted as follows. 1.0 g of Ca-LTA powder was
immersed in 20 ml of 1.0 mol/l ammonium phosphate ((NH4)3PO,4) solution in a 100 ml
teflon cup fitted into a stainless-steal pressure vessel. The pH value of the solution was
adjusted to 9 by adding an ammonium solution. The sample was heated at 120°C for 8 hrs
and quenched, washed 3 times with distilled water and dried at 100°C for 24 hrs. The
samples were characterized by X-ray diffractometer (XRD, Rigaku RINT2200, Japan) and
scanning electron microscope (SEM, Jeol, JSM-5600LV, Japan).

6-2-2. Synthesis of spherical FAp powder

6.0 mol/l of H3PO4 solution and 2.0 mol/ | of HF solution was mixed and aged for 1 day
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in N, gas. The mixed solution was dropped slowly into 10.0 mol/l Ca(OH), suspension
with vigorous stirring at room temperature. The molar ratio of Ca**, PO,> and F was
adjusted to 10, 6 and 2. The resultant mixture was then aged for 1 day, and the final pH
was about 7.0. Spherical FAp powder was fabricated by a spray dryer (DL-41, YAMATO
Sci. Co., Ltd, Japan(Fig.6.1)). The suspension was atomized under a pressure of 1.5 MPa at
a flow rate of 500 ml/hrs, and inlet and outlet temperatures of a nozzle were adjusted to
180 and 80°C, respectively. The spray-dried FAp powder was calcined at 800°C for 3 hrs
to increase the crystallinity. The resultant sample was characterized by XRD and SEM.

6-2-3. Fabrication of LTA with HAp thin layers/FAp sintered bodies

The LTA with HAp thin layers and the spherical FAp powder were mixed at a weight
ratio of 3/7. The obtained powder was sintered by using a pulse electric current sintering
method (PECS, Sumitomo Coal Mining, SPS-1030, Japan, (Fig.6.2). The sample was
pressed uniaxially at 50 MPa in the vacuum of 0.6x10 Pa throughout the sintering process.
The temperature was increased to 900°C at a rate of 50°C/min. After keeping at 900°C for
10 min, the sample was slowly cooled to 600°C at a rate of 5°C/min. The sample was
cooled further to room temperature after stopping the electric current and releasing the
pressure. The sintered bodies with 20 mm in diameter and 4 mm in thickness were
characterized by using XRD and SEM after polishing. The element mapping analyses were
carried out with an energy dispersive X-ray spectrometer (EDX, Jeol, JRD2200, Japan)
equipped with SEM.

The boundary structure in the sintered body with three different phases, i.e. LTA, HAp
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and FAp, was observed by a scanning transmission electron microscope (STEM, Hitachi,
HF2210, Japan). The element in the boundary structure was analyzed by an energy
dispersive X-ray spectrometer (EDX, Genesis4000, USA). The specimen with 100 nm in
thickness was prepared by a focused ion beam method (FIB, Noran Vantage: FB-2100,
USA) and a pick-up method.

The microhardness of the sintered bodies was measured with a dynamic-ultra-
microhardness tester (Shimadzu, DUH-W201, Japan). The three-point bending strength
and Young's moduli were measured using a universal tester (Shimadzu, AGS-H, Japan)
with a crosshead speed of 1mm/min. The size of the sample was 18x3x1 mm and the
number of samples for bending strength and Young's moduli measurement was five. The

measurements were conducted 3 times to give the average values.

6-3. RESULTS AND DISCUSSION

6-3-1. Characterization of Ca-LTAs and spherical FAp

The broad diffractions at about 26° and 32° in 26 were found after the hydrothermal
treatment of Ca-LTA, which were corresponded closely to the diffractions of HAp.**

Fig. 6.3 shows SEM image of the resultant LTA after the hydrothermal treatment. The
hydrothermal treatment did not destroy the cubic automorphism but changed its surface
morphology by complete covering with scaly particles. The scaly particles were aggregates

of needle-like HAp crystals and formed HAp thin layers. We previously studied the
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morphological details of HAp nanocrystals on the zeolite surface.** *°

Fig. 6.4 shows the SEM image of FAp powder obtained by the spray dryer and calcined
at 800°C for 3hrs. The FAp powder was spherical in shape, and the particle size was about
1-10 um. The XRD pattern showed only diffractions of FAp. Calcination at 800°C was
necessary to increase the crystallinity of FAp. This powder was employed for the starting
material of the PECS method.

6-3-2. Characterization of LTA with HAp coating layers/FAp sintered bodies

Fig.6.5 shows the XRD pattern of the sintered body of LTA with HAp thin layers and
FAp. The XRD pattern identified only FAp phase, which is explained by a phase change of
LTA to amorphous by the PECS method. Frim the results of XRD and Fourier-transform
infrared spectroscopy, we confirmed that the Ca-LTA after hydrothermal treatments almost
changed to LTA with NH,* (NH4-LTA).* Chandrasekhar et al. reported that the NH4-LTA
calcined at 850°C had an amorphous structure whereas the structure remained intact at
750°C, and mullite started crystallizing at 950°C.* In the present study, the temperature
increased to 900°C at a heating rate of 50°C/min and held for 10 min. The heating rate and
holding time were much less than the rate of 3°C/min and 3 hrs in a furnace described by

1.1 We conclude from these results that the LTA in the sintered bodies

Chandrasekhar et a
changes to an amorphous phase under the sintering condition. Therefore, the diffraction

pattern of LTA in the sintered bodies was not detected by XRD.

Fig. 6.6a shows the SEM image of the surface of sintered bodies, and Fig. 6.6b-e shows
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EDX mapping results of the Si, Al, P and Ca elements. The sintered body was well
densified, and the grains were very small (<1 um). There is no significant difference in the
crystal morphology of FAp and LTA. Thus, the elemental mapping analyses of Si, Al, Ca
and P on the surface of the sintered body were useful to distinguish the components. The
main components of LTA were Si and Al, which located in the same positions in their
distribution. The particle size of the amorphous parts was about 5 um that corresponds
with that of LTA with HAp thin layers as shown in Fig. 6.3. The Ca and P were distributed
in the same positions, which were the main component of FAp and HAp. These results
indicated that the amorphous phase was completely covered by FAp and HAp. The HAp
thin layers on LTA surface play an important role for preventing the binding among zeolite
powders. Fig. 6.7 shows the STEM image of the sintered body of LTA with HAp thin
layers and FAp. The HAp thin layers were clearly observed at the interface between
amorphous LTA and FAp. The shape and size of HAp thin layers were needle-like crystals
about 150 nm in length. The size was almost matched to that of HAp grown on the surface
of LTA as shown in Fig. 6.3. The FAp crystals in the sintered bodies were well sintered,
and the grain size was small (<300 nm). Micropores were not observed among the three
different phases. It indicates that the three different phases are completely sintered, and the
HAp layers play an important role for improving the affinity between FAp and amorphous
LTA. When the mixed powder of LTA and FAp without HAp thin layers was sintered under

the same condition, the sintered bodies obtained were with cracks and/or destroyed in
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ejecting. Fig. 6.8 shows the mapping images obtained by EDX equipped with STEM. Si
and Al were distributed in the position of amorphous LTA, and P was distributed in the
positions of HAp and FAp. Ca was distributed mainly in the positions of FAp and HAp,
but the distribution was less dominant in the position of LTA. These results indicate that
Ca ions barely remain in the LTA, which correspond with those obtained by EDX analyses
as shown in Fig. 6.6.

6-3-3. Mechanical properties of LTA with HAp coating layers/EFAp composites

Fig. 6.9 shows optical microscope images of indentations of pyramidal indenters (115°)
on LTA (a), FAp (b) and the interface between LTA and FAp (c) on the sintered bodies.
Table 6.1 shows the load (Pg:gf), depth (D:um) and dynamic hardness (DH) calculated
from indentations. The DH in a pyramidal indenter is defined by the following formula:
DH = 37.838 P¢/D?. The DH of FAp was 612, which was larger than those of amorphous
LTA (a) (DH=448) and the interface (c) (DH=441). We considered that the LTA changed to
an amorphous phase is weak in strength, and the interface between the phase and FAp is
similarly weak in strength.

The average three-point bending strength was 54 MPa, and the Young's modulus was 30
GPa which was considerably lower than that of FAp sintered bodies (three point bending
strength: 162 MPa, Young’s modulus: 85 GPa). These results indicate that the interface

between an amorphous LTA and FAp is similarly weak in strength.
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6-4. CONCLUSION

The fabrication of sintered body of LTA with HAp thin layers and FAp was succeeded
by using the PECS method at 900°C. The LTA phase changed to an amorphous phase
under this condition. The amorphous LTA in the sintered bodies was completely
surrounded by HAp and FAp. The microstructural observations indicated that the three
different phases (the amorphous LTA, HAp and FAp) were completely sintered. The HAp
thin layers played an important role for improving the affinity between FAp and LTA in
sintering. The microhardness of the amorphous LTA and the interface of amorphous LTA
and FAp were lower than that of FAp, and three point bending strength was also lower than
that of FAp. The sintered bodies of LTA with HAp thin layers and FAp are a promising

material as a long-term assurance material for the disposal of radioactive waste.
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Table 6.1. The load, depth and dynamic hardness calculated from
indentations of FAp and HAp and the interface.

Ps(9f) D (um) DH

FAp 20 1.11 612
LTA 20 1.31 448
Interface 20 1.30 441

Ps: Load, D: Depth DH: Dinamic Hardness
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Fig. 6.1. Spray Dryer (DL-41, YAMATO Sci. Co., Ltd, Japan.)
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Fig.6.2 The pulse erectronic current sintering system
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Fig. 6.3. The SEM image of LTA with HAp thin layers prepared by
the hydrothermal treatment at 120°C.
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Fig. 6.4. The SEM image of spherical FAp particles prepared by the
spray dryer.
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Fig. 6.5. The XRD patterns of the sintered body obtained at 900°C.
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Fig. 6.6. The SEM image (a) and EDS mappings (Si (b), Al (c), Ca
(d) and P (e) ) of the sintered body obtained at 900°C by PECS.
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Fig. 6.7. The STEM image (a) and EDS mappings (Si (b), Al (c), Ca
(d) and P (e)) of the sintered body obtained at 900°C by PECS.
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Fig. 6.8. The STEM image (a) and EDS mappings (Si (b), Al (c), Ca
(d) and P (e)) of the sintered body obtained at 900°C by PECS.
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Fig. 6.9. The optical microscope images of indentations of
pyramidal indenters (115°) on (a) LTA, (b) FAp and (c) the interface
between LTA and FAp in the sintered body by a
dynamic-ultra-microhardness tester.
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7-1. GENERAL CONCLUSION

The results of this study showed that various zeolite and zeolite/aptite composites were
promising materials for removing harmful ions such as NH,", Cd**, and Pb*, and for
fixing radioactive ions such as Cs*, Sr**, and I" for a long period of time.

Following conclusions were derived.

7-2. Ammonium adsorption with various zeolites

Various natural zeolites mined from Shimane and Akita prefectures, Japan, and Mount
Gipps, Australia have been shown to have a high ammonium adsorption capacity. Of these
zeolites, Akita zeolite, which is rich in clinoptilolite, was shown to have the highest
ammonium adsorption capacity of 1.318 mmol/g. Regarding ion exchange of Na' on
natural zeolites, Na* was used as an alternative to ammonium ions in an ammonium
chloride solution, and H" ions in distilled water and hydrochloric acid. The order of
ammonium ion exchange selectivity for cations on zeolites was Na* >> K" > Ca®* > Mg?*
The amount of ammonium ions adsorbed in this experiment quantitatively corresponded to
the theoretically expected amount of adsorbed ions given a mole balance on the zeolites at
high ammonium concentrations. This result indicates that ammonium adsorption occurs by
ion exchange with Na*, K*, Mg?*, and Ca®* in cation-exchange sites on zeolites.

The ammonium ion exchange activity of synthetic zeolites (Na-SOD, NaCs-RHO,
Na-LTA, and Na-FAU ) was dependent on their open-window sizes, pore structures, and

cation exchange capacities. The Na-FAU, which has the largest open-windows among
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these zeolites, showed the highest exchange capacity of ammonium ions.

Natural zeolitic rocks, such as mordenite and clinoptilolite with traces of quartz and
feldspar, were treated hydrothermaly with 0.1, 0.3, 1.0, and 3.0 M NaOH solutions at
temperatures below 150°C. The phase change of these zeolites depended on reaction
conditions such as hydrothermal temperature and NaOH concentration, as well as the
chemical compositions of the starting materials. The amount of ammonium ions up-taken
by the product modified from MORS3 at 100°C in 3 M NaOH solution, which contained
mainly phillipsite, was twofold larger (1.92 mmol/g) than that up-taken by the starting
material. This result is explained by higher CEC of phillipsite framework in comparison to
mordenite and clinoptilolite. ~The mechanism of ammonium up-take by phillipsite
involved ion-exchange of Na® ions with ammonium ions. The framework structure of
phillipsite was stable in an ammonium ion solution, and therefore we conclude that
phillipsite is ideal for an industrial ion-exchanger to remove ammonium ions from
wastewater.

7-3. The preparation of zeolite/aptite composites for removing of harmuful ions and

for fixing radioactive ions

We successfully obtained the nanocomposites by a new concept which applied an ion
exchange reaction. The thin layers of hydroxyapatite needle-like crystals with 100-200 nm
in diameter and 30 nm in thickness were formed on the surface of type-A zeolite by a

reaction between discharged Ca®* ions from type-A zeolite and an ammonium phosphate
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solution in hydrothermal treatment. The c-axes of the hydroxyapatite crystals preferentially
oriented along the direction perpendicular to the LTA surface. The ion exchange of Ca®*on
LTA for NH," in an ammonium phosphate solution is a driving force of the formation and
the preferential orientation of hydroxyapatite.

The ion exchange ability in 0-10 mM NaCl solutions was investigated for a novel type-A
zeolite (NH;" type) covered with a hydroxyapatite layer prepared by hydrothermal
treatment. The silicon and aluminum ions dissolved from the zeolite framework were less
than 0.1 wt%, and the structure was not collapsed. The Na" ions in the solutions were
exchanged for NH," ions in cation exchange sites on the type-A zeolite since the
exchanged amount of Na* ions for NH," ions was almost coincident. This result indicates
that the type-A zeolite with hydroxyapatite layers maintains ion-exchange ability.

The structure of LTA was not destroyed by the hydrothermal treatment at 25-160°C
for 8 hrs and also at 120°C for 1 to 72 hrs. The yield of LTA with HAp thin layers
synthesized at 120°C for 8hrs showed a maximum value of 0.82. The specific surface area
was maintained in the treatment at 25 and 40°C for 8 hrs as compared with that of Ca-LTA,
but over 80°C, the value decreased with an increase of temperature. These nanocomposites
obtained are novel materials for the simultaneous adsorption and capsulation of both
harmful and radioactive ions, which has the excellent characteristics of both zeolite and
hydroxyapatite.

The fabrication of sintered body of LTA with HAp thin layers and FAp was succeeded
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by using the PECS method at 900°C. The LTA phase changed to an amorphous phase
under this condition. The amorphous LTA in the sintered bodies was completely
surrounded by HAp and FAp. The microstructural observations indicated that the three
different phases (the amorphous LTA, HAp, and FAp) were completely sintered. The HAp
thin layers played an important role for improving the affinity between FAp and LTA. The
microhardness of the amorphous LTA, and the interface of amorphous LTA and FAp were
weaker than that of FAp, and three point bending strength was also weaker than that of
FAp. The sintered bodies of LTA with HAp thin layers and FAp are promising materials as

a long-term assurance material for the disposal of radioactive waste.
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