294

Chem. Mater. 2000, 12, 294—305

Articles

Synthesis, Characterization, and lon Exchange Behavior
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A framework potassium titanium silicate K, TiSizOg:H20, compound I, was synthesized
by the reaction of a titanium—hydrogen peroxide complex and SiO; in alkaline media under
mild hydrothermal conditions (180 °C). This compound was converted to the corresponding
sodium phase, Na,TiSizOs-H,0 (IV) and two proton-containing phases, KjsHo 74 TiSizOg¢
1.8H,0 (11) and Ko 3H17TiSiz0q-2.4H,0 (111) by ion exchange. These products were character-
ized by elemental analysis, TGA, FT-IR, MAS 2°Si NMR, and X-ray diffraction. The ion
exchange behavior of K,TiSizOge-H,0 and Ko 3H1 7 TiSiz09-2H,0 toward alkali, alkaline earth,
and some transition metal ions solutions was studied. A high affinity of the protonic form
of titanium trisilicate exchanger for cesium and potassium makes it promising for
radionuclide-contaminated groundwater treatment and certain analytical separations. The
crystal structure of K, TiSizOg-H,0 was found to be isomorphous with that of the zirconium
analogue and contains a framework enclosing two types of tunnels. The exchange properties
were interpreted on the basis of this structure and selectivity of the Zr and Ti phases
rationalized on the basis of the tunnel sizes. The structure of 1l was solved on the basis of
a monoclinic cell, whereas the K;TiSizOg¢:H,O phase is orthorhombic. The relationship of
structure 11, monoclinic, to the parent orthorhombic structure is described. Phase 111 yielded
a complex X-ray pattern with evidence of disorder and a highly complex 2°Si NMR spectrum.

On reexchanging with K*, the original crystal lattice was restored.

Introduction

Alkali metal titanium silicates have received consid-
erable attention in recent years.!=® This attention is
related to the fact that some of them form frameworks
that enclose tunnels or pores containing exchangeable
ions. Thus, they form members of the ever-expanding
family of inorganic ion exchangers.”~1° Because of their
compact structures, they may exhibit prominent selec-
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tivity for certain ions, namely, for radiocesium and
radiostrontium. Coupled with other valuable properties
such as high thermal, chemical and radiation stability,
and resistance to oxidation, these compounds are ex-
tremely attractive for nuclear waste remediation, ion
sieving, and selective separations.

The investigation of alkali metal titanium silicates
has shown that a majority of the selective exchangers
are crystalline compounds with well-defined three-
dimensional framework structures containing zeolite-
like tunnels.2311.12 Recent structural and ion exchange
studies have determined that the reason for the unique
selectivity of crystalline titanium silicates is related to
the correspondence of the geometrical parameters of
their ion exchange sites (channels, cavities) to the size
of the selectively adsorbed ions.11715 Because of the
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small size of the channels or cavities, the framework in
a sense acts as a coordinating ligand to the cations. It
is therefore of interest to uncover additional novel
framework polyvalent metal silicates. In this paper
some preliminary results on the synthesis, characteriza-
tion and ion exchange properties of a new hydrated
potassium titanium trisilicate of formula K;TiSizOg-H,0
are presented. A zirconium analogue of this compound,
having similar structure, was described recently,® as
was the parent titanium compound,” but no ion ex-
change data was presented for the latter compound.

Experimental Section

Reagents. All reagents were of analytical grade (Aldrich)
and used without further purification.

Analytical Procedures. X-ray powder diffraction data for
phase identification were collected with a Seifert-Scintag
PAD-V diffractometer with Cu Ka radiation. Thermal analysis
was performed with a DuPont Instruments TA 4000 unit
(under nitrogen, at a heating rate of 10 °C/min). Titanium and
silicon content in the solids were determined by using a
SpectraSpec Spectrometer DCP-AEC after dissolving a weighed
amount of sample in HF. IR spectra were obtained on a Perkin-
Elmer 1720-X FT spectrophotometer by the KBr pellet tech-
nique. The MAS NMR 2°Si spectra were obtained on a Bruker
MSL-300 spectrometer at a frequency of 59.6 MHz and at
ambient temperature. The spectrometer was equipped with a
7-mm double-resonance magic-angle spinning probe. The radio
frequency field strengths for both 2°Si and *H were 62.5 kHz.
The magic-angle spinning rate was set to 4200 Hz. The cross-
polarization with *H decoupling experiments were run with a
1.5 ms contact time and a 10-s recycle delay. Experiments with
direct 2°Si polarization and *H decoupling used a 45° 2°Si pulse
with a 20 s recycle delay for acquisition. Spectra were
referenced to an external ZSM-5 zeolite sample at —112 ppm
as a secondary standard. Electron micrographs were recorded
with a JEOL JSM- 6100 electron microscope operating at 20
kV.

lon Exchange Study. Exchange of alkali and alkaline
earth metal cations by the protonated titanium silicate(l11) was
studied using 0.05 N MCIl,—M(OH), (M = Li, Na, K, Cs, Ca,
Sr, Ba; n = 1, 2) solutions under batch conditions at V:m =
200:1 (mL:g), room temperature. The ratio of M(ClI), to M(OH),
was varied from 9:1 to 1:9 and the pH measured at equilibri-
um. Exchange of Co?", Ni?*, Cu?*, and Cr®" was studied in
0.01-0.1 M solutions with no added base at V:m = 100:1 (mL/
g) at room temperature. In all cases the contact time was 5
days with continuous shaking. The pH of solutions after
equilibration with the ion exchanger was measured using a
Corning-340 pH meter and in the case of the alkali and
alkaline earth cations plotted as uptake versus pH. Final
concentrations of all the cations in solution were measured
using a Varian SpectrAA-300 atomic absorption spectrometer.

Removal of cesium and strontium from groundwater simu-
lant by the proton form of titanium trisilicate(l11) was studied
by the batch method at V:m ratio 1000:1 (mL/g), ambient
temperature and 5 days contact. The groundwater simulant
contained Ca, 100 mg/L; Mg, 10 mg/L; Na, 15 mg/L; Sr, 4.6—
4.8 mg/L; Cs —5.95 mg/L (pH = 7.5).

The affinity of the titanium silicates to cesium, strontium,
and some other elements was expressed through the distribu-
tion coefficient (Kg, mL/g) defined as Kq = (C, — Ci/Ci)-V/m,
where C, and C; are the ion concentrations in the initial
solution and in the solution after equilibration with the
adsorbent, respectively, and V/m is the volume-to-mass ratio.

Chemical Stability. Stability of the titanium silicate phase
to acid and base solutions was determined by a batch technique
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by contacting 0.1 g of the exchanger with 10 mL of a NaOH or
HNO; solution of different concentrations for 5 days under
ambient temperature. The extent of titanium and silicate
release into the solution was determined spectrophotometri-
cally’® with the use of a UV—vis Perkin-Elmer model 200
instrument.

Synthesis. The hydrated potassium titanium silicate, K-
TiSi309-H20 (1), was prepared as follows: to 30 mL ofa2 M
TiCl, solution, 40 mL of a 30% H,O, solution, 150 mL of
distilled water, and 40 mL of a 10 M NaOH solution were
added quickly and with stirring. Then 12.6 g of SiO, dissolved
in 200 mL of a 3 M KOH solution was added to the reaction
mixture. The reaction system was treated hydrothermally (180
°C) for 7 days in a 1.0-L Teflon-lined pressure vessel, after
which the fine, white dispersed powder was filtered and
washed with distilled deionized water and dried at 70—80 °C
in air.

Proton-containing forms of the exchanger, KizsHo74Ti-
(SIgOg)'lGHzO (“) and Ko 3H1;7TiSiz0g¢:2.4H,0 (l“) were pre-
pared by treatment of the potassium titanium silicate with a
0.5 M acetic acid solution for different lengths of time.

X-ray Data Collection and Structure Refinement. For
structure work the X-ray powder data were collected using a
flat aluminum sample holder by means of a Rigaku computer-
automated diffractometer. The X-ray source was a rotating
anode operating at 50 kV and 180 mA with a copper target
and graphite-monochromated radiation. Data were collected
at room temperature between 10 and 90° and 9.5—85° in 2 6
for compounds | and I, respectively (step size was 0.01° and
a count time of 10 s per step). The powder patterns were
indexed by Ito methods.!® The initial unit cell dimensions
obtained were as follows: compound I, a =9.903, b = 12.940,
¢ =7.136 A (FOM = 146); compound 11, a = 7.222, b = 10.036,
c = 12.927 A, p = 91.445° (FOM = 85). The systematic
absences were consistent with the space group P2,2,2; for
compound | and P2;/c for compound Il. Structure factor
amplitudes were extracted from the observed X-ray patterns
by the LeBail method.?%2*

The atomic positions for the metal trisilicate group found
for the zirconium analogue!® were used as a starting model
for the structure solution of compound 1. After initial refine-
ments of the structure and profile functions, difference Fourier
maps were computed which allowed the location of the two
potassium ions and the water oxygen positions. The full
structure was then refined with soft constraints for the silicate
groups. In the final stages of refinement the weights of these
constraints were reduced and kept at a value sufficient to
maintain a satisfactory geometry for the trisilicate group. The
preferred orientation factor was refined to a value very close
to 1.0. The diffraction vector is along the c* axis and the ratio
of the effect along this axis to that along the perpendicular
plane was refined. All the atoms were refined isotropically.
Neutral atomic scattering factors, as stored in GSAS,? were
used for all atoms. No corrections were made for absorption.

Compound Il crystallizes in a different Laue symmetry than
compound | but their structures are related. The unit cell
dimensions, a, b, and c¢ in | correspond to b, ¢, and a in
compound I1. In addition, the monoclinic angle, 3 [91.447(1)°]
is close to 90°. On the basis of this relationship, the structural
model for the metal silicate group obtained for compound |
was transformed to the unit cell of compound Il. To define the
structure with respect to the right origin in the space group
P2i/c, it was necessary to transform the coordinates as
follows: Xm = Zo, Ym = Y4 + Xo, Zm = Y, Where subscript m
represents monoclinic and o orthorhombic. This new model
gave a satisfactory fit with the observed data. The positions
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Table 1. Crystallographic Data for Titanium Trisilicate

Bortun et al.

Table 3. Positional and Thermal Parameters for

Phases K1_25H0_74[Tisi309]'1.8H20
formula K2Ti5i309'H20 K1,26H0‘74Ti8i309-1.8H20 atom X y A Uiso, A2
fw 372.36 356.28 :
Ti1 0.2617(5 0.7062(4 0.2056(2)  0.029(3
SDE}_{’E group P21212, (no. 19)  P2u/c (no. 14) si1 0.0127&7% 0.4344EG§ 0.174354; 0.015%5;
2 § Ag ?'2982411(5‘23) 1.02(2)5221()2) Si2  07253(7)  0.2962(7)  0.0469(3)  0.014(5)
CA 7 1384(3) 12.9278(2) Si3 0.4211(7)  0.4040(6)  0.1714(4)  0.019(5)
% (deg) : oL.447(1) o1 0.2449(12)  0.6816(9)  0.3640(6)  0.004(4)
v As% 9155 936,63 02 0.0417(11)  0.5915(8)  0.1897(7)  0.015(4)
5 P P 03 0.2571(11)  0.7562(8)  0.0668(5)  0.009(4)
04 0.4777(12)  0.8224(10)  0.2338(6)  0.001(4)
3
d:t';é% Crrr;r)] . igf’éo g'ggs 05 0.0879(11)  0.8649(9)  0.2259(6)  0.009(4)
P (26) (de )g : 06 0.4281(11)  0.5618(7) 0.1950(6)  0.012(4)
o o reflaions 458 662 o7 0.2049(9)  0.3600(9)  0.1567(7)  0.010(4)
ectod R 0.033 0.032 o8 0.5219(9)  0.3659(8)  0.0632(5)  0.005(4)
o wp 0148 0 140 09 0.8804(10)  0.4114(8)  0.0734(7)  0.008(4)
g 0109 0101 K2 0.7445(7)  0.7045(6)  0.0955(3)  0.089(5)
g 0,042 0,037 0108  0.0656(26)  0.4554(21)  0.4241(8)  0.217(10)
F : : 011"  0.2718(20)  0.4574(18)  0.606(10)  0.167(7)

Table 2. Positional and Thermal Parameters for
K2[TiSiz0g]-H20

atom X y z Uiso,2 A2
Til 0.4548(4)  0.2123(2)  0.2573(4) 0.029(1)
si1 0.1809(6) 0.1735(4)  0.0048(6) 0.034(2)
si2 0.0378(6) 0.0462(3)  0.7302(7) 0.036(2)
Si3 0.6419(6)  0.3316(4)  0.5814(6) 0.036(2)
o1 0.4171(7) 0.3672(4)  0.2439(10)  0.014(3)
02 0.3359(7) 0.1869(6)  0.0410(9) 0.046(4)
03 0.5145(8) 0.0664(4) 0.2693(11) 0.033(4)
04 0.5666(9)  0.2406(5)  0.4858(9) 0.023(4)
05 0.6152(7) 0.2290(6)  0.0946(9) 0.015(3)
06 0.2966(7) 0.1886(6)  0.4289(9) 0.024(4)
o7 0.0992(8)  0.1539(5)  0.1982(7) 0.021(3)
08 0.0956(9) 0.0582(5)  0.5237(9) 0.013(3)
09 0.1593(8) 0.0724(5)  0.8776(10)  0.024(3)
K1 0.2069(5) 0.6335(3)  0.1527(5) 0.055(2)
K2 0.4294(5)  0.0798(2)  0.7045(5) 0.045(2)
010°  0.6858(12)  0.662(6) 0.8840(12)  0.046(4)

a Uiso = Biso/8IT2. P Water oxygen atom

of the potassium atom and that of the water oxygens were
derived from Fourier difference maps. The maps also showed
a peak close to the center of symmetry which however did not
refine well. It is possible that it may represent the position of
a partial oxygen atom occupancy of a disordered water
molecule resulting from the nonstoichiometric amount of water
present, 1.88 mol from TGA and 1.8 from X-ray refinement.
The structure was then refined as described above for com-
pound I. Crystallographic and experimental parameters are
given in Table 1 and the positional and thermal parameters
in Tables 2 and 3.

The space group P2;/c is not a subgroup of P2,2,2; a point
that is somewhat unusual for two such closely related struc-
tures. Therefore, we carried out a solution for compound Il ab
initio from the powder data. The structure factor amplitudes
were extracted from the profile by the Le Bail method?! using
the program EXTRA.?2 The profile R factor for the extraction
was 0.127. The intensities of 208 independent reflections (31%
of the total possible observations) were input to SIRPOW.92,%3
a direct methods program for the solution of unknown crystal
structures using powder data. An E-map calculated for a set
with the best figure of merit (CFOM = 0.95) yielded the
positions of all the atoms except two oxygen atoms, one
corresponding to the silicate groups and the other to the lattice
water. The atomic positions obtained from the E-map are
strikingly similar to those obtained above for the same

(22) Altamare, A.; Burla, M. C.; Cascarano, G.; Giacovazzo, C.;
Guagliardi, A.; Moliterni, A. G. G.; Polidori, G. J. Appl. Crystallogr.
1995, 28, 842.

(23) Altamare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.;
Burla, M. C.; Polidori, G.; Camalli, M. SIRPOW.92; Istituto di Ricerca
per lo Sviluppo di Metodologie, Cristallografiche CNR: Bari, Italy,
1992.

a Water oxygen atom. ° This site is partially filled with K* ions
and water oxygen with occupancies of about 0.2 and 0.8, respec-
tively.

Figure 1. Electron micrograph at 5000x magnification show-
ing the morphology of the hydrothermally grown crystals of
K;TiSiz0q°H,0.

structure. The relationship of the ab initio derived parameters
to those in Table 3 are !/, + x, y, z. For example, the Ti
parameters obtained by direct methods (unrefined) are —0.245,
0.293, and 0.206 which transform into 0.255, 0.707, and 0.206.
These values match those in Table 3 closely. The R factor for
these atoms was 20%. These positions were then transferred
to GSAS for full pattern refinement. The positions of two
missing oxygen atoms were located from difference Fourier
maps following initial refinement of the profile functions, cell
parameters, background functions, and zero point errors.
These results lend confidence that removal of almost half the
K™ leads to a symmetry change.

Results

Synthesis. The electron micrograph at 5000x mag-
nification, presented in Figure 1, shows the morphology
of the hydrothermally grown crystals of K;TiSizOg-H>0.
Elemental analysis of compound | gave 21.2% K, 12.7%
Ti, and 22.5% Si. Calculated for K>TiSizOg-H,0: 20.97%
K, 12.90% Ti, 22.58% Si. The potassium phase was
exchanged with protons by treatment with a 0.5 M CH3-
COOH solution. It was found that mineral acid treat-
ment results in a gradual decrease of the exchanger
crystallinity. Two titanium silicates partially converted
into the protonic form were prepared. For the first
partially exchanged sample, found: Ti, 13.3%; Si, 23.2%);
K, 13.5%. Calculated for K1,26H0_74Ti8i309'1.8 HzoZ Ti,
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Figure 2. Dissolution of titanium (O) in acid solution, and
silicon (M) in basic solution from K;TiSizOg:H,0.

13.36%; Si, 23.49%; K, 13.74%. For the second ex-
changer, compound I1Il, elemental analysis gave: Ti,
14.7%; Si, 25.8%; K, 3.6%. Calculated for KgsHi7-
TiSi30g:2.4H,0: Ti, 14.39%; Si, 25.31%; K, 3.52%.

Before carrying out the exchange of protons for K* to
produce the protonated phases, we examined the stabil-
ity of compound I in acid and base solutions. The results
are given in Figure 2. K;TiSizO9-H,0O was found to be
hydrolytically stable in alkaline media. No titanium was
detected in alkaline solutions and only a trace amount
of silicate release was found. No silicate release from
K,TiSiz0g°H,0 was found also in acid media. However,
K;TiSiz0g9-H,0 undergoes a substantial chemical de-
composition when it is contacted with HNOg3, which
results in titanium release into solution and a gradual
conversion of the crystals to an amorphous product.
Compound | loses 3% titanium in 0.1 M HNOg, about
15% titanium in 1 M HNO3 and about 25% titanium in
7 M HNOas. This indicates that K;TiSizOg9-H>0O cannot
be used in acid media with acid concentrations higher
than 0.01-0.05 M. However, using acetic acid to ex-
change protons into the lattice kept the pH high enough
to avoid dissolution of Ti. Since the acid concentration
was 0.5 M, the extent of exchange of H* for K* depended
upon the contact time at a constant pH of ~2.5.

Figure 3 contains the thermogravimetric weight loss
curves for the framework titanium silicate phases I and
I11. The total weight loss for the potassium phase Ks-
TiSi309'H,0 was 4.94% and the final product should
have the formula K;TiSizOg (fw = 354.4). Thus, the
formula weight initially was 372.8. On the assumption
that this increase in weight is due totally to water, the
original solid contained 1.0 mol of H,O as indicated. The
weight loss occurs in one step. It starts at 160 °C and
ends at 365 °C. We attribute this weight loss to zeolite-
type water. According to the X-ray diffraction data, K-
TiSi30g°H,0 undergoes a phase transition above 600 °C
with the formation of a crystalline phase K;,TiSi3Og,
referred to as wadeite, in which the linear chains have
cyclized to form rings.2* In the new phase the formerly
exchangeable cations are no longer mobile and perma-
nently fixed in the structure.

The protonic phase Il (Figure 3b) yielded a total
weight loss of 17.71% which corresponds to the weight
loss expected for the formula Kg3Hj 7TiSizOg:2.4H50.

(24) Bragg, L. The Crystalline State; Cornell University Press:
Ithaca, NY, 1965.
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Figure 3. TG curves of K;TiSi309H,0 (a) and Kg3H; 7 TiSizOg*
2H,0 (b).

The weight loss occurs in two steps in the temperature
range 40—390 °C. First, 2.4 mol of crystal water (13.3%)
and then 0.85 mol of structurally bound water (4.58%),
due to the condensation of hydroxyl functional groups,
are released. Under the conditions of the experiment it
was not possible to separate the steps although the
differential curve exhibits a broad shoulder on the low-
temperature side. The TGA curve for phase Il also
showed a one step weight loss of 9.2% corresponding to
1.88 mol of water.

Structures of K;TiSizOg-H,0O and the Partially
Protonated Phases. Positional and thermal param-
eters of | and the partially protonated phase Il are
presented in Tables 2 and 3, respectively, whereas the
bond lengths and angles are given in Table 4. Table 5
lists the potassium—oxygen interatomic distances in
both the titanium and zirconium analogues. The final
Rietveld refinement differences plots are shown in
Figures 4 and 5.

The trisilicate group, SizOg®~, forms linear chains that
run parallel to the c axis in | and the a axis in Il. In the
chain, Sil is connected to Si2 by O9 and Si2 is linked
to Si3 by O8 (Figure 6). Oxygen, O7 then links Si3 to
Sil and hence the polymeric chain extends infinitely in
the c direction. The Ti atoms are octahedrally coordi-
nated by the remaining oxygen atoms of the trisilicate
group and serve to link the silicate chains together into
the three-dimensional framework. In the ab plane
(Figure 7a) silicate groups share oxygens with Ti atoms
forming alternating octahedra and tetrahedra sharing
corners. This is best seen in Figure 8 in polyhedral
representation. This arrangement of polyhedra together
with the (Siz00)%~ polymeric chains form two types of
tunnels running parallel to the c axis in the orthorhomic
structure (parallel to the a direction in the monoclinic).
The larger tunnel has a 16-atom opening, 4 Ti, 4 Si, and
8 O. Each large tunnel is surrounded by four smaller
tunnels with 12-atom openings and they are in turn
surrounded by four larger tunnels. The tunnels are
connected to each other through 14-atom openings
illustrated in Figure 6. These openings lie approxi-
mately parallel to the ab diagonal perpendicular to the
ab plane.
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Table 4. Bond Lengths (A) and Angles (deg) for the Titanium Compounds I and 11

bond phase | phase 11 bond phase | phase 11
Ti1—01 2.042(6) 2.069(8) Til—02 1.970(6) 1.968(8)
Ti1—03 1.981(6) 1.862(7) Til—04 2.005(6) 1.974(8)
Til—05 1.980(6) 2.049(8) Ti1-06 2.013(6) 1.890(8)
Si1-02 1.566(7) 1.602(8) Si1-05 1.589(7) 1.651(7)
Si1—-07 1.620(7) 1.598(7) Si1—-09 1.607(6) 1.614(7)
Si2—01 1.650(7) 1.638(8) Si2—03 1.572(6) 1.569(7)
Si2—08 1.589(7) 1.646(7) Si2—09 1.634(7) 1.640(8)
Si3—04 1.553(7) 1.631(7) Si3—06 1.557(8) 1.613(8)
Si3—07 1.640(6) 1.629(7) Si3—08 1.676(7) 1.638(7)
01-Ti1—-02 91.0(3) 88.0(4) 01-Til-03 173.2(4) 170.2(4)
01-Til—04 87.7(3) 87.3(4) 01-Til-05 90.7(3) 85.1(3)
01-Til—-06 92.0(3) 91.9(4) 02-Til-03 93.1(3) 93.6(4)
02-Til—04 176.7(4) 175.2(4) 02-Til-05 92.2(3) 88.4(4)
02-Til—06 89.2(3) 93.3(4) 03-Til—04 88.5(3) 90.8(4)
03-Til-05 83.7(3) 85.3(4) 03-Til—-06 93.5(3) 97.6(4)
04-Til—-05 90.8(4) 90.1(5) 04-Til—06 87.9(3) 88.0(4)
05-Ti1—06 176.9(4) 176.5(4)
02-Si1-05 112.8(5) 112.2(6) 02-Si1-07 111.5(5) 111.5(6)
02-Si1-09 108.3(5) 108.3(5) 05-Si1-07 107.5(5) 108.3(5)
05-Si1-09 109.9(5) 108.0(6) 07-Si1-09 106.7(5) 108.5(5)
01-Si2—-03 111.8(5) 114.3(6) 01-Si2—08 107.4(5) 108.0(5)
01-Si2—09 108.7(4) 105.7(5) 03-Si2—08 112.0(5) 110.9(5)
03-Si2—09 108.7(5) 111.2(5) 08-Si2—09 108.2(5) 106.3(6)
04-Si3—06 108.9(6) 109.8(5) 04-Si3—-07 112.6(5) 111.2(6)
04-Si3—-08 108.5(5) 108.9(5) 06-Si3—07 108.6(5) 108.3(5)
06-Si3—08 113.1(5) 112.2(6) 07-Si3—08 105.1(5) 106.4(5)
Si1—09-Si2 129.1(6) 131.1(6) Si2—08-Si3 126.6(5) 128.8(5
Si3—07-Si1 132.1(6) 133.7(6)

Table 5. A Comparison of K* lon Environments in Zr and
Ti Trisilicate Compounds

bond K2ZrSiz0g-H20 K;TiSiz09°H,0 difference
K1-01 3.21(2) 3.17(2) 0.04
K1-03 3.14(1) 2.95(1) 0.19
K1-04 2.93(1) 2.82(1) 0.10
K1-05 2.96(1) 2.81(1) 0.15
K1-06 2.87(1) 2.80(1) 0.07
K1-07 3.39(1) 3.22(1) 0.17
K1-010 2.58(1) 2.61(1) -0.03
K2—-02 2.90(2) 2.92(1) -0.02
K2-03 3.33(1) 3.22(1) 0.11
K2—-04 2.99(1) 2.94(1) 0.05
K2—-06 2.84(1) 2.75(1) 0.09
K2-07 3.09(2) 3.04(1) 0.05
K2-08 2.95(1) 2.91(1) 0.04
K2—-09 3.08(1) 2.95(1) 0.13
K2—-09B 3.30(2) 3.18(1) 0.12
K2-010 2.91(1) 2.85(1) 0.06

The K* ion, K1, and water oxygen, 010, are located
in the large pore. Potassium ion, K1, is surrounded by
five oxygens (O3A, O4A, O5A, 06, and O10C) and the
corresponding K—O bond distances are in the range
2.6—3.2 A (Figure 9). This potassium also has four
relatively longer contacts, one with the symmetry
related O4 atom (3.38 A), 01(3.17 A), 07D (3.22 A), and
OS8E (3.39 A). The K* ion, K2, occupies the cavities
within the small channels. K2 is close to six oxygen
atoms where the K—O distances are in the range 2.75—
2.95 A (Table 5) and three, O7E, O9B, O3, are at
distances greater than 3 A (Figure 9).

The structure of compound Il is similar to that of
compound I in terms of the metal silicate network. This
is illustrated in Figure 7a where the view is looking
down the tunnels (ab plane for compound I and bc plane
for compound I1). The two types of tunnels are clearly
shown in both representations but the monoclinic
structure is shifted 1/, along the horizontal axis (bp, or
a,). Mild acid treatment of compound | exchanged about
80% of the potassium ions in the larger tunnel, corre-
sponding to the K1 site, for protons. In compound 11,

this exchange site is denoted by O11 (Table 3). By
analogy with compound I, this site should then have
0.26 occupancy for K* ions and 0.74 for water oxygens.
It is highly probable that the charge balancing protons
(0.8) are present combined with the water molecule as
0O11H30" (see NMR and IR sections). Both this ion/
water site and the water oxygen position (0O10) are
shifted by about 1 A relative to their positions in
compound I. The remaining potassium ions, K2, are in
the small tunnels.

The X-ray diffraction powder pattern of KgsHi7-
TiSi30g:2.4H,0 (111) is shown in Figure 10A. We note
that many new reflections are present and the intensi-
ties are much lower than those of the parent phase,
compound I, and the peak shapes are distorted. This
latter feature kept us from being able to properly
decompose the pattern for a Rietveld-type structure
solution and refinement. In addition the pattern does
not correspond to a mixture containing either phase |
or Il. However, by exchange with KCI + KOH to the
point where the composition is close to K;TiSizOg-H,0
(pH = 10) the X-ray pattern (Figure 10A) reverts to that
of the starting phase | (Figure 10B). The peak shapes
are once again regular, the background has decreased,
and the intensities increased substantially over those
of the highly protonated phase. Thus, the framework
remains in tact as the K+ is replaced by protons whether
the X-ray pattern is that of a single phase or a mixture
of phases.

NMR Spectra. ?°Si MAS NMR spectra with H
decoupling are shown in Figure 10. According to these
spectra, K;TiSizOgq-H20, which originally appeared to
have a single resonance, on scale expansion actually
exhibits three resonances at —85.1, —85.4, and —86.6
ppm (spectrum a in Figure 11). K; 26Hp 74TiSiz09°1.6H,0
contains two types of silicon atoms with almost similar
environments, but the expanded scale spectrum (Figure
11b) indicates a shoulder on the high-field side indica-
tive of a third resonance. The position of the 2°Si NMR
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Figure 4. Observed (+) and calculated (—) profiles for the Rietveld refinement for compound I. The bottom curve is the difference
plot on the same intensity scale and the tick marks indicate the positions of calculated reflections.
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Figure 5. Rietveld difference plot for compound I1.

peaks for KzTiSie,Og'HzO are shifted in K1,26Ho_74TiSi309'
1.8H,0 to stronger field with two peaks at —87.1 ppm
and —89.3 and a shoulder at —90.5 ppm. By analogy
with zeolites?® and ETS-10,2627 these peaks could be
assigned to silicon coordinated with two silicon and two
titanium atoms (2 Si, 2 Ti) with the Si in slightly
different environments. In fact reference to Figure 6
shows that this is the case. The upfield shift of about 4
ppm (from —85.4 to —90.0 ppm) of the 2°Si NMR signal,
as the K;TiSi30g-H,0 sample is converted to about 35—
40% into the proton form, indicates that the hydroxyl

(25) Lippmaa, E.; Magi, M.; Samoson, A.; Engelhard, G.; Grimmer,
A.-R. J. Am. Chem. Soc. 1980, 102, 4889.

(26) Anderson, M. W.; Terasaki, O.; Ohsuna, T.; Phillippou, A,;
Mackay, S. P.; Ferreira, A.; Rochca, J.; Lidin, S. Nature 1994, 367,
347.

(27) Das, T. K.; Chandwadkar, A. J.; Budhkar, A. P.; Sivasanker,
S. Microporous Mater. 1996, 5, 401.

X10E 1

functional groups in the exchanger belong rather to
silicon than to titanium atoms.®

The 2°Si MAS NMR spectrum of KgzH;;TiSizOg
2.4H,0 (Figure 11c) is much more complex. It has eight
NMR signals at —86.2, —89.6, —92.4, —94.7, —97.3,
—98.7, —100.1, and —108.5 ppm. Such a diversity could
be a result of the disordering of the titanium silicate
lattice, creating different coordination states for the
silicon and the positioning of the protons on the lattice
creating a hydrogen bonding network. In addition two
of the peaks appear to be doublets. The effect of this
H* positioning was probed by cross-polarization NMR
(Figure 11d—f). Almost no change was observed in the
spectrum for Il but two of the peaks at —89.6 and —92.4
ppm were eliminated from the spectrum for compound
Il and the peaks are not split. Additional work is in
progress to clarify this behavior.
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Figure 6. A portion of the structure of compound | showing
atom labeling and metal coordination. The view is approxi-
mately along the [110] direction and the c axis is horizontal.
This view clearly shows the 14-membered rings connecting the
small and large channels. If the ¢ axis is turned in the vertical
direction the atoms are approximately centered along the ab
diagonal in the orthorhombic cell.

b (b)

Figure 7. Ball and stick representation of compound I,
orthorhombic (a) and compound 11, monoclinic (b) as viewed
down the c axis. A shift of I by ¥/, along the a axis very nearly
reproduces structure b. The larger atoms within the tunnels
are K* and the smaller atoms reprsent water molecules.

IR Spectra. The infrared spectra of the framework
potassium titanium silicate, K;TiSizOgq-H,0, and its
proton form, Ko 3H31 7 TiSi30g:2.4H,0, both air-dried, are
presented in Figure 12 and their band positions are
listed in Table 6. The spectrum Ko 3H; 7TiSi30g:2.4H,0
(curve b) contains a complex hydroxyl stretching band
and the bending vibration. At least five components of
the band are recognizable and indicate the presence of
free water (3570, 3530, 3384, and 1640 cm?) and H3O*
(3250—3100 cm™1). In addition, the presence of SiO—H
hydroxyl stretching bands may also be present. The
potassium phase spectrum (a) distinctly shows the

Bortun et al.

Figure 8. A polyhedral representation of the structure of
compound | as viewed down the ¢ axis showing the ions and
water molecules in the channel. Solid lines in octahedra depict
Ti polyhedra and stippled groups represent silicon tetrahedra.
K1 and K2 ions are shown by lined circles and water molecules
by open circles in the large and small cavities.

Figure 9. A ball-and-stick representation of the potassium
ion coordination in compound I. K1 is in the larger tunnel and
K2 in smaller one. The very long interatomic distances (greater
than 3.0 A) are 01, O7D, 04, O8E to K1 and O7E, 09B, and
03 to K2.

presence of the crystal water (3270, 3110, and 1635
cm™1). The bands at 1103, 1026, 952, and 893 cm~1 for
K5TiSiz0q-H»0, and at 1124, 1077, 1001, and 920 cm—!
for Ko3Hj17TiSiz0g:2.4H,0, are most likely the SiO4
asymmetric and symmetric vibrations.282° The differ-
ence in the position of the bands observed for titanium
silicate in potassium and protonic forms supports the
point that the hydroxyl functional groups are coordi-
nated with silicon atoms.

lon Exchange Behavior. The replacement of potas-
sium ion by protons in K;TiSizOg-H,0 is essentially an
ion exchange reaction. According to the chemical for-
mula of the proton phase, Ko3H;7TiSiz0g:2.4H,0, the

(28) Lasarev, A. N. Vibrational Spectra and Structure of Silicates
(English Translation); Consultants Bureau: New York, 1972.

(29) Boccuti, M. R.; Rao, K. M.; Zecchina, A.; Leofanti, G.; Petrini,
G. Stud. Surf. Sci. Catal. 1990, 48, 133.
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Figure 10. X-ray powder pattern of Ko3sH; 7TiSi3Og:2H,0 (A)
and the same compound treated with KCI + KOH to exchange
K* for H* (B). Pattern B resembles that for K,TiSizOg¢-H,O
(Figure 4). Note the much higher intensities in pattern B.

calculated ion exchange capacity is 5.11 mequiv/g,
assuming that only the protons exchange. The results
of potentiometric titrations carried out with MCI-MOH
solutions (M = alkali metal) by static equilibrations are
shown in Figure 13a. Each ion exhibits a different
shaped curve. About 0.75 mequiv/g of Cs* is taken up
at a pH of 3.0 and the equilibrium uptake increases as
a function of pH to reach a maximum of 2.0 mequiv/g
at pH 12. Lithium and sodium ion exchange are similar
but differ from that for cesium. Li" and Na' uptake
starts at a pH about 3.0—3.5 and their exchange
increases gradually with pH increase, reaching a maxi-
mum value of 4.3—4.5 mequiv/g at pH 9.5—-10.0. Potas-
sium is the most preferred ion over the pH range 3—12.
Its uptake starts at a pH of higher than 2 and increases
to 1.3 mequiv/g with increase of the pH to 4. The uptake
increases slowly with further increase of pH to 6,
whereupon a large increase in uptake occurs at a
relatively small pH change. Further exchange takes
place in alkaline solution reaching the theoretically
possible value of the ion exchange capacity (IEC), 5.3
mequiv/g at pH 9.

Titration curves for alkaline earth cations are shown
in Figure 13b. These data show extremely low divalent
metals uptake in comparison with alkali metals. Alka-
line earth metal cation exchange starts at a pH between
4 and 5. Their uptake is only 0.4—0.7 mequiv/g in the
pH range 7—9 independent of the cation used. Maxi-
mum IEC values of 1.5—1.8 mequiv/g were found at pH
12.0, where the precipitation of alkali metals in the form
of insoluble carbonates and hydroxides is to be expected.

Taking into consideration the framework structure of
K;TiSiz0ge-H,0 and its proton form and the size of the
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Figure 11. The #°Si MAS NMR spectra, *H decoupled, of K»-
TiSi30g'Hzo (a), K1_26H0_74Tisi309'2.4H20 (b), Ko_3H1_7TiSi309‘
2H,0 (c), and cross-polarized spectra of these compounds in
d, e, and f.
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Figure 12. The IR spectra of K;TiSiz0¢°H20 (a) and Ko 3H1.7-
TiSi309°2.4H20 (b).
Table 6. Positions of Peaks (cm™) in IR Spectra of the
Framework Titanium Silicates

K2TiSi30g:H20 Ko.3H1.7TiSiz09:2H,0

3270 3570
3110 3531
1635 3384
1103 3250
1026 3100
952 1640
893 1124
752 1077
711 1001
626 920
575 678
547 596
487 530
461 411

openings to the channels, the experimental data for
divalent cations can be explained by a blocking of
channel entrances leading to the inner parts of ex-
changer assuming exchange occurs with the fully hy-
drated cations and that phase 1ll retains the same
channel system as phases | and Il. As evidence for this
point, we cite the data on some transition metal ions
uptake by phase I11. Some ion exchange isotherms are
presented in Figure 13. The exchange of Co?" (pH 5.4—
5.8) is relatively low (0.5 mequiv/g from 0.1 M solution)

Uptake, meqg/g

2 4 6 8 10 12
pH

Bortun et al.

Table 7. Cesium and Strontium Uptake by Framework
Titanium Trisilicates from Groundwater Simulant

Kd4Cs KgSr

sorbent (mL/g) (mL/g)
K>TiSiz0g-H20 280 10
K126H074T|S|30g'2H20 14 900 100
Ko.3H1.7TiSiz0g:2H,0 >200 000 280

and does not exceed the IEC values for alkaline earth
metals (Figure 13b). No Cr3*(pH 3.8—2.6) or Ni2"(pH
6.0—6.3) uptake was obtained. These unhydrated tran-
sition metal ions have small ionic radii and should
exchange if unhydrated. However, it is likely that the
exchange reaction does not generate sufficient energy
to overcome the hydration energy of the cations. The
only exception is copper uptake (IEC 2.7 mequiv/g). This
uptake could result from a partial precipitation of copper
in the form of Cu(OH), (pH 4.3—5.6).

The extremely high affinity of Ko 3H1 7TiSizOg:2.4H,0
for monovalent cations and the lack of affinity for
hydrated di- and trivalent metals could be used for
analytical purposes, particularly for the separation of
these elements. As an example we obtained data on the
purification of 1 M SrCl; solution from potassium (17
ppm). The amount of K* ion in solution was two times
greater than the permissible level for SrCl, of analytical
grade. A total of 1 g of Ko 3H17TiSizO9-2.4H,0 decreased
the amount of potassium in 100 mL of solution to 0.9
ppm, which gives a purification factor of 20 and KgK =
1600 mL/g.

On the basis of this preference for alkali cations we
tested the titanium trisilicate (in potassium and potas-
sium—hydrogen forms) for cesium removal from a
groundwater simulant containing 100 mg/L Ca?", 10
mg/L Mg?*, 15 mg/L Na*, 5.5—6.9 mg/L Cs*, and 4.6—
4.8 mg/L Sr2* (Table 7). The ion exchange capacity of
Ko.3H1.7TiSiz0q+4H,0 for cesium was determined in the
same groundwater, but containing a higher initial
concentration of cesium (26.6 ppm). A cesium adsorption
isotherm is presented in Figure 15 plotted as cesium
uptake versus the equilibrium concentration of cesium
in solution. Analysis of the data given in Table 7 shows
that the potassium titanium silicate practically does not
exchange cesium, nor strontium from groundwater.
Conversion of the exchanger into the protonic form
results in a drastic increase of the exchanger selectivity
for cesium. The greater the degree of proton substitution
the greater the selectivity, reaching a maximum Ky
value of >200 000 for Ko 3H17TiSizOg:2.4H,0. It is worth

4 6 8 10 12
pH

<

Figure 13. (a) Potentiometric titration of Kq3H17TiSisOge-2H,0 with LiOH (®), NaOH (a), KOH (O), and CsOH (a); and (b)
potentiometric titration of Ko3H;7TiSiz0g:2.4H,0 with Ca(OH); (O), Sr(OH); (a), and Ba(OH), (a).
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Figure 14. Transition metal ions sorption by Ko 3H; 7TiSizOg-
2.4H,0: Cu?" (@) and Co?* (O).
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Figure 15. Cesium uptake from groundwater simulant by
Ko3H17TiSiz09:2.4H,0 plotted as Cs* remaining in solution
at equilibrium as a function of cesium ion in the solid (simulant
contains 26.6 ppm of Cs*).

Table 8. K4 Values (in mL/g) of Cesium Exchange by
Titanium Trisilicate Phases (Cst =1 x 1073 M; Vim =

200:1;t=4d)
1M 2M 5M
NaNO3 + NaNO3z; + NaNOj3;+
0.01 M 1M 1M 1M
sorbent H,0O NaOH NaOH NaOH NaOH
KosH1 7Ti- 40 000 40 12 3 5
Si309:2H,0
KTiSiz0g'H,0 20 3 1 1 1

noting that the cesium capacity for this exchanger is
about 70—75 mg/g (or about 25% of the uptake shown
for Cs* in Figure 13a) which together with its high
selectivity makes it suitable for use in removal of Cs*
from groundwaters.

Because nuclear waste solutions usually contain large
amounts of sodium ions, Cs*t adsorption by the frame-
work titanium silicate was also studied in the presence
of sodium under a variety of conditions. The distribution
coefficient (Ky) values characterizing the selectivity of
exchangers for cesium are presented in Table 8. It is
seen that K,TiSizOg¢-H>0 does not exchange Cs* in any
of the tested solutions. However, Kq3H1 7TiSi30g:2.4H50
exhibits moderately high preference for cesium in
individual Cs* ion containing solutions, but the Ky
values drop drastically in the presence of a large excess
of sodium ions. This indicates that this framework
titanium trisilicate does not possess a high enough
affinity for cesium, as that required for treatment of
highly alkaline nuclear waste.

Chem. Mater., Vol. 12, No. 2, 2000 303
Discussion

We had earlier determined the structure of KyZr-
(Si30g)'H,01¢ and indicated that the corresponding
titanium compound is isostructural. In the interim two
X-ray studies in the titanium system were carried out.
The one by Dadachov and Le Bail'” utilized X-ray
powder data in the range of 10—110° (CoKa) and yielded
an orthorhombic unit cell a = 7.1362 (2), b = 9.9084(3),
c=12.9414 (4) A, space group P2:2;2;. Comparison with
the unit cell dimensions in Table 1 indicates agreement
to within 0.03%. A single-crystal study was carried out
with the mixed-cation phase Na; 7Ks 3Ti4(Siz0g)4:4H20.
This mixed-cation phase resulted from the hydrothermal
preparation because NaOH was utilized as the base and
KF was added as a solubilizing agent. The phase is
monoclinic, P2;/c, a = 6.3916 (8), b = 11.4386 (9), ¢ =
12.7951 (A), B = 104.366 (9)°, Z = 4. Our monoclinic
phase (Table 1) has significantly different unit cell
dimensions and a smaller  angle but the volume (936.6
A3) is larger by 3.35% than that of the mixed Na, K
phase 906.2(2) A3. This difference may indicate that the
bulk of the protons are present as hydronium ions. This
supposition arises from our study of six zirconium
trisilicate phases.'® In general the larger the ions inside
the cavities the greater the unit cell volume. For
example, the volume of K»ZrSizOg-H,0 is 987.0 A3, the
volumes of the phases in which 1.1 and 1.5 mol of Cs™
have replaced a corresponding amount of K™ are 1041.9
and 1052.8 A, respectively. This ability to change the
volume to accommodate ions of different size indicates
a certain flexibility to the trisilicate framework. Frame-
work flexibility may also allow the change in symmetry
from orthorhombic to monoclinic. Compound |1 crystal-
lized in space group P2i/c which is not a subgroup of
P2,2,21, the space group for the potassium phase of both
the Ti and Zr compounds. However, these latter two
phases exhibit psuedo-symmetry as revealed by calcula-
tion with program MISSYM.3° Most of the atoms in the
P2,2,2; space group fit to an inversion center at 0.25,
0, 0.007. The only atoms that do not adhere to this
symmetry are the framework oxygens 08 and 09, the
water molecule 010 and the K* ions. Thus, by small
shifts in a few atoms a centrosymmetric structure can
be achieved. It is interesting to note that there is not a
direct correspondence of equivalent positions in P212,2;
and P2,/c. However, the equivalent positions of all three
Si atoms in the two space groups duplicate each other.
For example, two equivalent positions from S1 and two
from Si3 in P21/c duplicate the four equivalent positions
of Sil in the orthorhombic space group and so forth. The
same is true for the oxygens.

The zirconium and titanium trisilicates are isostruc-
tural and contain two types of tunnels that run parallel
to the ¢ axis direction (orthorhombic cell). The larger
tunnels are circumscribed by 16 Ti—O—Si atoms (eight-
membered ring in zeolite notation) and are surrounded
by four of the smaller tunnels with six-membered ring
openings. The two sets of tunnels are connected by
seven-membered rings disposed perpendicularly to the
direction of the tunnels. Half the potassium atoms are
located in the larger channel and designated as K1 (or

(30) Farrugia, L. J. MISSYM algorithm in program WinGX; Uni-
versity of Glasgow: Glasgow, U.K., 1998.



304 Chem. Mater., Vol. 12, No. 2, 2000

M1 in general), and the remainder reside in the smaller
channel near the seven-membered connecting ring and
are designated as K2(M2).

A comparison of K—O bond lengths in the Zr and Ti
trisilicate compounds is given in Table 5. Except for K1—
010 and K2—02, all other K—0O interatomic distances
are longer in the Zr compound than in the Ti com-
pounds. The difference varies between 0.04 and 0.19 A
The average difference in K—O distances is 0.12 A for
potassium ion, K1, while it is 0.08 A for K2. Most of the
distances in the Ti compound are within the range for
reasonable K—O bond lengths (r+ roz- = 2.76 A) while
in the Zr compound they are on the upper limit for good
K—O bonds. It could be for this reason that the Ti
compound prefers the K* ions in the channels and
therefore they are difficult to exchange for Cs* ions. On
the other hand, due to the enlarged cavity size, the
potassium ions could be easily exchanged for Cs* ions
in the zirconium compound. It may be noted that many
of the K—O interatomic lengths observed for the Zr
compounds are closer to reasonable Cs—O bond lengths
than in the Ti compound. This bond length correspon-
dence may account for the high cesium ion selectivity
in the Zr compound. The Ti compound, on the other
hand, shows very little selectivity for Cs™ as only about
10% of the total H* of H3O™" ions could be exchanged
for Cs* ions without the use of base (Figure 15).

Our earlier study® on exchange of Cs* for KT in K;-
ZrSiz0g¢-H,0 showed that complete exchange of Cs™ for
K™ is possible. At a composition level of Ko gCs; 1ZrSizOg-
2H,0 the bulk of the Cs™ is located in the narrower
tunnels (M2 site) with most of the K* in the larger
tunnels. With additional exchange to a cation composi-
tion of Ky5Cs1 5 all the M2 sites contain Cs*. However,
Cs* is too large to fit through the six-membered ring
openings into the smaller tunnels where the M2 sites
are located. Therefore, the cesium ion must enter the
larger tunnels and diffuse into the smaller ones. In the
process, the unit cell volume increases from 987 A3 for
the potassium phase to 1053 A for the K 5Cs1.5ZrSizOg*
H>0 phase. The unit cell volumes of the titanium phases
I and Il are considerably smaller than those of the
zirconium phases. Thus, we surmise that Cs* can only
enter the larger tunnels and cannot diffuse to the M2
site because of the smallness of the volume available.
As a result much less Cs* is exchanged by the proto-
nated titanium trisilicate.

We have also prepared a series of mixed titanium—
zirconium trisilicate phases.3! A solid solution series was
prepared with Zr contents of 25, 50, 63, 75, and 88%
Zr. Determination of the corrected selectivity coef-
ficients, K, for Cs™ exchange showed a continuous
increase in K from the pure Ti phase to the pure Zr
phase. This increase is attributed to the corresponding
increase in the channel widths as the larger Zr replaces
Ti.

With this structural background, we are now in a
position to describe the observed ion exchange behavior
and selectivities. According to Eisenman®233 the ex-
change process can be broken down into an electrostatic
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free energy and a hydration free energy. The former
effect is equivalent to bringing a gaseous ion from
infinity to its position within the tunnel. At the same
time, protons are brought from their position within the
tunnel to infinity. On the assumption that the ions are
unhydrated within the tunnels the hydration effect is
just the difference in free energy of the two exchanging
ions. In the strong field case, where a high negative
charge is concentrated in a few lattice oxygens, Li*
would be the most preferred of the alkali metal ions
because it would form a strong bond with the highly
charged oxygen and it has the highest hydration free
energy of the group 1 cations or lowest value of (AG °y+
— AG °Lj) hydration. In the weak field case Cs* would
be expected to be the most preferred ion. The titanium
trisilicate is decidedly a weak field exchanger as each
oxygen has a negative charge of 2/ e~. However, Cs* is
too large to occupy all the exchange sites in the Ti phase,
compound I, as shown by its low uptake of 2 mequiv/g.
However, for those initial sites the selectivity against
protonic forms is high as attested to by the large Ky
values in Tables 7 and 8. We also observe that the Kq
values for cesium exchange for K* in K;TiSi3Oq-H,0 are
low. Potassium ions are small enough to occupy all the
exchange sites and to form strong bonds with the
framework oxygens. Furthermore, the difference in
hydration energies between Cs* and K* is only 12.9
kcal/mol.3* This is more than compensated by the
favorable bonding situation for K*. Another factor to
consider is that the unit cell volume would have to
expand to accommodate Cs™. Therefore, in the titanium
trisilicate all the factors favor K* selectivity over that
of cesium ion.

In the case of alkaline earth cations there is a very
sizable increase in the free energies of hydration, in fact
more than four times larger than those of the alkali
cations.®* An even larger increase characterizes the first-
row transition elements.3®> These increases in AG® of
hydration are sufficient to lower the affinity toward
these ions drastically. The exclusion of highly hydrated
ions is a form of ion sieving. If the bond-breaking bond-
making reaction does not supply sufficient energy to
effect dehydration of the incoming ion, then it remains
too large to diffuse into the solid exchanger.

It is interesting to note that the mineral umbite3% has
the composition Ky(ZrogTio2)SizOg-H>0 and is probably
isostructural to the compounds described here since it
is orthorhombic, space group P2:2:2; and has similar
unit cell dimensions as the potassium zirconium trisili-
cate. Lin et al.3” concluded that umbite and K;TiSizOg-
H>0 were isostructural from the correspondence of their
X-ray powder patterns. A mineral analogue of Ks-
ZrSi30q-H0 is also known.38
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