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Abstract : The crystal structure of Tly-Y (TlySiziAlyOss), a=24.706(3) A, dehydrated at 653 K and 8x107°
torr, has been determined by single-crystal X-ray diffraction techniques in the cubic space group Fd3m at 294(1)

K. The structure was refined using all intensities to the final error indices (using only the 302 reflection for
which F,>40(F,)) R =0.0602 (based on F) and R, =0.1744 (based on F3). The 71 TI" ions per unit cell
are found at four crystallographically distinct positions. Site 1' position in the sodalite cavity opposite D6Rs

are each occupied by eighteen TI' ions per unit cell; these T1™ ions are recessed ca. 1.45 A into the sodalite
cavity from their O(3) plane (TI-O =2.701(15), 3.163(16) A and O-TI-O =92.1(4)°). The 23 TI" ions fill site
II in the supercage; these TI* ions are recessed ca. 1.58 A into the supercage from their O(2) plane (TI-
0=2.850(16), 3.156(16) A and O-TI-O=285.1(5)°). The 19 TI ions lie at site IIl' in the supercage near a
triple 4-ring (TI-O=3.10(7), 3.39(5) A and O-TI-0=47.8(9), 95.3(18)°) and the remaining 11 ions occupy
another site 1II' near a triple 4-ring in the supercage (TI-O=2.81(4), 2.71(4) A and O-TI-O=57.3(8)).
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1. Introduction

Although zeolites X and Y have the same framework
structure (FAU), their chemical properties are quite
different because of their differing S/Al ratio.! Both are
synthetic analogues of the naturally occurring mineral
faujasite. The framework structure of the faujasite is
characterized by the double 6-ring (D6R, hexagonal prism).
The polyhedron with fourteen vertices known as the
sodalite cavity (B-cage) is the principal building block of
the aluminosilicate framework of the zeolite. These
sodalite cavities are connected tetrahedrally at 6-rings by

% Corresponding author
Phone : +82+0)54-820-5454 Fax : +82+(0)54-822-5452

E-mail: wtlim@andong.ac.kr

bridging oxygens to give D6Rs (hexagonal prisms) and
concomitantly, an interconnected set of even larger cavities
(supercages) accessible in three dimensions through 12-
ring (24-membered) windows. These three cavities all lie
on 3-fold axes (see Fig. 1). The Si and Al atoms occupy
the vertices of polyhedra. The oxygen atoms lie
approximately half-way between each pair of Si and Al
atoms, but are displaced away from those points to give
the near tetrahedral angles about Si and Al?

The exchangeable cations, which balance the negative
charge of the aluminosilicate framework, predominantly
occupy the sites I, I', 1L, II', I1], and 11I" in favjasite as shown
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Fig. 1. Stylized drawing of the framework structure of
zeolite Y. Near the center of the each line segment
is an oxygen atom. The different oxygen atoms are
indicated by the numbers 1 to 4. Silicon and aluminum
atoms alternate at the tetrahedral intersections, with
the exception that Si substitutes for Al at about 20%
of the Al positions. Extraframework cation positions
are labeled with Roman numerals.

in the Fig. 1. The nomenclature is as follows: site 1 is at
the center of a D6R, site I' is in the sodalite cavity just
on the other side of a D6R from site I, site Il is on or
on the supercage side of the single 6-ring (S6R) face of
the sodalite cavity; site IT' is in the sodalite unit opposite
on S6R, site Il is opposite the center of a triple 4-ring
inside the supercage; and site III' at the opposite side of
off center of the 4-ring ladder inside the supercage. Each
unit cell has 8 sodalite units, 8 supercages, 16 D6Rs, 16
12-rings, and 32 S6Rs. The maximum occupancies at the
cation sites I, I', II, II', III, and III' in faujasite are 16, 32,
32, 32, 48, and 96, respectively.

The zeolites X and Y are distinguished on the basis of
chemical composition, details of structure smaller than
topology, and their related physical and chemical properties.
Differences are found in the cation composition and
distribution, the Si/Al ratio and possible Si-Al ordering in
tetrahedral sites.! Numerous investigations of the positions
of the exchangeable cations in zeolites A and X (SV/
Al = 1) have been conducted by single-crystal X-ray
diffraction due to their importance in adsorption and

catalysis >*
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Several TI"-exchanged faujasite-type zeolites have been
studied for the structural investigation. Kim et al.®
investigated a dehydrated TI"-exchanged zeolite X (Si/Al
=1.01) by single-crystal X-ray diffraction. Their single-
crystal X-ray diffraction analysis of fully TI*-exchanged
zeolite X showed that the ninety-two T1* ions were located
at four different crystallographic sites. Seff ez al." prepared
dehydrated fully Ti*-exchanged zeolite X using flowing
aqueous 0.1 M TINO; at room temperature.!! Their
structure of a single crystal of fully dehydrated TI*-
exchanged zeolite X was determined by X-ray diffraction
methods in the cubic space group Fd3. They showed that
the 74(4) and 83(1) of the 92 Na* ions per unit cell was
replaced by TI* for two single crystals.

Zeolite Y was first synthesized in its sodium form in
1964 by Union Carbide.! Intended for use as an adsorbent,
zeolite Y eventually found use as the heterogeneous
catalyst for the Fluidized Catalytic Cracking (FCC) of
hydrocarbons. The chemical composition of zeolite Y can
vary according to the silicon and aluminum content from
a Si/Al ratio=1.5 to 3.0." Zeolite Y has a wide range of
industrial applications due primarily to its excellent
structural stability and its large and accessible pore volume.
In addition to this pore volume, the adsorptive properties
of zeolites depend heavily on the size (charge density) and
distribution of the cations in the lattice.’

This work was initiated to determine the cation positions
of the TI" ions in dehydrated zeolite Y prepared by David
Vaughan.'” It was also done to investigate the bonding
characteristics between the framework and cations and to
reinvestigate the space group in the crystal structure of the
dehydrated Tl;;Si1Al;1Osgy (SVAI ratio=1.69). It was
hoped that something more could be leamed about the Si/
Al ordering within this crystal.

2. Experimental Section

2.1. Synthesis of TI"-exchanged zeolte Y

Large colorless single crystals of sodium zeolite Y,
stoichiometry Nay;Sij2jAly;Oses, were prepared by David
Vaughan.'? One of these, a colorless octahedron about 0.15
mm in cross-section was lodged in a fine Pyrex capillary.

Crystals of hydrated Tl;-Y (or TI-Y) were prepared by
the dynamic (flow) ion-exchange of Na;-Y with 0.1 M
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aqueous thallous acetate (pH = 6.4, Aldrich Chemical Co.,
99.99%).'%115 The solution was allowed to flow past the
crystal at a velocity of approximately 1.5 cm/s for 4 days
at 294 K. The clear, colorless, hydrated TI*-exchanged Y
was dehydrated at 653 K and 8x107 torr for 2 days. While
these conditions were maintained, the hot contiguous
downstream lengths of the vacuum system, including a
sequential U-tube of zeolite SA beads fully activated in
situ, were cooled to ambient temperature to prevent the
movement of water molecules from more distant parts of
the vacuum system to the crystal. Still under vacuum in
its capillary, the crystal was then allowed to cool and was
sealed in its capillary and removed from the vacuum line
by torch. Microscopic examination showed that the crystal
had become light red-brown.

The structure of the resultant crystal was determined by
single-crystal X-ray diffraction techniques at 294(1) K. It
was attached to the tip of a glass rod, transferred to a
Bruker SMART diffractometer with a CCD area detector,
and centered. The crystal evaluation and data collection
were done using Mo Ka radiation employing 2-kw sealed-
tube X-ray source operating at 1.5 kw and a detector-to-
crystal distance of 4.8 cm.

Preliminary cell constants and an orientation matrix
were determined from three series of scans at different
starting angles. Each series consisted of 20 frames
collected at intervals of 0.3° scan with an exposure time
of 10 seconds per frame. The reflections were successfully
indexed by the automated indexing routine of the SMART
program. A total of 8,837 reflections were harvested by
collecting four sets of frames with 0.3° scans with an
exposure time of 10 seconds per frame. The highly
redundant data sets were corrected for Lorentz and
polarization effects, and a correction for crystal decay was
also applied. The absorption correction was judged to be
negligible for this crystal and was not applied. The space
group Fd3m was determined by the program SAINT-
plus.'® A summary of the experimental and crystallographic
data is presented in Table 1.

2.2. Structure determination
Full-matrix least-squares refinement (SHELXL97)'” was

done on F.? using all data. Refinement was initiated with
the atomic parameters of the framework atoms [(Si, Al),

Table 1. Experimental conditions and crystallographic data

Crystal cross section (mm) 0.15

Ion exchange T (K) 294

Ion exchange for TI" (days, mL) 4, 12.0

Data collection T (K) 294(1)

Scan technique M-scan

Radiation (Mo Ky) Ay 0.70930
Az 0.71359

Unit cell constant, a (A) 24.706(3)

20 range in data collection (deg) 2.82 <20 < 56.6
No. of unique reflections, m 978
No. of reflections with F, > 46(F,) 302
No. of variables, s 47
Data / parameter ratio, m /s 20.8
Weighting parameters, a/b 0.110/853.7
Final error indices
Ri/Ry (Fo > 4G (Fp))°

R\/R, (all intensities)®

0.0602/0.1744
0.0626/0.1810
Goodness-of-fit” 1.153

“Ry=E|Fu=| FJ|/SF, and Ro=[Ew(F2-F2/Iw(FYT% Ry
and R, are calculated using only the 302 reflections for which F,
>46(F,). 'R, and R, are calculated using all 978 unique reflections
measured. “Goodness-of-fit = (Ew(F,2~F )%/ (m —s))'"?

O(1), OQ2), O@), and O(4)] in dehydrated Tlg,-X."" The
initial refinement using anisotropic thermal parameters for
all positions converged to the error indices (defined in
footnotes to Table 1) Ry =0.496 and R, =0.869.
Refinement including the TI(1) position at a major peak
(0.080, 0.080, 0.080, site I') from the initial difference
Fourier function led to convergence with R;=0.452 and
R,=0.836 and an occupancy of 2.3(6) TI' ions per unit
cell. The largest peak on the subsequent difference Fourier
function (based on this model) revealed a peak at (0.259,
0.259, 0.259), at site II. Refinement including this peak as
TI(2) converged to R;=0.336 and R,=0.660, with
occupancies of 22.2(26) and 36.7(5), respectively. A
subsequent difference Fourier function based on this model
revealed a peak in the supercage at (0.070, 0.070, 0.430)
opposite a 4-ring. Refinement including this peak as TI(3)
converged to R, =0.278 and R,=0.614, with an
occupancies of 19.3(13), 34.8(29), and 14.2(27) for
isotropically refined TI(1), TH2), and TI(3), respectively. A
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Table 2. Positional, thermal, and occupancy parameters®

Atom \}Xilscii(ignﬁ C;ttl:n y z lél/:sogr Un Uss Uy, Uiz —_ficeiiupj::i};d
(SLAD  192(7) 540(2) 1257(2)  362(2) 485(31) 431(31) 441(32) -38(24) 8(25) -12(22) 192
oy  96(h) -6065(5) 0 6065(5) 476(64) 805(12) 476(64) -157(58) -56(80) -157(58) 96
o2)  9%(g) 24(8)  24(4) 1421(8) 658(T2) 658(72) 498(14) -123(59)-123(59) 96(86) 96
03) 9%(g) 9652(6) -19235(4)-19235(48) 502(103) 577(67) 577(67) 133(8S5) -34(58) -34(58) 96
0@)  9(g) 7034)  703@4) 3228(6) S521(63) 521(63) 519(99) 44(54) 44(54) -1(8) 96
T  32(e) ' 745(4)  7TAS()  T45(4) 652(17) 652(17) 652(17) -1909) -199) -199) 18 18.1(3)
TI2) 32() 1l 2572(10) 2572(10) 2572(10) 735(16) 735(16) 735(16)  10(8) 10(8) 10(8) 23 23.0(4)
TIG) 96(g) NI' 90321 90321) 4451(32) 677(82) 19 18.8(5)
TI4) 192g) TI'  256(15) 637(14) 4270(17) 2343(17) 11 1093)

“Positional parameters x 10* and thermal parameters x 10° are given. Numbers in parentheses are the estimated standard deviations in
the units of the least significant figure given for the corresponding parameter. The anisotropic temperature factor is exp[-2n%a™
(U AUk +U 330420 1 0hk+2U s 41+2U3kD)]. *Isotropic thermal parameter in units of A% “Occupancy factors are given as the number

of atoms or ions per unit cell.

subsequent refinement including TI(4), a peak found near
4-ring in the supercage at site III' (0.043, 0.071, 0.431),
led to R;=0.080 and R,=0.260, with occupancies of
17.6(3), 22.4(5), 5.3(6), and 14.0(11), respectively.

Anisotropic refinement of all positions except TI(3) and
Ti(4), which were isotropically refined, converged with R,
=0.074 and R,=0244 with occupancies of 18.1(3),
23.0(4), 18.8(5), and 10.9(3) for TI(1), TI2), TI(3), and
TU4), respectively. The final cycles of refinement with
fixed occupancies of TI(1), TI(2), TI(3), and TI(4) as shown
in Table 2 converged to R, =0.602 and R>=0.174. On the
final difference Fourier function, the largest peak appeared
at (0.0, 0.0, 0.5), a very special position, with height 0.67
¢ /A% 1t was not included in the final model because it
was too far from framework oxygen atoms to be a cation.

All shifts in the final cycles of refinement were less than
0.1% for the corresponding estimated standard deviations.
The final structural parameters are given in Table 2.
Selected interatomic distances and angles are given in
Table 3.

Fixed weights were used initially; the final weights were
assigned using the formula w = 1/[ &*(F,)*+(aP)*+bP]
where P =[Max(F,?,0)+2F2]/3, with a=0.110 and b=
852.7 as refined parameters (see Table 2). Atomic
scattering factors for TI*, 07, and (Si, Al)"#*" were used.'®!?
The function describing (Si,AD)'**" is the weighted mean
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Table 3. Selected interatomic distances (A) and angles (deg)”

Distance Angle
(SLAD-O(1)  1.646(7)  O(ISLAN-O(2)  111.5(6)
(SLAD-OQ)  1.643(6)  O(SLAN-0O(3)  1102(7)
(SLAD-O(3)  1.640(6)  O(I)<SiAI}-O@)  106.7(7)
Mean (Si,Al) 1.643 OSLAIOB)  108.2(8)

OQ)(SL,AN-O(4)  108.4(8)

TIN-0(3)  2.701(15)  OB-SLAN-O@)  111.8(7)
TI(1)-0(2)  3.163(16)

TI2)-0(2)  2.850(16) (SLAD-O(1)-(SiAl) 138.5(11)

TI2FO@)  3.156(16)  (SLAD-OQ)SLAl) 147.2(10)

TIGXOME)  3.10(7)  (SLAIOGMSLAL 144.7(10)

TIGXO(1)  33%5)  (SiAD-O(@)-(SiAl) 138.6(9)
TI4)-0@)  2.81()

TIEX0(1) 2714 OBFTI(1)0B)  92.1¢4)

’ O2)-TI(2)-0(2) 85.1(5)

O(IFTIZKOM)  47.8(9)

O(TIZNO(1)  95.3(18)

O(TIA-OE)  57.3(8)

“The numbers in parentheses are the estimated standard deviations
in the units of the least significant digit given for the corresponding
parameters.

of the Si*, Si%, AP*, and Al” functions (Si/Al = 1.69). All

scattering factors were modified to account for anomalous

dispersion.2*?!
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3. Restults and Discussion

3.1. Brief description of FAU

The framework structure of faujasite is characterized by
the double 6-ring (D6R, hexagonal prism), the sodalite
cavity (a cubooctahedron), and the supercage (see Fig. 1).

The exchangeable cations, which balance the negative
charge of the faujasite framework, usually occupy some or
all of the sites shown with Roman numerals in Fig. 1. Each
unit cell has 8 supercages, 8 sodalite cavities, 16 D6Rs,
16 12-rings, and 32 S6Rs (single 6-rings). The maximum
occupancies at the cation sites I, I', II, I, III, and III' in
faujasite are 16, 32, 32, 32, 48, and 96 (192 is also possible
in Fd3m but does not occur in this structure), respectively.
Further description is available.

3.2. Space group consideration
If Si/Al=1.00, the Si and Al atoms alternate in the

zeolite FAU framework in obedience of Lowenstein's rule
(-Al-O-Al- sequences are forbidden).”? Then the space
group is Fd3; one 96(g) equipoint, Si, contains only Si
atoms, another 96(g) equipoint, Al, contains only Al atoms,
and Si-bond lengths are correctly seen crystallographically
to be shorter than Al-Q. This remains true even when about
4% of the Al sites are occupied by Si atoms to accomodate
the excess Si atoms in Nag,Si;epAlg;O344.2 This ordering of
Si and Al atoms is confirmed by the different average
values of the Si-O and Al-O distances in NagSijg0AlgrOss4;
enough long-range order is retained for the space group
to remain Fd3 with Si/Al disorder at the Al position and
for the mean Si-O and Al-O distances to remain different.

In fully dehydrated Tl;-Y, the X-ray diffraction
intensities showed the obvious mirror planes at (110) in
this work (see supporting material). This experimentally
observed intensity equality between skl and kAl pairs of
reflections indicates that the Si and Al positions are no
longer distinguishable in the framework. When this crystal
was refined using Fd3, the average Si-O and AIO
distances, 1.654(2) and 1.657(4) A, respectively, differ
insignificantly, indicating that the Si and Al atoms are
entirely or nearly entirely disordered in the long range.
Furthermore, when Fd3 was used, R, increased from
0.0602 to 0.070 and R, from 0.174 to 0.188. Accordingly,
the crystal in this work was refined using space group

Fd3m.

3.3. Framework and TI* ions

In this crystal structure, the 71 TI™ ions are located at
the four different crystallographic sites. The 18 and 23 TI"
ions per unit cell are on 32-fold axes in the D6Rs, at site
I' and 11, respectively. The remaining 30 TI* ions are
distributed among two III' sites, the 19 at TI(3) and the
11 at TI(4). Site I, often a popular site, is empty. The total
number of TI' ions found per unit cell, 71, required to
balance the negative charge of the zeolite framework.

About 18 Tl* ions are located at site I' positions of the
32-fold in the sodalite cavity opposite D6Rs (see Fig. 2).
These TI" ions at TI(1) lie relatively far inside the sodalite
cavity, ca. 1.45 A from the (111) plane of three O(3)
framework oxygens of the D6R to which it is bound,
respectively. The 18 TI(1) bond to three O(3)s at 2.701(15)
A (see Fig. 2). This distance of TI" ions at TI(1) with three
O(3) are relatively same as the sum of the ionic radii of
TI' and O™, 2.79 A, when the esds are considered.

The TI(2) position is at site II, far inside the supercage
(see Fig. 3). Each TI(2) ions lies relatively far inside the
supercage, 1.58 A, from the (111) plane of three O(2)
framework oxygens of the S6R to which it is bound. The
TI(2)-O(2) distances are 2.850(16) A, somewhat longer
than the TI(1)-O(3) distances. The TI-O distances and TI*
displacements from 6-ring planes are also similar to those
in dehydrated AgssTlss-A,” Tl;Na,-A* and Tle-X'"° for
the TI(2) position.

The remaining 19 and 11 TI" ions at TI(3) and TI(4),

Fig. 2. Stereoview of a sodalite unit in Tl;-Y. The zeolite
framework is drawn with bonds of medium thickness.
The coordination of TI" ions to oxygens of the zeolite
framework are indicated by the thinnest lines.
Ellipsoids of 25% probability are shown.
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Fig. 3. A Stereoview of a supercage of dehydrated Tl;;-Y.
See the caption to Fig. 2 for other details.

respectively, occupy two site III' near a triple 4-ring in the
supercage. Both positions are close to one O(4) and two
O(1) framework oxygens. The site-III' cations, 19 and 11
TI* ions per unit cell are 3.39(5) A and 3.10(7) A at TI(3)
and 2.71(4) A and 2.81(4) A at TI(4) from framework
oxygens at O(1) and O(4), respectively (see Table 3 and
Fig. 3). The occupation of two positions at sites [II', rather
than one of lowest energy, might be due to their closeness
in energy, the asymmetric environment generated by the
partial occupancy of TI* ions at site I', and the Si/Al
disorder among the T atoms.

In this work, fully Ti*-exchanged zeolite Y was
successfully synthesized and its structure was determined
by X-ray diffraction methods. The 71 TI" ions are
distributed in the four different crystallographic sites: 18
at site I', 23 at site II, 19 at a III' site, and the remaining
11 at another site III'.

3.4. Comparison of Tly-Y with Tlgs-X

Kim et al."” investigated a dehydrated zeolite X with
unit-cell composition Tlg;Siyg0AlyOsg4 (Si/AL=1.09) by
single crystal X-ray diffraction. In their structure, TI" ions
were found four different crystallographic sites with the
occupancies of 32, 32, 16, and 12 per unit cell at sites I',
II, III', and another IIT', respectively (see Zable 4). When
the thermal parameters in Tl-Y'® and Ti;-X are
compared, it can be seen that the thermal ellipsoids of all
of the TI" ions in Tly-Y are more elongated than those
in Tly-X'® (Table 2). This is attributed to the greater 6-
ring diversity to be expected in zeolite Y. For Tl;-Y, 6-
rings containing four Si and two Al atoms may
predominate with the Al atoms in meta or in para positions.
Six-ring with three Al atoms are expected to be second

Vol. 18, No. 4, 2005

Table 4. Distribution of TI* ions over sites in Tly,-X? and

Thy=Y?
Site I I' I 11 mur
Maximum 16 32 32 48 9%
occupancy
Position - TI(Y) TI(2) - TI3) TI(4)
Structure  Occupancies
Tlo-X* - 32 32 - 16 12
Tly-Y? - 18 23 - 19 11

“Ref. 10. *This work.

Table 5. Comparison of the distances (A) between TI* and
its nearest framework oxygen atom in Tlg,—X“ and

Tly=Y?
Tloy-X* Tly-Y?
TI(1)-0(3) 2.59(1) 2.701(15)
TI(2)-0(2) 2.68(1) 2.850(16)
TI(3)-0(4) 2.81(2) 3.10(7)
TI(4)-0(4) 2.38(4) 2.81(4)

aRef. 10. ®This work.

in population, and 6-rings with one and perhaps zero Al
atoms may be present. TI" ions should occupy different
positions in these rings, and this disorder has been
absorbed into the anisotropic thermal parameters of the TI
ions in least-squares refinement. These thermal ellipsoids,
therefore, do not accurately indicate thermal motion.

The reduced aluminum content of zeolite Y as compared
to zeolite X' should lead to a smaller negative charge
density for the zeolite framework and, therefore, at each
oxygen position. This in turn should lead to longer TI-O
distances. This can be seen in Table 5.
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-~ Supplementary Material
Table of calculated and observed structure factors squared

Values of 10xF,s and 10xF
h k1 F? F¢  oF2)
2.0 173 37 5o
2 2 31000 523 170
0212602 5481 230
2 176 51 240

=
=~

F} F}  off])
18 12 576 314 350
0 1782.6 100.1 160
2 143 301 190
20 4 23465 540 240
6
8

=
=

k1 F2  F2 o)
17 9 4017.0 393 360
17 11 1203 197 180
17 13 2398.7 365 2lo
108.0 303 490

FF oF})
1909.1 312 420
463 184 150
25045 358 280
11230 288 260

_ = —m
00 00 o0 0o
—_ =

[\S IR - -

16 4121767 140.1 250 13 13 3028.1 525 130 14 8 207 136 240 1513 19990 350 540
16 6 64 214 250 15 1 15455 359 160 14 10 97406 781 230 1515 28331 629 250
16 8 5851 249 320 15 3 76963 660 180 14 12 13216 250 270 17 3 44118 617 180
16 10 109.2 246 460 15 5 4496 157 260 14 14 1319 277 3lo 17 5 2113 172 380
16 12 28485 537 550 15 7 5118 161 290 16 2 14114 362 520 17 7 3212 179 220
16 14 146 330 130 15 9 759 161 360 16 4 25987 313 330 17 9 76327 682 200
16 16 3083 533 160 15 11 2040.7 310 470 16 6 938 158 380 17 11 3137 238 230

16 8 68857 584 390
16 10 1104 178 260
16 12 25408 349 320
16 14 3788 214 360
18 2118015 1388 350
18 4 10806 250 280

17 13 2229.1 438 380
19 3 179 259 290
19 5 4770 209 480
19 7 40237 447 230
19 9 53.8 193 360
19 11 43282 572 300

3026 561 200 1513 7105 239 1o
1515 11596 405 150
17 1 10178 344 280
17 3 71184 638 290
17 5 1995 172 290

17 7 9962 219 280

0

2 32406 581 230
18 4 98 248 360

6 52553 735 250

8 26 249 330
1810 6696 308 360

h
0 0 1 2
0 0 1 2
0 4 0 1 2
0 4 0 1 1 2
0 4 4137738 2195 140 0 20 17290 410 119 3 17426 317 480 220 2 1769 310 260
06 0 3782 221 170 0 20 8329420 4514 420 119 5 7225 224 500 220 4 535 206 2o
06 2 7675 154 170 0 2010 -23 346 240 119 7 8041.1 711 230 220 6 7496 247 230
06 4 28.6 92 2l 022 0 01 751 460 119 9 99442 854 240 220 8 3439 219 3lo
0 6 6 86030 1333 250 0 22 2 3370.8 750 18o 1 1911 2013 224 320 22010 48584 651 44o
08 0 763 187 260 0 22 4 3.1 354 300 121 1 8051.3 1200 440 222 2 2099.1 528 520
0 8 2 5879 154 420 1 1 1312816 8394 350 121 3 4345 238 360 222 4 1172 255 S8o
0 8 4996266 10337 310 1 3 1 8226 128 440 121 5 1680 228 270 3 3 3 96794 1973 300
08 6 139 121 1lo 1 3 3 2703 79 620 121 7 1086 220 300 3 5 3597415 733.0 360
0 8 8 144566 2246 11o 1 5 1 73356 836 300 2 2 2312120 623.0 260 3 5 5 51194 666 230
010 0 51.8° 233 290 1 5 3 19747 186 320 2 4 2 20388 288 390 3 7 3 43876 561 190
010 2116199 1328 120 1 5 5 33519 440 340 2 4 4 96903 1192 4lo 3 7 5202366 1559 390
010 4 2858 138 200 1 7 1 16184 223 520 2 6 2106481 1255 430 3 7 7 11281.8 1264 280
010 6 14207 277 17¢ 1 7 3110464 849 350 2 6 4 61345 519 330 3 9 3 10183 220 440
010 8 1877 172 2lo 1 7 5 58859 499 430 2 6 6115263 1361 360 3 9 5 96496 740 Slo
0 1010 77145.1 12039 380 1 7 7143336 1741 520 2 8 2247353 2756 560 3 9 7 64983 547 390
0 12 0352981 7017 300 1 9 1238480 2505 430 2 8 4 83649 631 380 3 9 9 59837 733 220
012 2 184 151 470 1 9 3 87705 669 440 2 8 6 31729 297 4lo 3 11 3 1440 148 300
012 4102321 1099 570 1 9 5135308 1029 380 2 8 8 5013 170 260 3 11 5 54335 460 Slo
012 6 154 163 120 1 9 7 30798 311 440 2 10 2391927 3986 160 3 11 7 87837 69.1 300
012 8 24843 390 240 I 9 9 14076 296 290 2 16 4 18851 206 130 3 11 9 20062 253 420
01210 57 206 140 1 11 1 81467 931 480 2 10 630589.6 2213 160 3 1111 14524 328 400
0 12 12 90540.2 14131 220 1 11 3 15408 190 530 2 10 8 9687 175 180 3 13 3 33930 452 430
014 0 606 378 180 1 11 5 28480 279 200 2 1010171135 1956 240 3 13 5129774 995 430
014 2 81387 992 190 1 11 7 8056 159 1lo 212 2 45196 563 330 3 13 7 4479 143 360
014 4 29.1 175 420 1 11 9 8199.1 659 160 2 12 4 65694 528 280 3 13 9 10618 200 360
014 6 8644 249 260 1 11116078.1 617.7 190 2 12 6 35285 321 300 3 1311 500.1 16.1 360
014 8 137 195 140 1 13 1 3262 193 190 212 8 6721 154 470 3 1313 9172 296 240
01410 2008 237 190 1 13 3 638.5 539 40¢ 2 1210 39203 390 140 3 15 3200742 2103 430
0 14 12 54 264 2lo 1 13 5 27602 28.1 420 2 1212 3452 243 260 315 5 5649 16.8 500
0 1414 741 415 350 1 13 7 335.1 322 470 214 2 46397 618 240 315 7 370 147 460
0 16 0573972 12721 230 1 13 9 36224 355 460 2 14 4 4026 142 440 315 9 7463 202 5S40
016 2 -4 223 340 1 1311 23472 313 130 2 14 6174968 1288 280 3 1511 1728 208 490
0 1 2 3
0 1 2 3
0 1 2 3
0 1 2 3
0 1 2 3
0 1 2 3
0 1 2 3
0 1 2 3
0 1 2 3
0 1 2 3
0 i 2 3
0 1 2 3
0 1 2 3
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10 10

18 10
18 12

4
6
8
5
5
7
5
7
9
5
7
9
1
5
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=
»
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Crystallographic analysis of dehydrated fully TI*-exchanged zeolite Y

10%F s @and 10xF g

F
494.0
276.1
80.5
34963.0
28500.7
15530.9
49447.5
9361.4
3867.0
865.6
1489.8
29.1
65.3
23420.7
4328.7
6653.4
932
35093
6453.8
614.1
37532
243.8
4034.5
31.6
6661.2
7682.2
1647.6
204.4
648.0
2122.8
1563.5
344.0
683.7
24179
164.1
929
417.7
2076.7
3791.6
17668.8
266.3
2454.6
818.2
24940.2
541.9
1083.8
291.7
3002.8
232.2
2443.1
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F?
325
22.0
225
775.5
340.1
188.5
565.1
76.6
56.5
21.2
21.0
12.3
21.0
255.6
42.1
60.5
159
63.6
74.0
16.0
41.1
19.0
47.9
37.5
76.9
65.2
29.6
21.4
25.4
44.7
38.5
18.0
24.0
40.7
25.6
278
21.7
37.7
100.5
206.7
189
389
17.2
290.8
20.7
20.6
17.2
52.6
20.8
30.1

U(Foz)
42 0
420
44 0
320
390
440
350
520
370
340
50 0
58 o
Slo
23 0
220
230
380
360
50 o
300
300
590
440
390
380
S5lo
450
290
420
50 o
380
48 o
28 o
28 0
370
430
490
400
390
520
570
540
44 o
550
56 o
48 o
50 0
48 o
530
580

ﬂ\l\l\l\l\IO\C’\O\O'\O\O\O\G\Q\O\O\O\O\O\O\Q\OC\O\O\O\G\QO\O\LII'JI(JIU\LI!LIIU!'JILI\(JI'J\(IIU\(}I‘J\U\\I!LIIMT

9

—_—
w o=

0 N0 OV~ O ) W

S o o o

12

F;
3240.3
233
7795.9
2341.6
9704.2
1440.1
1389.1
84.6
473
39030.7
1449
18679
6968.8
32.0
383.1
4759
440.6
651.1
1233.9
28626.6
618.0
11859.3
21074.6
1031.7
16466.5
3046.6
4769.5
2267.6
6195.1
36.7
5992.7
5901.9
50.7
1656.7
3556
656.6
781.9
357.0
8219.0
16.3
3009.5
775
40.4
21.8
512.8
2607.3
4537.6
14930.3
11168.6
1633.0

F?
38.1
20.7
109.8
39.7
85.1
28.5
313
26.2
422
391.8
20.1
33.8
71.5
29.1
27.5
24.1
25.5
326
46.7
639.6
24.1
143.8
231.7
219
186.0
47.3
49.0
349
874
225
573
64.3
23.5
53.5
21.1
25.6
29.8
303
107.2
211
442
332
333
23.8
45.1
50.0
71.6
173.5
102.9
50.6

o(F7)
420
150
280
26 o
26 0
210
230
3lo
4 0
520
58 0
300
360
230
90
390
280
44 0
Slo
390
220
300
420
40 o
430
430
360
36 0
360
240
430
500
46 o
540
490
540
49 o
54 0
250
18 0
380
2o
200
230
380
290
48 o
23 0
360
300

10

1
7
9

11

13
7
9

11

13

15
7
9

11

13
7
9
8
8

10
8

10

12
8

10

12

14
8

10

12
8

10
9
9

1
9

11

13

9
11
13

F?
807.6
899.4
18.7
1972.1
13651.9
705.3
9143.0
756.0
563.2
18753
758.8
2276
78.1
45.7
4978
14141.1
1436.5
12665.3
511287
416.0
325
610.1
6077.9
632.7
691.1
211771
3720
1295.2
756.1
3463.8
41007.1
7405.5
269.8
347.1
5977.3
4983.5
2818
340.6
215.6
35.8
1470.9
7833.3
1680.8
959.9
5706.0
2120
11979
1685.6
116.6
18753

F¢
28.6
25.2
21.0
51.6
154.5
232
101.7
289
43.7
46.0
26.1
29.0
31.3
31.8
283
3309
43.0
169.6
631.9
26.7
37.6
29.0
74.9
32.6
53.1
253.2
26.0
43.6
383
55.1
916.9
109.9
38.2
38.6
73.0
105.0
419
333
35.6
43.7
48.8
208.0
56.8
48.7
105.7
33.7
63.3
69.7
379
98.9

o(Fs)
360
18 o
210
49 0
48 o
500
230
240
320
44 0
360
270
300
26 0
90
41 o
430
330
360
56 o
380
41 o
26 0
16 o
180
24 0
330
28 0
300
47 o
140
260
240
440
280
240
44 0
240
230
270
3lo
520
330
380
390
260
320
360
350
280

h
11
11
11

1
11
13
11
12
12
13

F2 F2
254 436
156.1 47.7
25974 935
2625 79.1
102.1 523
64.8 100.4

285

o(F2)
350
16 o
190
240
4l 0
420
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