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Virtually monoionic Li-X and Li-Y zeolites have been prepared by LiOH titration of parent NH,
zeolites. Structural studies have been performed at room temperature on the anhydrous zeolites, Lig ;
H, oNag 4AlgsSiinsOass and Lisg oHs sNas Ko 1Als;Si1350384, by powder neutron diffraction profile refine-
ment in order to locate Li* cations. The cell parameters are 24.6716(10) and 24.4498(12) A for Li-X
and Li-Y, respectively. Three positions have been found for Li*, sites I and Il in the six-ring windows

of the sodalite unit and site III' in the supercage for the additional Li* of Li-X.

1. Introduction

Anhydrous alkali metal X zeolites (type
FAU) are ionic conductors. Recently, the
ac conductivity of (Na, Li, K, Cs)-X zeo-
lites has been measured in the temperature
range from room temperature to =300°C
(1). All the compounds display a reversible
Arrhenius-type thermal activated behavior.
Specific conductivities at 150°C are in the
range from 5 X 1071° ohm~! cm™! for the
cesium form to 3 X 1076 ohm~! cm~! for the
sodium form. Below 150°C substitution of
even small amounts of sodium ions with
lithium ions decreases the conductivity by
one order of magnitude or more and raises
the activation energy. Above 360°C Li-X
has a conductivity higher than that of
Na-X. The unit cell framework [Al,
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Exeter.

© 1989 Academic Press, Inc.

Sijg_;Oss4]*~ of the zeolites X and Y (la-
beled as M, — Z[x] where y (if given) is the
number of cations M in zeolite type Z with
x aluminum per unit cell; x = 74-96 for Li-
X and x = 48-74 for Li-Y) can be described
as an arrangement of eight cuboctahedral
sodalite units linked together tetrahedrally
by 16 hexagonal prisms. This framework
displays very large channels and cavities,
the diameter of the supercage and the soda-
lite cage being 12-13 and 6-7 A, respec-
tively, very much larger than the ionic di-
ameters of the alkali ions. Therefore the
interaction between the cations and the an-
ionic lattice is more important than the geo-
metrical constraints in determining the lo-
cation of exchangeable cations. In order to
examine links between cationic positions
and conductivity more structural informa-
tion on virtually monoionic zeolites is nec-
essary.
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Monoionic Li zeolites are difficult to pre-
pare (2, 3). By direct ion exchange of Na-X
with 1.8 M lithium chloride solutions at
100°C Krogh Andersen et al. (1) obtained
89% exchange. The remaining cations were
6% “‘hydrogen ions’’ and 5% sodium ions.
By a similar procedure but at 92°C Herden
et al. (4) achieved 81% exchange. Full ex-
change for Y zeolites is usually found even
more difficult to obtain. Subramanian et al.
(5) obtained only 78.0% of Li exchange for
Na-Y[56]. Franklin et al. (6) report that all
sodium can be removed from Na-X by ion
exchange with ammonium salts. The re-
moval of sodium from Na-Y’s is incom-
plete. In Na-Y[54] 87% of the sodium
can be replaced by ammonium and in
Na-Y[60] 94%. By the method described
below 94 and 89 mol% exchange with am-
monium in Na—-X[86] and Na-Y[57], re-
spectively, was obtained. The sodium ions
were more completely exchanged in zeo-
lite X (0.4% remains) than in zeolite Y
(8.9% remains); a hydrogen ion ex-
change seems unavoidable for both com-
pounds. The compositions of these ma-
terials in the hydrated state are Ligy,
H4.9Nao.4A186Si]060334 . 242H20 and Li46‘0
H; sNas 1K1 Als7Si350384 246H,0 for
Li-X and Li-Y, respectively.

Herden et al. (7) determined the struc-
ture of the dehydrated Li-X and Li-Y with
the respective compositions LigsgHjo4
N310.3A1365i1060334 . 270H20 and Li39,2H4
Na12.3A156Si1360334 ' 263H20 (m the hy-
drated state) by X-ray powder diffractome-
try. Determination of Li ion positions by
X-ray powder diffractometry is difficult.
Moreover, only 130 of the 238 (i.e., 54.62%)
and 78 of the 206 (i.e., 37.86%) electrons
associated with the extra framework cat-
ions per unit cell come from lithium ions in
the compounds X and Y investigated by
Herden et al. (7). A powder neutron dif-
fraction study (a more suitable technique to
locate such light atoms (8, 9)) has therefore
been carried out on both anhydrous zeolites

prepared in this work. In this paper the lith-
ium ion positions and occupancies at room
temperature are reported.

2. Experimental

2.1. Synthesis

The preparation of virtually monoionic
Li-X zeolite was as follows. The starting
material was the ammonium X zeolite with
the composition Hiz 4(NHy)7 3NageAlgs
Si1060384 * 302H,0 prepared by stirring Na—
X (Laporte) with 1 M NH,Cl at room tem-
perature. After 20 hr the solid was allowed
to settle and the supernatant liquid was re-
moved before a fresh solution was added.
This procedure was repeated 37 times. A
dispersion of 5 g NH, zeolite in 25 ml 2 M
LiCl solution was titrated potentiometri-
cally with 1 M LiOH solution. The titration
was performed with an ABU 80 auto-
burette. The measuring electrodes were a
glass electrode and a calomel/saturated am-
monium chloride electrode. The calomel
electrode was connected to the titration
vessel through a salt bridge containing 2 M
LiCl solution. The end point of the titration
was set to pH 9.5. The ammonia was re-
moved by bubbling nitrogen through the ti-
tration slurry. The titration was continued
until release of ammonia stopped. The com-
plete titration took 30 days. When the titra-
tion was nearly finished, IR spectra of the
solid material were taken several times to
check the removal of ammonium ions. The
titration was stopped when the 1400-cm™!
IR band for ammonium was absent.

The starting material for preparing Li-Y
was NH;-Y with the composition Hy,
(NHy)47.4Na;s 3K0.2Al57Si;1350384 195H,0
made by ion exchange of Na-Y (Laporte)
by the same method as that described for
NH,-X, except that the ammonium chlo-
ride solution was renewed 49 times. A dis-
persion of 5 g NH4~Y in 25 ml LiCl was
titrated with 1 M LiOH solution as de-
scribed above.
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The alkali metal contents were deter-
mined by flame photometry after decompo-
sition of the silicate by the method de-
scribed by Langmyhr et al. (10).

The dehydrated materials were prepared
by slowly heating hydrates to 250°C under
vacuum overnight, heating for one day at
350°C and then quenching.

2.2. Diffraction Measurements

The two diffraction profiles were col-
lected at the National Institute of Standards
and Technology (NIST) research reactor on
the five-detector neutron diffractometer
BT-1, using a monochromatic beam at the
wavelengths 1.5480 and 1.5454 A for Li-X
and Li-Y, respectively. Data were ob-
tained at room temperature for the angle
range 5° < 20 < 112° at increments of
0.05°,

The scattering length of the tetrahedral
atom of the framework has been calculated
from a linear combination of the scattering
lengths of Al and Si, according to the Si/Al
ratio for each zeolite (i.e., b = 3.835 x 101
and 3.940 x 10~ m for Li-Y and Li-X,
respectively). The values of 5.830 x 10-1
and —2.030 x 1075 m were taken for the
respective scattering lengths of O and Li.

The intensity profiles were fitted using a
version of the Rietveld method program
(11, 12) adapted to a five-detector system.
A linear background was taken for each of
the five detectors. At low angles, the curva-
ture of the Debye—Scherrer ring within the
height of the observing slit introduced an
exaggerated asymmetry of the (111) Bragg
reflexion which arises at 6-6.5°. The 5-8°
data range was therefore omitted from the
refinement (below).

2.3. Refinement of the Structure

Zeolites X and Y have the same structure
as the mineral faujasite. All the Bragg re-
flections in both neutron powder patterns
are indexed in the cubic Fd3m space group.

The conventional origin at the 16¢ site was
taken.

The first step of the refinement involved
the location of the framework atoms (Al,
Si), Oy, O, 03, O,, in the same sites previ-
ously found in faujasite (13). The labeling of
the oxygen atoms conforms to Mortier’s
convention (/4). At this stage, all the posi-
tional, background, unit cell, and zero point
parameters, and the scale and thermal fac-
tors converged. The R values obtained for
the two zeolites are already low (R, =
11.11% for Li-X and R,, = 8.86% for
Li-Y).

In a second step, the Li atoms were lo-
cated. The different possible sites in which
the exchangeable cations are usually ex-
pected and found (/5-17) were tried: the
octahedral site I in the center of the hexago-
nal prism, the trigonal sites I’ and II' inside
the sodalite unit, and the trigonal site IT out-
side the sodalite unit in the supercage (Fig.
). Difference Fourier maps were calcu-
lated using the anionic framework. Nega-
tive intensity peaks corresponding to Li at-
oms were found at two different positions
x=y=2z=0.0333and x =y = z=0.2167
forLi-X,andx=y=27z=0.0406and x = y
= z = 0.2190 for Li-Y. Only for these two
positions (32e sites) did the positional pa-
rameters converge with a meaningful im-
provement of the refinement. At this stage,

FiG. 1. Faujasite framework and cation sites follow-
ing Mortier et al. (18).
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refinement of the thermal and the occu-
pancy factors for Li atoms gave the final fit
for Li-Y (Table I).

In the case Li-X, the occupancy factor
of Li* in site II refined to give a fully occu-
pied site and this parameter was therefore
constrained during subsequent refinements.
The location of 26.24 Liin I’ and 32 Liin II
leaves 22.49 Li per unit cell to be located.
The 12-ring region which constitutes the
walls of the supercage was then investi-
gated, and more especially the special posi-
tions 96h (x, x, 0) and 96g (x, x, z) where
Na™ has been found respectively in the nat-
ural Na-faujasite (I5) and in an hydrated
synthetic zeolite Nass—Y[57] (I7). The in-
vestigation of all possibilities led to the

choice of the 96g site with x = y = 0.092
and z = 0.893 which yields the lowest R
factor (Table I). The total numbers of Li
atoms located are very close to the num-
bers determined by chemical analysis (99.2
and 98.3% of analytical value for X and Y,
respectively); i.e., all Li has been located.
It follows from the conductivity study that
the populations of Li* determined are those
at ambient temperature, facile change in
site occupancy occurring with change in
temperature.

Attempts to locate the five atoms of Na
per unit cell in Li-Y in different sites of
type I, I, or III" were unsuccessful. Con-
vergent refinement of atomic position and
occupancy factors was obtained for site II

TABLE 1
FINAL REFINED PARAMETERS OF Li—X AND Li~Y ZEOLITES

Occupancy

Atom Site x y z B (&Y factor
Tete 192i X 0.1242(4) 0.9495(3) 0.0378(4) 1.02(13) 1.000

Y 0.1240(4) 0.9495(4) 0.0358(4) 0.47(12) 1.000
(o)) 9%h X 0.1014(2) 0.8986(3) 0.0000 2.69(27) 0.500

Y 0.1021(3) 0.8979(3) 0.0000 2.10(30) 0.500
0O, 9%g X  0.2505(3) 0.2505(3) 0.1518(4) 2.03(21) 0.500

Y 0.2511(3) 0.2511(3) 0.1493(5) 2.36(27) 0.500
0, 9%g X 0.1780(3) 0.1780(3) 0.9787(3) 1.73(19) 0.500

Y 0.1783(3) 0.1783(3) 0.9768(4) 1.47(22) 0.500
(o) 9%g X 0.1712(3) 0.1712(3) 0.3235(4) 1.47(22) 0.500

Y 0.1733(3) 0.1733(3) 0.3218(5) 1.03(23) 0.500
LiI 32¢ X 0.0462(11)  0.0462(11)  0.0462(11)  1.87(1.23) 0.137(12)

Y  0.0460(15)  0.0460(15)  0.0460(15) 2.67(1.79) 0.127(15)
LiII 32¢ X 0.2220(13)  0.2220(13)  0.2220(13)  4.70(1.25) 0.167

Y 0.2209(17)  0.2209(17)  0.2209(17)  2.36(1.97) 0.112(15)
Li IIr’ 9%g X 0.0926(22) 0.0926(22) 0.8932(33)  0.77(1.87) 0.117(12)

ad) Ry(%) Ry(%) Ryp(%) R (%)
Li-X 24.6716(10) 10.24 7.95 10.16 9.41
Li-Y 24.4498(12) 9.76 6.69 8.53 7.66

¢ (Si, Al) positions.

_ 2|Iobs -
- 2Iobs

_ 2IYobs - Ycalc]
’ RP B 2Yobs ’

I calcl

Ry

and

Sw[Yops — Yeac)? N-P+C
Rio = V7 Zwl¥oulk  * Rew = V Sl P

N — P + C = number of observations — number of variables + number of constraints.
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(x = y = z = 0.2460) but the thermal factor
reached the high value of B = 9.71 A?,
which is unsatisfactory. Na sites therefore
remain unknown, and a mixed site occu-
pancy (both Li* and Na*) is not confirmed,
although previously suggested for Lisg;
Na;; 3~ Y[56] (Herden (7)).

Attempts to refine using anisotropic ther-
mal factors did not lead to any new infor-
mation.

Figure 2 shows the refined powder neu-
tron diffractograms of Li-X and Li-Y for
all five detectors as well as the respective
difference plots between the observed and
calculated profiles. The atomic parameters
for Li-X and Li-Y are given in Table 1.
Bond lengths and bond angles are summa-

BoND ANGLES (°)

TABLE Il
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rized in Tables II and III.

TABLE II

INTERATOMIC DISTANCES (A)

Li-X Li-Y
Tet-0, (x1) 1.662(10)  1.628(11)
Tet-0, (x1)  1.696(9) 1.630(10)
Tet-0, (x1)  1.70010)  1.688(10)
Tet-0, (x1)  1.64010)  1.650(11)
Mean 1.674(10)  1.649(11)
0,-0, (x2)  3.539(15)  3.531(10)
0-0, (x2)  2.784(7) 2.727(9)
0,-0, (x2)  2.75310)  2.712(11)
0,-0, (x2)  2.686(4) 2.663(4)
0,-0, (X2)  3.442(16)  3.444(20)
0,-0; (x2)  2.709@8) 2.657(10)
0,-0, (x2)  2.702(8) 2.636(10)
0,0, (x2)  3.258(15)  3.283(17)
0,-0, (X2)  2.754(10)  2.755(10)
00, (x1) 3222109  3.346(22)
Lil'-Tet (x6)  3.07310)  3.043(11)
LiI'-0, (x3)  3.07309) 3.005(16)
Lil'-0, (x3) 1.894(9) 1.912(16)
Lill-Tet (x6)  3.103(11)  3.070(11)
Lill-0, (x3) 1.996(10)  2.037(12)
Lill-0, (x3)  3.069(10)  2.966(11)
LillI'-0; (x2)  2.298(56)
LillI'-O4 (x2)  2.132(47)
LillI'-0; (x1)  2.222(75)

Li-X Li-Y
0,-Tet-0, 111.9(6) 113.7(8)
0,-Tet-0; 110.0(7) 109.7(8)
0,-Tet-0, 108.9(7) 108.7(8)
0,-Tet-0, 105.8(6) 106.4(8)
0,-Tet-0, 108.2(8) 107.0(8)
0,-Tet-0, 112.07) 111.3(8)
Tet—0,-Tet 145.709) 143.1(1.0)
Tet-0,-Tet 130.4(8) 132.5(1.0)
Tet-0,-Tet 125.0(7) 129.2(8)
Tet-O,Tet 138.8(1.0)  141.7(1.1)
0,-Lil'-0; 118.6(6) 118.3(8)
0,-Lil'-0, 119.72) 119.8(2)
0,-Lil'-0, 60.7(1) 60.7(1)
O,-Lill-0, 119.1(5) 118.3(8)
0,-LilI-0, 120.0(1) 119.9(1)
0,-Lill-0, 60.1(1) 60.2(1)

O,-LilIl'-0, 98.2(2.9)
O-Lilll'-0; 100.7(2.8)
O,-Lilll'-0, 153.9(3.8)
O,-Lilll'-0, 79.0(2.2)
O;-Lilll'-0, 75.0(2.0)

3. Discussion

The larger value of the cell parameter for
Li-X arises from the higher Al-content in
zeolite X[86] compared to zeolite Y[57]. Al
exhibits a covalent radius (0.53 A) greater
than that of Si (0.40 A) (20). For a zeolite
with Si/Al = n and a complete Si/Al disor-
der the calculated Tet—Q distance should
be approximately

Tet—Ocac = (n X 1.62 + 1.74)(1 + n)71,

where 1.62 and 1.74 are the distances Si—O
and Al-O (in A) according to Shannon and
Prewitt (20). The average Tet—O distances
(Table II) are very close to the predicted
ones (i.e., 1.673 and 1.655 A for Li-X [86]
and Li-Y [57], respectively). Both frame-
works display regular tetrahedra with O-
Tet—-O angles near the theoretical value of
109°28’, the maximum deviation being less
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— Li-X Li-Y

IW!

COUNTS

A . bl . v
28 31 34 37 40 4 46 40 &2 25 38 31 34 37 40 43 26 49 52

FiG. 2. Observed, calculated, and difference diffraction profiles for Li—-X and Li-Y zeolites at room
temperature.
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than 4°41'. The Tet—O-Tet angles are in the
usual range from 125° to 145°.

The major difference between the two
frameworks is the contraction of the Li-Y
hexagonal prism, which is evident in short-
ening of the Tet-0, (n = 1, 2, 3) distances
while the Tet-O, length, inside the sodalite
cage, remains nearly the same for both zeo-
lites. This is similarly confirmed by the de-
crease of the Tet—O,-Tet angle.

The small differences in framework do
not affect the geometry of the Li coordina-
tion for which the trigonal oxygen environ-
ments remain the same, the distances O,-
0, and 0;—-0; being almost equal in both
zeolites (Table 1I). Both Li in sites I’ and 11
lie close to the central position of an equi-
lateral triangle with O-Li—O angles close to
120°. A 0.1-A lengthening of Li-O distance
in the site II comes from the lack of stereo-
chemical constraint on this window com-
pared to that on the site I' window. The
Li(I')-O distances are slightly smaller than
the ones found in Li-A(BW) (21) and in
bikitaite (22) (1.965 and 1.974 A, respec-
tively), where the Li ions have a tetrahedral
coordination, but they are close to the bond
distances found by Herden et al. (7) (as
well as to the Li(II)~O distances). Site I is
not occupied by the cation, in contrast to
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other anhydrous alkali metal zeolites X and
Y (Table 1V). The nearly regular octahedra
environment (O;-site(1)-0O; = 88° for both
zeolites) of the six O; led to too long a dis-
tance site(I)~O; (2.34 A for Li~X and 2.36
A for Li-Y) to allow sufficient interactions
between the framework oxygens and the
small cation Li*. Na* has been found by
others in site I with six long site(I)-0; dis-
tances equal to 2.718(3) A (23). Smaller Li*
is found in I' and II within the sodalite unit,
where shorter distances are allowed.

Li faujasite-type zeoiites show a varia-
tion with cation content of the cation distri-
bution between sites different to that in
other alkali metal X and Y zeolites (Table
IV). In the cases of the analogous Na and K
zeolites decreasing the cation content af-
fects the total population of sites I + I’,
while site II remains little affected. For Li
zeolites, the population of site II is more
affected than the occupancy of site I’ where
Li~oxygen interactions are stronger due to
the shorter Li—-O distances (1.894(9) and
1.912(16) A for Li-X and Li-Y, respec-
tively).

Very few cases (I7) of anhydrous fauja-
site-type zeolites are known where the cat-
ion is definitively located in the 12-O-ring
region of the supercage. This is the first

TABLE IV
OccUPANCY OF SITES FOR Li, Na, AND K IN ANHYDROUS FAUJASITE-TYPE ZEOLITES

Site type (symmetry)

I I II Ir

M« Missing

Zeolites Gm) (Gm) (m) (m) (m) atoms a(A) Ref.
Lig, [86] — 26.3 P20 24— — 24.67 (This work)
Lig 5[86] — 32.0 320 — — 0.8 24.71 6)
Lig [57] — 244 210 — _ 0.1 24.44 (This work)
Lizyo[56] — 32.0 7.2 — — — 24.59 6)
Nag, [81] 3.8 323 30.8 _ 7.9 6.2 24.92 22)
Nag [57] 7.7 19.5 303 — — — 24.71 U3
Ke [87] 9.2 13.6 256 — — 38.6 25.08 4)
Kss [55] 5.4 18.1 26.8 — _ 47 24.82 )

a The site M is a trigonal site with 2 x 3.1 A Na-0O, and 1 x 3.2 A Na-0, distances (I5).
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Fi1G. 3. Coordination of Li in site III'.

work which reports such a position for the
small Li* cation. Li lies just above the base
of a tetragonal pyramid formed by 204, 20,
105 (Fig. 3). The O;—0; bond length (3.539
A) is larger than the 040, distance (3.222
A), yielding a distortion of the pyramid (a
slight shift of the Li toward the O4—0y4 line).
The Li-0O; distance is of the same order as
that in LigNa,~A[12] (2.30 A) (25).
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