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The cation positions and the resulting changes, which were caused by the replace- 
ment of sodium ions by cerium ions, in the zeolite framework of cerium exchanged 
13X-type molecular sieves, 0.3 Na~O.13.0 CezOs*44.0 A120s*104.0 SiOz*n H,O, have 
been determined by structural studies using X-ray powder data. In the exchanged 
sieve (a0 = 25.10 * 0.02 A), in which nearly all of the remaining 2% of sodium oxide 
has been removed by (NH,),SO, exchange, cerium ions were found to partially oc- 
cupy site 54 in the large cavity and site 52 in the sodalite cage. When this material 
was calcined at 540°C in a nitrogen atmosphere (a0 = 24.94 i: 0.02 A), the cerium 
cations were found to migrate to sites Sl, S2, and S5 with the majority of the cations 
being in S2. Site Sl is in the hexagonal prism and is the least accessible site. 

Upon dehydration of the material at 540°C in air (aa = 24.36 -t 0.02 A), however, 
the cations moved to sites 81 and 52 only, with the majority of them being in S2 
sites. The three cations (on the average) per sodalite cage which occupied S2 sites 
displayed a strong repulsion for each other. This repulsion resulted in a significant 
distortion of the sodalite cage. The greater ca.tionic repulsion observed when calcina- 
tion was done in air versus a much lesser repulsion when calcination was done in a 
nitrogen atmosphere is due to the oxidation of at least 50% of the Ce3+ cations to 
the 4f oxidation state. 

For the hydrated sample the occupancy factor of S4 sites is 0.66. The population 
parameter of 52 is 0.69 and 0.74 for the nitrogen calcined zeolite and for the air 
calcined zeolite with the corresponding closest Ce-0 distances for this site being 
2.56 and 2.66 A, respective!y. 

Synthetic zeolites X and Y, which have 
the same framework structure as the 
natural mineral faujasite (l-5)) possess 
favorable catalytic properties that make 
them useful in the petroleum industry (6). 
These synthetic zeolites which are usually 
prepared in the sodium form are exchanged 
with polyvalent cations or hydrogen to 
render sieves with superior catalytic ac- 
tivity (7, 8). One group of polyvalent ca- 
tions which have been found to give a ma- 
terial of high stability and activity are the 
rare earth metals. 

In order to gain a better understanding 
of the properties of these materials, it is 
necessary to know the positions of the 
cations in the zeolites. Both X and Y zeo- 

lites are cubic and belong to the space 
group Fd3m. The faujasite framework is 
made of Si(Al)-0, tetrahedrons which are 
linked together by the sharing of oxygen 
atoms so that there are always two oxygen 
atoms for each Si(A1) atom. These tetra- 
hedrons are joined to form a truncated 
cube-octahedral unit which is termed the 
“sodalite cage or unit” and which consists 
of eight hexagonal rings containing six 
oxygen atoms each [six-membered rings 
(6MR)] and six square rings with four 
oxygen atoms [four-membered rings 
(4MR) 1. The basic formula for the sodalite 

unit is Si (Al) 24036. Each sodalite cage is 
joined to four others in a tetrahedral ar- 
rangement. These cages are joined via six 
oxygens that connect two 6-membered rings 
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TABLE 1 
ATOMIC COORDINATESO FOR CERIUM X SIEVES~ 

Atom 
Occupancy 
parameter 

T(Si,AI) 1.0 

O(1) 1.0 

WV 1.0 

O(3) 1.0 

(x4! 1.0 

av(l)(Sl) 0.71(12) 
Ce(2) (SS) 0.28(2) 
O,(3) (S3) 1.00 
Ce(4) (84) 0.66(a) 

T(Si,AI) 

O(l) 
O(2) 
O(3) 
O(4) 
Cel(S1) 
Ce2(S2) 

04) (U) 
Ce(.5) (8.5) 

1.0 
1.0 
1.0 
1.0 
1.0 
0.26(l) 
0.71(l) 
0.18(14) 
0.16(l) 

T(Si,.41) 1.0 

O(1) 1.0 
O(2) 1.0 

00) 1.0 

O(4) 1.0 

Ce(l)(Sl) 0.20(2) 
Ce(2) (S2) 0.74(l) 
0,(2)(U) 0.78(18) 

Cerium X hydrate 
-0.0560(15) 0.1218(10) 

0.0000 0.1136(23) 
-0.0056(34) -0.0056(34) 

0 1662(20) 0.1662(20) 
0.1830(22) 0.1830(22) 
0.0000 0.0000 
0.0.581(11) 0.0581(11) 
0.1748(29) 0.1748(29) 
0.2393(5) 0.2393(5) 

Cerium X calcined in nitrogen 
0.0,567(7) 0.1219(7) 
0.0000 0.1070(12) 

-0.0035(14) -0.003.‘(14) 
0.1767(13) 0.1767(13) 
0.1696(12) 0.1696(12) 
0.0000 0.0000 
0.0650(3) 0.0650(3) 
0.1250 0.12.50 
0,500o 0.5000 

Cerium X calcined in air 
-O.OSUS(lr,) 0.1264(,31 

0.0300 0.1160(19) 
-O.OZ.56(20) -O.OZ.i6(20) 

0.1680(14) 0.1680(14) 
0.1812(16) 0.1812(16, 
0.0000 0.0000 
0.0565(4) 0.0565 (4) 
0.1250 0.1250 

Z 

o.o35s(ali 
-0.1136(23) 

0.1414(24) 
-0.0213(35) 

0.3149(31) 
0.0000 
0.0581(11, 
0.1748(29) 
0.2393(.5) 

0.0314(10) 
-0.1070(12) 

0.1296(13) 
-0.0369(G) 

0.3154(21) 
0.0000 
0.0650(3) 
0.1250 
0.5000 

0.0%0(9j 

-0.1160(19, 
O.l280(18j 

- 0.0439(24) 
0.3036(25) 
0.0000 
0.0565(4) 
0.12.50 

T 

0.40 
2.00 
2.00 
1.97(2.9) 
1.00 
a.l4(6.9j 
4.13(2.1) 
1.50 
1.5ri(O.71 

0.06(0.6) 
3.14(1.5) 
0.59(1.1) 
l.ll(l.21 
0.36(1.61 
2.82(2.3) 
2.08(0.4i 
3.50 
2.50 

0.37(0.81 
0.31(2.% 
3.17(2.61 
2.38(1.9) 
0.89(1.91 
1.50 
3.40(0.6) 
2.29(9.lr 

‘I Origin at 5 M. 
b Est,imated standard deviations (u) are in parentheses. 

or hexagonal faces to form a hexagonal 
prism (DGMR) . The bridging oxygens are 
generally labeled O(1) (see Table 1). The 
12 oxygen atoms comprising the two 6MR 
of the hexagonal prism are conventionally 
termed 0 (2) and O(3). This tetrahedral 
arrangement of sodalite cages results in 
large cavities having rings of 12 oxygen 
atoms [12-membered rings- (12MR) 1. En- 
trances into these cavities from within the 
sodalite unit are through the second set of 
tetrahedrally arranged 6MR which are 
composed of oxygens labeled O(2) and 
O(4). 

In general, there are six sites (9, 10) 
available to nonframework ions (see Fig. 

1). These sites all have coordinates x.t’.z’ 
and are: (1) Sl which is in the center of 
the hexagonal prism; (2) S2 which is within 
the sodalite cage approximately 1 A from 
the 6MR that comprises the hexagonal 
prism; (3) U which is in the center of the 
sodalite cage; (4) S3 which is within the 
sodalite cage approximately 1 A from t’he 
center of the 6MR which opens into the 
large cavity; (5) S4 in the large pore about 
1 k from the center of the 6MR of S3 ; and 
(6) S5 which is in the center of the 12- 
membered ring. 

Olson et al. (10) have reported the 
structures of cerium exchanged natural 
faujasite and lanthanum X. Cerium ions 
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FIG. 1. Projection of the sodalite cage for faujasite showing the available nonframework sites. Site 5 is in 
the center of the 12MR and is not shown here. 

were found to occupy S5 sites and to be 
randomly located in the supercages in hy- 
drated cerium exchanged natural faujasite. 
Upon calcination all the cerium ions mi- 
grated to 52 sites in the sodalite cage. In 
hydrated lanthanum X, lanthanum ions 
occupy sites S2 and 54 with water being 
in S3. Calcination results in the movement 
of all the lanthanum ions to 52. Smith et 
al. (9) have reported the cation positions 
for calcined LaY at room temperature and 
725°C. Lanthanum occupies S2 sites at 
room temperature and at 725°C some of 
the cations migrate to sites Sl and S4. Ben- 
nett and Smith (11-14) have published a 
series of articles on lanthanum exchanged 
natural faujasite and hydrated L’aX. They 
found lanthanum ions to occupy sites S2 
and S5; and 52, S4, and S5; respectively. 
They studied calcined samples of both ma- 
terials at several temperatures and found 
in all cases that lanthanum ion occupied 
Sl, 52, and S4 sites. We have studied the 
cation distribution in CeX sieves because 
we were interested in discerning whether 
this distribution would be any different or 
the structure altered in any manner due 
to the ease of oxidation of Ce3+ to Ce*+. 

METHODS 

Since single crystals of synthetic fauja- 
site are quite difficult to obtain, it was 
necessary to use the less accurate powder 
techniques in which non-unique reflections 
must be utilized. In order to understand 
the structural changes which occur during 
each step of the preparation of the material, 
CeX sieves were studied (1) in the hy- 
drated form, (2) in the activated form after 
calcination in a nitrogen atmosphere, (3) 
in the activated form after calcination in 
air. The samples were prepared from a 
commercial NaX sieve which is manu- 
factured by the Davison Division of the 
W. R. Grace & Co. The starting NaX sieve 
was thoroughly washed with deionized 
water to remove excess caustic and other 
water-soluble impurities. The unit cell com- 
position of the NaX sieve as determined 
by chemical analysis was 42.2 Na,O.44.0 
A1,0,*103.9 SiO,.nHzO. The cerium chlo- 
ride used for the exchanges was obtained 
from the American Potash & Chemical Co. 
(purity of 99%). To prepare the hydrated 
CeX sieve, the NaX starting material was 
exchanged by contact with an excess of 
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cerium (III) chloride solution. The ex- 
change was carried out at the boiling tem- 
perature of the solution in a nitrogen at- 
mosphere. Hydrogen was bubbled through 
the cerium chloride solution prior to the 
exchange. The cerium exchange of the 
molecular sieve was repeated under the 
same circumstances with a fresh cerium 
chloride solution. The result’ing cake was 
washed and then calcined at 540°C for 2 
hr in a flow of dry nitrogen. The sieve ob- 
tained still contained 1.2% Na,O. The 
remaining sodium ions were ammonium ex- 
changed by contacting the sieve with an 
excess of ammonium sulfate solution at 
boiling temperature under nitrogen. The 
resulting white material was finally washed 
and dried at 100°C. This material is the 
sample which is termed CeX hydrate. 

The nitrogen calcined CeX sieve, Cc?+X, 
was made by heating the CeX hydrate ma- 
terial at 540°C for 2 hr in a flow of dry 
nitrogen. A gray-white powder resulted. 
The air calcined CeX sieve (CP+, Ce’+)X, 
was obtained by calcining CeX hydrate at 
540°C for 2 hr in a muffle furnace in con- 
tact, with the atmosphere. A yellowish 
material resulted. The samples were 
analyzed by X-ray spectroscopy for the 
alumina, silica, and rare earth content and 
by flame photometry for the sodium con- 
tent. The results showed that the unit cell 
formula was 0.3 Na,0*13.0 Ce,0s*44.0 
A1,0,,*104.0 SiO,*nH,O. Since the univalent 
cation equivalent of the cerium ions does 
not equal the number of aluminum ions, it 
was assumed that the excess negative 
charges are compensated by hydrogen ions 
resulting from the ammonium sulfate ex- 
change. Chemical analysis also indicated 
that in the air calcined sample at least 
507% of the cerium ions had been oxidized 
to the tetravalent state. 

The unit cell values were 25.10 + 0.02, 
24.94 I+ 0.02, and 24.86 & 0.02 A for the 
hydrated, N, calcined, and air calcined 
samples, respectively. The X-ray diffrac- 
tion intensity data on the hydrated sample 
were collected on a Norelco powder dif- 
fractometer equipped with a Geiger counter 
as a detector. On the other two samples a 
Hamner solid state detection system 

equipped with a scintillation counter and 
pulse height analyzer was employed. X-Ray 
scans were taken using Cu KCU radiation, 
0.006-in. receiving slit, and a scanning 
speed of l/so/minute. The two theta region 
between 5 to 65” was scanned at three dif- 
ferent attenuations, 1000/2, 500/4, and 200 
counts/8 set, in order to record the 
strongest, and the weakest reflections. A 
total of 96 observations, some of which 
were combinations of several refle&ions, 
could be recorded in this range. The X-ray 
peaks were planimet’ered at least three 
times each to obtain the average area. 
Whenever a particular observation was rc- 
corded at more than one at’tenuation, the 
average value of the two or three observa- 
tion was used as the intensity of that peak. 
All the samples used were equilibrated 
with the atmosphere before data collection 
was commenced. 

Three-Dimensional Fourier Analyses 
and Least-Squares Refinement 

The three-dimensional Fourier program 
used was written by Dr. F. R. Ahmed (15) 
of the National Research Council of 
Canada. Only those observations which 
were due to single reflections or to the co- 
incidence of two reflections were used in 
computing the initial electron density 
maps. A series of computer programs 
written by Mr. R. Coelho of our research 
center and one of us (FDH) for the IBM 
360 Model 30 were used to reduce the ob- 
served intensities to observed structure 
factors. The structure factors were assigned 
the algebraic signs calculated on the basis 
of the framework alone. 

The least-squares refinement program 
employed was written by Dr. Walter C. 
Hamilton (16) of Brookhaven National 
Laboratory and is a general program to 
refine powder pattern data for any st’ruc- 
ture for which the appropriate subroutine 
defining the observations in terms of the 
structural parameters has been written. 
Such subroutines were written by one of 
us (FDH) for the three structures under 
study. This program was run on the Univac 
1108 computer at the University of Mary- 
land through the cooperation of Dr. James 
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Stewart. Since in these structures there 
were 34 or more parameters, the frame- 
work parameters only and the extra-frame- 
work parameters alone were varied alter- 
natively in successive least-squares cycles 
in order to keep the over-determination 
ratio as large as possible. Site occupancy 
factors and temperature factors were never 
varied in the same cycle because they are 
closely correlated. 

higher value. A value of the occupancy 
factor greater than 1.00 would indicate that 
this site may be occupied by a mixture of 
water molecules and cerium ions. The ob- 
served and calculated intensities and struc- 
ture factors are given in Table 2. A pro- 
jection of the sodalite cage for this 
structure is given in Fig. 2. 

Refinement was performed on the 
weighted intensities where the weighting 
scheme used was that of Cruickshank (17) 

w = l/(U + b F” + c F,2), 

Cerium ions were found to occupy sites 
S2 and 54 with occupancy parameters of 
0.28 and 0.66. Unlike the lanthanum X 
(10) case no cerium ions were found to 
occupy 55 sites. Site Sl was found to be 
partially occupied by water and as men- 

with all the coefficients adjusted to give 
the best weighting scheme for each set 
of data. The quantity minimized was 
2:zc (I”,,, - Iralc)B. In these equations w is 
the weight, Iobs and Icalc are observed and 
calculated intensities, and F, is the observed 
structure factor, which in this case was re- 
placed by the observed intensity. The 
tetrahedral scattering factors employed 
were the weighted average of fsiz+p interpo- 
lated from fsi and fSis+) and fAl+, (18) with 
the weights assigned according to the sili- 
con to aluminum ratio of 1.182 as deter- 
mined by X-ray spectroscopy. For oxygen 
and cerium, fo- and fee form factors were 
used (18). 

01 01 

01 
01 

01 

RESULTS 

01 ai 01 01 

FIG. 2. View of the sodalite cage for CeX hydrate, 

A. Cerium X Hydrate 

in projection down the cell edge. Some of the O(1) 
and O(2) atoms have been omitted for clarity. 

The framework parameters and cation tioned above, S3 seems to be occupied by 
positions reported by Olson et al. (10) for a mixture of water molecules and cerium 
lanthanum X hydrate were used as starting ions (about two cerium ions/unit cell). 
values. The Fourier map calculated on the Cerium in site 52 is coordinated to the 
basis of the signs resulting from the frame- three O(3)s of the sodalite 6MR belonging 
work alone showed extra peaks besides to the hexagonal prism and to the water 
those assigned to the metal cations. These oxygen occupying Sl with distances of 2.19 
peaks were attributed to water molecules. and 2.53 IL respect’ively. This cerium ion is 
Refinement was terminated at an R(I) also coordinated by three water oxygens 
value of 0.151, where R(I) = [8w(Iobs - from 53 as second nearest neighbors at a 
Lalc) */mJ (Io!Js2) I I/*. The final atomic co- distance of 2.99A. This coordination is 
ordinates, thermal parameters and occu- similar to that found in calcined LaX and 
pancies are given in Table 1. The occupancy hydrated LaX (IO), where in the former 
of the water molecule in 53 was fixed at the La3+ in 52 is surrounded by three lat- 
1.00, since any refinement of it led to a tice oxygens and three water oxygcns all 
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at 2.5 + 0.1 A. The cerium ions in S4 have 
three O(2)s as nearest neighbors at a dis- 
tance of 2.52 b and three 0 (4)s and one 
O,(3) as next nearest neighbors at dis- 
tances of 2.75 and 2.80& respectively. All 
the framework oxygens are from the 6MR 
opening into the supercage. 

The average silicon or aluminum to 
oxygen distance of 1.73 f 0.07 K is some- 
what’ long compared to other values which 
have been reported (s-5,10) and compared 
to the value of 1.676 reported by Jones 
(19) for feldspars of the same silicon to 
aluminum ratio. However, this value is 
still within I (T of the value reported by 
Jones. 

B. Cerium X Calcined in a Nitrogen 
Atmosphere, Ce3+X 

The framework parameters reported by 
Olson et al. (10) for calcined lanthanum X 
were used to calculate the signs of the 
observed structure factors from which the 
Fourier map was computed. Three crystal- 
lographically different cerium peaks and 
one water peak were detected. Initially 
two of the three cerium peaks (Sl and S5) 
were thought to be water, but least-squares 
refinement of the complete structure 
strongly indicated that these peaks must 
be due to cerium ions. Refinement was 
terminated at an R(I) value of 0.105. The 
final coordinates, thermal parameters and 
occupancy factors are given in Table 1. 
iz projection of the sodalite unit for this 
structure is given in Fig. 3. 

Cerium ions were found to occupy Sl, 
S2, and S5 sites with population param- 
eters of 0.26, 0.71, and 0.16. Site U was 
found to be occupied by roughly one water 
molecule per unit cell. However, as shown 
in Table 1, the large standard deviation of 
the population parameter for this site 
makes its occupancy uncertain. The cerium 
ions in S2 sites are coordinated to three 
0 (3)s at distances of 2.56(4) B. Cerium in 
site Sl coordinated to all six of the 0 (3)s 
of the DGMR at a distance of 2.74(3) A 
each. The Ce(2)-Ce(2) distance is 
4.23(l) ii. 

01 

01 

01 01 

FIG. 3. View of the sodalite cage for CeX calcined 
in nitrogen, in projection down t,he ce!l edge. Some’of 
the O(1) and O(2) atoms have been omitted for 
clarity. 

The framework coordinates changed only 
slightly from the values reported for LaX 
(10). The average of the tetrahedral (Si, 
-411-O bond lengths is 1.63 A with (Si,Al)- 
O(1) distance of 1.53 K being rather short’ 
to the standard value of 1.676 .Ei 

C. Cerium X Calcined in Air, (Ce4+, Ce”- ) S 

From an electron density map calculated 
in the same manner as the one for ihc 
nitrogen calcined sample, two cerium peaks 
and one nonframework oxygen peak were 
detected. The cerium peaks occurred at 
sites Sl and S2 and the oxygen peak at 
site U. Refinement of this model using the 
framework parameters and the extra- 
framework coordinates selected from the 
Fourier map would not proceed below an 
R value of 0.34 when the refinement was 
attempted by the same procedure as that 
used on the first two samples. This pro- 
cedure consisted of refining the extra-frame- 
work parameters only until the R value 
dropped below 0.23 and then in alternating 
cycles refining the framework parameters 
and the extra-framework parameters. Since 
initial refinement of the extra-framework 



parameters terminated at 
value, it was decided at this stage to re- 
fine the framework parameters relatively 
earlier. Two cycles of least-squares refine- 
ment resulted in remarkable shifts in the 
framework parameters and a drop of the 
R value to 0.239. Refinement then pro- 

ceeded in a normal manner and was ter- 
minated at an R value of 0.157. The final 
coordinates, thermal parameters and oc- 
cupancy factors are listed in Table 1. A 
projection of the sodalite cage of the air 
calcined structure is given in Fig. 4. 

The occupancy numbers for cerium in 
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TABLE 2 (Continued) 

253 

Sl and 52 sites are 0.20 and 0.74, respec- Table 4). The distance of closest approach 
tively. On the average 6 out of the avail- for these cerium ions is 4.82(2) A. Cerium 
able 8 U sites/unit cell are occupied by non- in site Sl has as its nearest neighbors the 
framework oxygen. The cerium ions in 52 six O(3)s of the DGMR at distance of 
sites are coordinated to three O(3)s at dis- 3.09(4) A each. 
tances of 2.66(6) A and the oxygen species As stated earlier, the framework atoms 
in site U at a dist,ance of 2.954(9) IL (see underwent significant shifts with O(2) 
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01 

01 

01 

01 

01 01 01 01 

F FIG. 4. View of the sodalite cage for CeX calcined 
in air, in projection down the cell edge. Some of the 
O(1) and O(2) atoms have been omitted for clarity. 

moving as much as 0.5 A in the x and y 
directions. The average (S&Al)-0 dis- 
tances is 1.67 A with (Si,AI)-0 (2) be- 
ing 1.73(6) A and (Si,Al)-O(4) being 
1.61(4) A. Since these differences in dis- 
tances are within 2 u of the average value 
and the standard (Si,Al)-0 distance sighted 
earlier, no physical significance can be at- 
tributed to them. 

DISCUSSION 

The average of the (S&Al)-0 distances 
for the three structures are 1.73, 1.63, and 
1.67 A for hydrated CeX, Ce3+X and 
(Ce*+, Ce3+) X, respectively. Smith and 
Bailey (2020) have recommended 1.61 and 
1.75 A as the distances to be used for pure 
Si-0 and Al-O bond lengths, respectively. 
Jones (19) has proposed 1.603 and 1.761 A 
as the corresponding distances. Eulenberger 
et al. (5) have stated that considerable dif- 
ferences up to approximately O.lA occur 
belween different (Si,Al)-0 bond lengths 
of a particular tetrahedron. They emphasize 
further, that the 0-(Si,Al)-0 and particu- 
larly the (Si,Al)-0-(Si,Al) angles are more 
flexible and that for the latter, values be- 
tween 120 and 180” have been observed. 
With the exception of the 1.53 A distance 

reported here for Ce3+X (see Table 3)) all 
the results of this work fall within the 
rather broad limits specified by the above 
authors. Values of 1.76 and 1.53A for 
(Si,Al)-0 distances in the same tetra- 
hedrons were reported by Broussard and 
Shoemaker (3) for the 5A-type sieve. It is 
quite probable that such large variations 
in the (S&Al)-0 distances reported in the 
present paper could be due to the less ac- 
curate powder techniques and the resulting 
errors in least-squares refinement of the 
data. However, in some instances as in- 
dicated below, physical significance can be 
attached to these differences, thus indi- 
cating that some of them are probably real. 

In all three cases studied the average of 
the four (Si,Al)-0 distances of 1.63, 1.67, 
and 1.73 A agreed within 2 q with the value 
of 1.676 reported by Jones (19) for feld- 
spars of the same silicon: aluminum ratio. 

Since the hydrated CeX sample studied 
in this work had previously been calcined 
after initial exchange and then exchanged 
with ammonium sulfate, it would not be 
proper to compare the results obtained for 
this sample with the cerium faujasite of 
Olson et al. (10) in which cerium ions, 
sodium, magnesium, and calcium ions were 
all present and t.he sample had undergone 
partial exchange only. One can however 
with some justification compare our (inter- 
mediately calcined) CeX hydrate with 
LaX hydrate which had undergone batch 
exchange only and had a 0.2-mole fraction 
of Na,O per unit cell. In LaX hydrate 
Olson et al. found that per unit cell there 
were 12, 17, and 4 atoms in sites 52, S4, and 
S5, respectively, whereas in CeX hydrate 
there are 9.0 and 21.4 Ce atoms in sites 2 
and 4, respectively. Since in LaX there 
were 33 cations whereas in CeX there were 
only 30 as determined by diffraction, the 
fact that no Ce3+ was found in site 5 could 
be easily explained by assuming that the 
difference is really due to a larger number 
of cations in the LaX case and to experi- 
mental error. 

An unusual feature of the CeX hydrate 
structure is the close approach of the 
cerium ions in 52 to the 0 (3) s of the 
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TABLE 3 
FRAMEWORK INTERATOMIC DISTANCES AND ANGLES FOLK CICR~UM X ZEOLITES" 

Atom set CeX nHzO Ce3+X (Ce4+, Ce3+)X 

Distances (;i) 
T-0(1.2! 1.71(6! 1.53(S) 1 .67(5) 
T-0(2 3) 1 70(9i 1.60(4) 1.73(6) 
T-0(3.13) 1.77(S) 1.68(4) 1.68(4) 
T-0(4.11) 1.74(6) 1.72(4) 1.61(4j 
O(l)-O(2.15) 2.80(10) 2. 64(S) 2.36(7) 
O(l)-O(3.12) X21(8) 2.67(41 2.84(6) 
O(l)-O(4.17) 2.7117) 2.75(4‘1 2.82(6) 
O(2)-O(3.13) 2.70( 10) 2. .52(.5, 2.88(7)6 
O(2)-O(4.7) 2.57(10) 2.79(S) 2.79(6) 
O(3)-(4.14) 2.75(8) 2,52(j) 2.50(5) 
T-T(.6) 2.93(6) 2.78(3) 2.92(41 

Angles (“1 
T(.l)-O(l)-T(.S) lls.3(3.3j 131.6(2.1) 122.2(2.7) 
T(. 4)-O(2)-T(. 3) 144.4(5.4’1 152.9(2.6) 148.8(3.3) 
T( .9)-O(3)-T( . 8) 119.8(4.1) 144.6(2.4) l-52.2(3.3) 
T(. lo)-0(4j-T(, 11) 141.914.4j 16.X4(2.8) 1.51.1(3.6) 
0(1.2)-T-0(2.3) 110.6(3.81 ll.j.6(2.0) 87.X(2.4) 
0(1.2)-T-0(3.13) 134 9(3.6, 112.8(1.9) 117.7(2.6) 
0(1.2~-T-0(4.11) 10X6(3.31 115.4(2.0) 119.OC2.7) 
0(2.3)-T-0(3.13) 101.8(4.0) 100.4(2.0) 120.9(2.8) 
0(2.3)-T-0(4. II) 96.6(3.9) 114.2(2.2) 112.Cq2.S) 
0(3.131-T-O(4.11) 102 9(3.61 95. 6(2 0) 100.0(2.8P 

Q Atom designations are as follows: T is for silicon (aluminum). O(M.N) refers to the Mth oxygen trans- 
formed by the nth symmetry element. The symmetry operations are: (1) zy.r; (2) yzz; (3j z‘z!,; (4) zxy; (5) 
WY; (6) gzs; (7) z, l/4 - z, l/4 - y; (8) l/4 - z, l/4 - y, 2; (9) l/4 - y, l/4 - z, z; (lo) y, 1/4 - z, 
l/4 - r; (11) l/4 - 2, y, l/4 - 2; (12) l/4 - 2, l/4 - y, 2; (13) 2, l/4 - 2, l/4 - y; (14) z, l/4 - y, 
l/4 - z; (1.5) l/4 - t, y, l/4 - z; (161 3/4 + 2, 3/4 + y, P; (17) S/4 + 2, 3/4 + 2, @; (18) LEq; (19) z, 
3/4 + s, 3/4 + y. 

b O(2)-0(:;.16,. 
c 0(3.1:ir-T-0(4.11). 

sodalite 6MR which opens into the D6MR. 
The distance of cerium to this oxygen is 
2.19(9) A and as compared to LaX hydrate 
represents a shift of 0.41 A for the cerium 
ion along the body diagonal of the cubic 
cell toward site Sl. Since this distance is 
3.7 c shorter than the other Ce-0 distance 
in the structure, it is in the region of sig- 
nificance. illso, it is considerably less than 
the sum of the ionic radius of Cc”+ and the 
van der Waals radius of oxygen which is 
roughly 2.4 -+ 0.1 A. If S3 is actually oc- 
cupied by 2 cerium ions/unit cell, the re- 
sulting repulsion could cause this shorten- 
ing of the Ce(2)-O(3) distance. 

Since Sl is occupied by water with a 
population parameter of 0.71, there are on 

the average 11.4 water molecules/unit cell 
in these sites. Considering that there are 
9 cerium ions/unit cell in S2 sites, the most 
likely distribution would be for a water 
molecule to be in Sl for each neighboring 
S2 site t.hat is occupied. 

Except for the shift in O(3) the frame- 
work coordinates for CeX hydrate are 
quite similar to those for LaX hydrate. It 
is significant that this shift in O(3) results 
in a lengthening of the Si-O(3) bond to 
1.77 A and hence giving support to the 
short Ce (2)-O (3) distance. 

The cation positions observed for CeX 
calcined in a N, atmosphere are somewhat 
different from those found by Olson et al. 
(10) for T,aX calcined in vacuum. They oh- 
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TABLE 4 
NONFHAMEWORK ATOM INTERATOMIC DISTANCES AND ANGLES FOR CERIUM X ZEOLITES 

Atom set? CeX . nHzO Ce3+X (Cd+, (X+)X 

O,(l)-CeW 
O,(l)-O(3.12) 
Cc(l)-S2 
Cc(l)-O(3.12) 
Ce(2)-O(2) 
Ce(2)-O(3.12) 
CeW-O,(2) 
Ce(2)-OJ3.14) 
Ce(2)-Ce(2.12) 
O,(3)-O(2.12) 
O,(3)-Ce(4) 
Ce(4)-O(4) 
Ce(4)-O(2.12) 

Ce(2)-0,(1)-O(3.12) 
Ce(2)-O&-0(3.16) 
0(3.12)-O,(l)-O(3.13) 
0(3.12)-O,(l)-O(3.19) 
0(3.12)-Cc(l)-O(3.13) 
0(3.12)-Cc(l)-O(3 19) 
0(3.12)-Cc(l)-S2 
O,(l)-Ce(2)-O(3.12) 
O,(l)-Ce(2)-0,(3.14) 
0(3.12)-Ce(2)-O(3 13) 
0(3.12)-Ce(2)-0,(3.14) 
0,(3.14)-Ce(2)-0,(3.15) 
S(l)-Ce(2)-O(3.12) 
O(2)-Ce(2)-O(2.4) 
O(2)-Ce(2)-S(1) 
O(2)-Ce(2)-O(3.12) 
O(2)-Ce(2)-O(3.13) 
O(2)-Ce(2)-O,(2) 
0(3.12)-Ce(2)-O,(2) 
Ce(2)-O,(2)-Ce(2.12) 
Ce(4)-O,(3)-Ce(2.14) 
Ce(4)-O,(3)-O(2 12) 
0(2.12)-O,(3)-O(2.13) 
O,(3)-Ce(4)-O(4) 
O,(3)-Ce(4)-O(2.12) 
0(2.12)-Ce(4)-O(2.13) 
O(4)-Ce(4)-O(2.12) 
O(4)-Ce(4)-O(4.4) 

Distances (A) 
2.53(3) 
3.02(5) 

2.19(9) 

2.812(8) 
2.74(3) 
2.91(4) 
2.56(4) 
2.592(S) 

2.434(9) 
3.09(4) 

2.66(6) 
2.954(9) 

2.99(8) 
4.23(l) 4.82(2) 

2.99(11) 
2.80(7) 
2.75(7) 
2.52(6) 

Angles (“) 
45.5(1.4) 

134.5(1.4) 
76.2(1.8) 

103.7(1.8) 
90.2(1.0) 
89.8(1.0) 

125.2(0.7) 

91.8(1.2) 
88.2(1.2) 

124.0(0.9) 
79.2(1.9) 

137.0(1.8) 
116.6(2.7) 
78.5(2.4) 
72.5(2.0) 

98.8(1.1) 113.2(1.4) 

61.2(0.8) 
107.8(1.0) 
68.9(0.7) 

130.1(1.0) 
54.4(1.0) 

lll.l(O.7) 
118.8(0.8) 
109..5(0.3) 

74.5(1.0) 

105.5(1.0) 
109.5(0.2) 

113.6(2.5) 
51.6(2.0) 
85.4(2.8) 
78.8(2.0) 
68.0(2.0) 

lOS.S(Z.Sj 
146.7(2.3) 
116.3(1.9) 

a Symmetry operations are the same as those designated in Table 3. 

served that all the La3+ ions migrated to 52 view of the errors which could exist due to 
sites upon calcination with a total of 30 the use of powder data instead of single 
lanthanum ions occupying the 32 possible crystal data, the occupancy of 55 is not 
sites/unit cell. For NB calcined CeX, which certain. Smith et al. (9) found that in 
could also be termed Ce3+X, approximately vacuum calcined LaY all 16 La3+ ions oc- 
23 ions are in S2, 4 in Sl, and 2.6 in S5. In cupied S2 sites. One may wonder why this 
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difference in cation distribution occurs be- 
tween materials which would be expected 
to have quite similar s,ructurc;. Since in 
L’aX S3 sites were occupied by water and 
in LaY both S3 and U sites arc populated 
by an oxygen species, this tl ffcrence in 
cationic distribution could bc dur to the 
lack of charge neutralizing hpdroxyls or 
screening by water molecules in the CeX 
case. This lack of water or extra-framework 
oxygen is the result of pcrfoming the cal- 
&nation in a nitrogen atmosphere which 
was generated by passing a stream of KZ 
gas over the sample. This procedure thus 
removed all the steam producctl from hcat- 
ing the initially hydrated sample and prc- 
vcnt,cd the trapping of an oxygen sprcic; 
in site U. Calculations of the coulomt~ic 
energy resulting from having three Cc’” 
cat;ons in each sodalite cage and consider 
ing only interactions of these ions with 
each other and with the net 36 oxygen 
atoms which serve as nearest neighbors 
show that indeed this distribut’ion is a 
stable one, since there is a net attractive 
energy of 2.9 cal,/sodalite unit. This cal- 
culation is based upon a rough model which 
divides the 88 available negative charge:: 
over the 384 available oxygen atom<: thus 
giving each oxygen atom a net ncga%-c 
charge of 0.229 e. Performing the same type 
of calculations for Smith’s LaY, where now 
each oxygen would have net a negative 
charge of 0.142 e, indicates that a net’ re- 
pulsive force would exist without the hy- 
droxyl ions at site U. In view of the above 

over the eight available U positions. Since 
at least 50% of the cerium ions have been 
oxidized to the 4+ state, the charge density 
is higher in this case as compared to CeA+X. 
One could rationalize the results by the 
following argument: since calcination was 
done in air in a muffle furnace, water was 
not’ excluded from site U as in the Ce”+X 
zeolite. These oxygen species which occupy 
the U po.Gtions along with the greater 
cationic separation compensate for the ad- 
ditional charge density and thus allow es- 
sentially the same cationic distribution. 
Electrostatic calculations of the type used 
above and assuming all cerium ions exist 
in the 4f state, indicate again that a hy- 
droxyl ion is necessary in U, since without~ 
it a net repulsive force results and with it 
a net attractive force exists. These results 
reemphasize the importance of electro- 
static interactions and also give support to 
the proposal of Rabo et al. (8) that the 
presence of water or hydroxyl groups add 
to the structural stability of the sieve 
(LaY in their case) through the formation 
of a RE-OH (or 02-)-RE complex within 
the Fodalitc cages. 

The following reactions could reflect the 
processes occurring during the calcination 
in a:r of the hydrated CeX zeolite: during 
calcination a dehydration and partial oxi- 
dation process take place. Due to the high 
charge of the oxidized cerium ion, it is 
highly probable that an ion of the type 
(CeOH) 3+ will result. This process is dc- 
scribed by the following scheme: 

:’ cv 
c3 

a c, 
+ Hz0 + l/2 o2 2 !CeOH 

+3 

dehydration aq 
oxrdaf10n 

-- 

calculations one must assume that electro- 
static considerations play an important 
role in determining the resulting cation 
distribution. 

The cation distribution of CeX calcined 
in air is not much different from that of 
the N, calcined material. Since there are, 
per unit, cell, 3.2 and 23.7 cations in Sl and 
S2 sit)es, the only difference is the lack of 
cerium ions in S5. On the average six non- 
framework oxygen atoms are distributed 

As previously mentioned, t ho prescncc of 
hydrolyzed ionic species in faujasitc type 
zeolites has been already indicated by 
Smith et al. (9) for Lay. The probability 
for the existence of such an ionic species 
will obviously increase with increasing 
positive charge of the cation. The (CeOH) 3+ 
ions located in the sodalite cage could, in 
turn, interact with nonoxidized cerium ions, 
resulting in cerium-oxygen complexes, as 
shown in the following schemes: 
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or 

!CeOH) +3 + 2 ce +3 _j 
C:e i 1 PH, 

Ck ‘c e 
sodallte 

2 ;CeOti) +3 + ce+3 j I )I. 1 I, 

The formation of (CeOH) 2+ ions and their 
interaction with (CeOH)3+ ions should also 
be taken into consideration. 

Since on the average there are only 3 
cerium cations/sodalite cage in both these 
samples and l/4 or less cerium ion/DGMR, 
the most probable distribution would be 
for site Sl to be occupied by cerium when 
the corresponding 52 site is not. This dis- 
tribution prevents any cerium to cerium 
distance of less than 4.2 A. 

The resemblance of Ce3+X (N, calcined) 
to (Ce4+, Ce3+)X (air calcined) ends with 
the cationic distribution. As mentioned 
above, the greater cationic repulsion in the 
Ce4+ case, which resulted in an increase of 
the Ce-Ce distance from 4.23 K in the Nz 
calcined material to 4.8211, in the air cal- 
cined case, is probably the cause of the 
large distortions which occurred in the 
faujasite framework. These distortions 
were of such a nature as to decrease the 
amount of puckering in the six-membered 
rings which comprise the sodalite cages 
and are shown in Fig. 4. The mutual re- 
pulsion of the Ce*+ ions can alternatively 
be described as a recession of these ions 
into the six-membered rings of the hexa- 
gonal prisms. The recession causes an 
opening of these rings as displayed by the 
increase of the O(3) to O(3) distance from 
3.88 A in Ce3+X to 4.43 A in (Ce4+, Ce3+)X. 
The cerium ion in S2 is 1.23A from the 
plane of the three O(3) atoms in the N, 
calcined material and 0.88A in the air 
calcined material. Assuming a 1.40 k radius 
for oxygen, the opening in the 6MR leading 
into the hexagonal prism, as measured by 
the effective opening defined by these three 
O(3) atoms, has increased from a radius 
of 0.8 to 1.16 b. In addition, this shift in 
the O(3) position has resulted in a 

1 Ce’- “ce J 
L 

sodalite 
cage 

lengthening of the cerium in Sl to O(3) 
distance to 3.09 A. 

In summary, this work has shown that 
the structures of the Ce3+X sieves are some- 
what different from that of La3+X and that 
the cation positions observed for a par- 
ticular sample depend upon the previous 
treatment of the sample. Also, as one would 
expect the structure of the sieve is altered 
significantly when the cerium is oxidized 
to the tetravalent state. 
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