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Three alternative models are proposed to explain
the map obtained from a difference Fourier synthesis
for a NaFeX zeolite (30% exchanged). The models are
based on the extent of distortion of the zeolitic
structure which arises when sodium ions are replaced
by ferric ions.

Introduction

Metal ion exchanged synthetic zeolites have
provided the basis for extensive research in recent
years due to their capacity to operate as catalysts,
drying agents, sieving agents efc. [1-10] .

Transition metal ion exchanged zeolites are
currently being investigated in redox reactions to
assess their oxidative catalytic activity.

Fe(III) exchanged (A, X) zeolites are regarded as
potential agents for selective oxidation [11-14].

Various investigators have pointed out the insta-
bility of (A, X) zeolitic structures when Fe(III) ions
are exchanged for Na(I) [15-18].

The X-ray diffraction technique has recently been
used to assess the crystallographic sites of the metal
ions in the zeolitic structure of partially and totally
exchanged zeolites by using usual difference Fourier
syntheses and least squares procedures from intensity
data obtained from powder techniques [19-23] or
single crystal techniques [24-26].

Method

The starting material NaX (powder) was ex-
changed with Fe(SCN); solution to obtain the FeNaX
sample.

Due to the instability of the zeolitic structure to
Fe(II1) ions at higher levels of Fe(Ill) ion exchange,
special care was taken by correct choice of conditions
to limit the exchange and minimise structure break-
down.

Chemical analysis of the FeNaX sample showed
30% exchanged Fe(1ll) for Na(I) and surface area
measurements of the sample showed only an 8% loss
of microporosity.

The sample FeNaX and a reference sample of NaX
were brought to the same hydration level by leaving

them for several days in the air after a moderate
evacuation at 60 °C for five hours.

X-ray powder diffraction patterns were taken at
room temperature by using a Phillips diffractometer.

Line intensities up to a 20 value of 100° were
estimated by planimeter for both samples (FeNaX,
NaX).

The structure factors of NaX, Fy;, (hkl), obtained
by Olson [25] in his single crystal study, were used
to generate hypothetical powder line intensities,
1;;:(N), for NaX (n.b. N =h? + k? + 12, because of the
cubic symmetry). In deriving I;;(N), account was
taken of the complication that many powder lines do
not have unique indices, hkl. Thus, for a line having
two components, for example,

Tit(N) = Lie(hI) + Ly (h'k'1')=aF3 (hkD) + bFﬁt(h'k(fl';
1

where a and b are the appropriate constants incor-
porating Lorentz, polarization and multiplicity fac-
tors, The powder line intensities Iny,(N) and Ig.(N),
for the present samples of NaX and FeNaX were nor-
malized to I;;;(N).

Each of the normalized Ig(N) was split into its
components, e.g. Fg(hkl) and Fre(h'k'l"), as follows.
As for the literature example above,

Ire(N) = Ige(hkl) + Ip(h'k'), = aFfe(hkl) + bF,-
i (h'kN) (2)
Hence, by means of the assumption

Fie(h'’k'I')/Fge(hkl) = Fiy(h'kT)/Ffi(hkl) = ¢ (3)
we have
Fieo(hkl) = Ire(N)/(a + bc). 4)

When the square root is taken, and given the same
sign as Fj;(hkl), the Fgg(hkl) is obtained. The other
component has Fgdh'k'l") = c"Fg(hkl) with the
appropriate sign. Lines with any number of compo-
nents can be treated in a similar way, and the same
treatment may be applied to obtain the structure
factors Fna(hkl). The structure factors so obtained
for NaX and FeNaX were further normalized to
Olson’s structure factors for NaX.

The Fourier transform of Fy,(hkl) — Fge(hkl)
was computed giving a difference electron density
map. Three runs using a different number of planes
(535, 450, or 147) in each run were made. The run
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TABLE I. Literature Atomic Positions for Na13X .2

Atom Wyckoff Position Occupancy No/Unit Cell Fractional Co-ordinates

X Y Z
T, g 1.00 96.0 -0.05291 0.12457 0.03509
T, g 1.00 96.0 -0.05352 0.03671 0.12309
0, g 1.00 96.0 --0.1099 0.0002 0.1054
0, g 1.00 96.0 -0.0025 -0.0041 0.1445
(OFY g 1.00 96.0 -0.0321 0.0730 0.068
04 g 1.00 96.0 -0.0706 0.0772 0.1761
Nal c 0.56 9.0 0.0 0.0 0.0
Na2 e 0.25 8.0 0.060 0.060 0.060
Na3A [ 0.38 12.2 0.230 0.230 0.230
Na3B [ 0.37 11.8 0.238 0.238 0.238
ow, e 0.36 11.5 0.074 0.074 0.074
oW, g 0.27 259 0.093 0.086 0.176
OW; e 0.25 8.0 0.245 0.245 0.245
oW, g 0.13 12.5 0.281 0.298 0.275
OWs g 0.31 29.8 0.353 0.345 0.186
OWg g 0.29 27.8 0.239 0.240 0.392
oW, g 0.18 17.3 0.174 0.204 0.422
OWg g 0.17 163 0.212 0.387 0.288
OWy g 0.10 9.6 0.312 0.381 0.200
OW;o g 0.14 134 0.258 0412 0.204

2 Data adapted from Olson [25] for space group Fd3 and origin at 3.

TABLE II. Negative Pecaks from Difference I'ourier Analysis.

Peak Fractional Co-ordinates Model 1 Model 2 Model 3 Nearest Nal3X Peak
Designation Element Height?
X Y Z
1 0.000 -0.0004 0.180 0, Si 0, H
2 0.208 0.308 0.433 Fe Fe I'e ow, H
3 -0.051 0.125 0.125 Ie I'e Si 0O, 0r Oy H
4 0.050 0.050 0.050  Te Fe Fe 1 H
7’ 0.200 0.200 0.241 Fe 0, 11 H
7 0.183 0.233 0.217 0, 11 V.L.
109 -0.058 0.033 0.017 Fe Fe Fe I H
9 0.233 0.316 0.258 H,0 Og4 H,0 OW3 H
10 -0.058 0.042 0.200 Si 04 H
11 -0.108 0.0504 0.183 11,0 H,0 H,0 Oq4 V.L.
13 0.171 0.287 0.388 H,0 H,0O H,0 OWy M
14 0.004 -0.058 0.250 Fe O4 0, 0, or Oy H
16 0.008 0.058 0.304 I'e 0, 04 04 0r0; H
18 -0.116 0.050 0.075 0, 0, 0, M
20 0.0 0.0 0.125 0, 0, 0, M
21 0.112 0.0 0.150 H,0 H;0 (OF ow, L
22 0.267 0.316 0.242 H20 04 H,0 (0)\' V.L.
23 0.375 0.375 0.462 H,0 H,0 H,0 M
26 0.350 0.325 0.200 H,0 H,0 H,0 OW,y M
29 0.246 0.362 0.250 H,0 Al OWg V.L.
31 0.358 0.467 0.183 H,0 H,0O H,0 OWg or OW ;g M
33 -0.0496 0.108 0.175 O4 O4 H
100 0.083 0.042 0.175 H,0 H,0 oW, M
105 0.750 0.042 0.108 H,0 H,0 H,0 ow, M
111 --0.087 0.004 0.051 Al 0, M
114 —0.046 0.050 0.288 0, 0or 0 V.L
121 0.296 0.296 0.496 H,0 H,0 H,0 M
122 0.192 0.275 0.483 H,0 H,0 H,0 OWg¢ H
125 0.267 0.266 0.483 H,0 V.L

2 1 = Iligh; M = Medium; L = Low; V.L. = Very low.
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using 147 planes was chosen for further discussion,
due to simplicity. Although other runs gave higher
resolution they did not alter conclusions based on
147 planes. Further details of the method are
available [27].

The difference electron density map showed
negative peaks for Fe(lIll) ions or distortions of
zeolitic structure elements leading to gain in electron
density, and positive peaks for Na(I) lost by ion-
exchange or by displacement of other elements of
zeolitic structure leading to a loss in electron
density.

Discussion

Identification of Fe(Ill) Peaks
Criteria used for identification of Fe(lIl) ions
were:

a) Peak size

The scattering factor of an element depends
on the number of electrons of the particular
element. Since the atomic number of Fe(Ill) is 27
while that of Na is 11 it is expected that the peak
size would be high for the Fe(IlI) elements when the
loss of Na ions is random amongst the positions they
occupy in the zeolitic structure.

b) Positions in the zeolites as given in the literature

[19-26]

There are only a few sites available for the metal
ions in the zeolitic structure of NaX. These sites are:

Site 1in hexagonal prism (centre)

Site I' opposite to Site I in truncated octahedron

Site II' behind the hexagonal window inside the
truncated octahedron

Site I opposite to Site II' and in the supercage

Site III in front of tetragonal window of the
truncated octahedron and inside the supercage

Site IV inside the supercage.

All these sites are lying on the diagonals of the
cube of the unit cell, and the ions show preference
for those sites as a result of coulombic forces and
co-ordination preferences.

c) Interatomic distances and co-ordination spheres

Table III quotes the ionic radii of the elements of
interest and their jonic radii in relation to their co-
ordination number.

From Table III it is expected that if Fe(Ill) is
in high spin state the distance between Fe(Il) and
zeolitic oxygen will be greater than 2.05 A in octa-
hedral co-ordination or greater than 1.9 A in tetra-
hedral co-ordination.

According to Levina and Malashevitsh [28] the
Fe(Ill) ion enters the zeolitic structure at pH = 4
as Fe(OH)** and therefore it might be that one of the
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TABLE 1. Ionic Radii ( A).
Co-ordination no. 2 4 6 8 12
Ion
02 1.35 138 14
Na* 1.02 1.16
Ca?t 10 .12 135
Cu?* 0.73
Fe3* 1§82 0.55
Fe3* HSP 049 0.65
Sid* 0.26 0.40
AP* 039 0.53

21S=Josspin. P HS = high spin.

ligands is at a shorter distance than the others because
it is an OH ion. However this does not seem to be
justified from our analytical results which show a
good balance between Fe(II) and Na(l) during ion
exchange.

On the basis of the criteria stated previously, and
on the assumption that the negative peaks arise from
Fe(III) ions accompanied by their hydration sphere,
the following negative peaks are assigned to Fe(IlI)
ions in three alternative models.

Model 1

Peaks 2, 3, 4, 7, 14, 16, 109 represent Fe(lIl)
ions. The NaX unit cell is comprised of eight
truncated octahedra. A thirty percent exchanged
sample (Fe(IIl) for Na(I)) would gain 9-10 Fe(III)
and lose three times as many Na(l) ions per unit cell.
In the case where no zeolitic structure breakdown is
considered the possible Fe(IIl) sites are almost as
numerous as the number of Fe(IIl) ions exchanged.
It seems reasonable on that account to suggest that
Fe(Ill) ions are randomly distributed in the dif-
ferent sites of the zeolitic structure thus showing no
site selectivity in the hydrated form up to 30%
exchange (Fig. 1, 2).

Apart from peak 109 all the other Fe(IIl) ions
include water molecules in their co-ordination sphere.
All sites show distorted octahedral co-ordination
(the extent of distortion depending on the site)
except for Site I' which is compressed tetrahedral.

Model 2

Peaks 2, 3, near OW3, 109 and 4 represent Fe(III)
ions.

In this model minor distortions of the zeolitic
framework are assumed to take place due to some
displacement of the zeolitic oxygen under the
influence of the Fe(IIl) positive charge during ex-
change. Evidence for distortions of zeolitic structure
are the negative peaks obtained near zeolitic oxygens,
the loss of Si or Al from the zeolitic structure posi-
tions and the gradual breakdown above 30%
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Fig. 1. Positions of some Fe(IlI) ion complexes in the zeolitic
framework according to Model A. Fe(IIl) ions are marked
with *.

Fig. 2. Positions of some Fe(111) ion complexes in the zeolitic
framework according to Model A. I'e(Ill) ions are marked
with *,
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exchange. This model presents distortions due to
Fe(11l) ions in hexagonal prisms (peak 109) (Fig. 15)
and the Fe(III) ions in sites close to OW; in front of
the hexagonal window (Fig. 3). This position on the
map shows a positive peak. However because in this
area the Site (II) of Na(l) exists and since the Na(I)
loss is three times greater than the gain in Fe(III)
it might be assumed that the Fe(IIl) ions accommo-
dated in this position are considerably less than the
sodium ions leaving this position during exchange
and therefore the map shows a positive peak while
the ligands of the Fe(Ill) jons are shown as negative
peaks.

Fig. 3. Position of Fe(lll) ion with co-ordinates (0.25, 0.0,
0.0) according to Model B.

Model 3

Peaks 2, 4 and 109 represent Fe(lll) ions. This
model supposes major distortions of the zeolite
framework during exchange.

The distortions are mainly derived from dis-
placements of Si or Al ions. This third model (Fig. 4,
5) based on major distortions of zeolitic structure is
mainly the result of displacements of Si or Al ions
from their original positions due to repulsion forces
generated from Fe(IIl) ions entering the hexagonal
prisms, where the Fe(Ill) is totally co-ordinated to
zeolitic oxygens. These distortions give a locally
amorphous appearance within the zeolitic structure
although the basic structure as a whole still exists.



X-Ray Study of Zeolite

247

Fig. 4. A perspective view of Model C. Fe(11l) are marked with asterisk.

Fig. 5. Model C. A perspective view of negative peaks in the supercage between two hexagonal windows of truncated octahedra.

Justification for this model is given from the loss
of peak height in positions occupied by Si and Al
ions in NaX crystal structure, in agreement with
microporosity loss (8%) obtained from surface area
measurements. Furthermore this model is consistent
with the observed gradual breakdown at higher per-
centages of exchange.

Finally, Fig. 6—15 shows co-ordination schemes of
Fe(Ill) ions in the zeolitic structure as they are found
from the electron density map. Co-ordination
schemes of Fig. 14 apply to Model 2 while Fig. 15
applies to Model 2 and Model 3.

From the difference electron density map it is
fairly clear that during exchange with Fe(lIl) ion
the pure exchange phenomenon is accompanied by
changes in framework positions. There are peaks
which can only be explained by minor displacements
of oxygen ions of the zeolite framework and negative
peaks which may be assigned to displacements of Si
and Al ions.

These displacements of framework elements
associated with exchange phenomena seem to provide
the overall picture. Mechanistically, one can envisage
exchange as first involving the simple replacement
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Fig. 6. Co-ordination scheme of Peak 2, for all models.

Fig. 7. Co-ordination scheme of Peak 3, for Models A, B.

Fig. 8. Co-ordination scheme of Peak 4, for Models A, B, C.

of sodium by iron (not necessarily at the same sites)
as typified by Model 1. As more iron enters and new
co-ordination forces are set up, the framework
distortions begin to occur as in Model 2. These

N. P. Evmerides, B. Beagley and J Dwyer

48k
L Fe(lll)

Fig. 9. Co-ordination scheme of Peak 7, for Model A.

Fig. 10. Co-ordination scheme of Peak 14, for Model A.

IFig. 11. Co-ordination scheme of Peak 16, for Model A.

distortions increase (with accompanying breakdown
to amorphous material) as substantial percentages of
iron are exchanged (Model 3).
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Fig. 12. Co-ordination scheme of Peak 109, for Model A.

IFig. 13. Co-ordination scheme of Peak 109, for Model A.

Fig. 14. Co-ordination scheme of Fe(III) at position (0.25,
0.0, 0.0) for Model B.
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Fig. 15. Co-ordination scheme of Peak 109, for Models B and
C.

Although, because of the above remarks, we tend
to prefer Model 3 to describe the sample we studied,
a conclusion has not definitely been established by
the X.ray crystal structure analyses. It is necessary
that further investigations (perhaps involving other
techniques) be initiated to provide information
for selecting between the options given here.
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