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A crystalline ferrisilicate having the framework structure of ZSM-23 zeolite has been synthesized
and characterized. The presence of iron in the zeolite lattice framework has been confirmed by
spectroscopic (XRD, framework IR, ESR, and XPS), DTA/TG, magnetic susceptibility, ion
exchange, and catalytic activity results. Chemical analysis and XPS show the absence of any
significant quantity of Al(SiO,/AlL,O; > 1400) in the ferrisilicate. XRD patterns of the as-synthe-
sized as well as the calcined Fe/ZSM-23 matched well with that of ZSM-23 (MTT topology).
Framework IR bands of ZSM-23 are shifted toward lower frequencies on incorporation of iron in
the framework. The white color of the as-synthesized as well as that of calcined samples of
Fe/ZSM-23, ESR (g = 4.4), and magnetic susceptibility (u = 5.4-5.8, BM) data indicate that
Fe-O-~Fe interactions (due to oxides of iron like Fe,0; or Fe;0,) are absent, and that well
dispersed Fe’' jons are present in a magnetically dilute environment. Fe/ZSM-23 exhibits
significant ion exchange capacity and catalytic activity/shape selectivity in the metaxylene
isomerization reaction. Fe’* ions in zeolite lattice positions account for the ion exchange capacity

and shape selective catalytic activity of this crystalline ferrisilicate.

INTRODUCTION

One of the emerging trends in the area of
zeolite catalysis is the synthesis and appli-
cation in catalytic reactions of metallosili-
cates which contain elements other than
aluminium (like B, Fe, Ga) in framework
positions (I). Since the latter ions possess
values of charge/radius ratios different
from those of AI’*, the intrinsic acid
strength of their associated protons and,
hence, their catalytic activity/selectivity
may vary on such isomorphous substitution
(2, 3). Synthesis of novel metallosilicates
and investigation of their catalytic proper-
ties is, therefore, desirable. The present
study reports the synthesis, character-
ization, and catalytic activity of the iron
analog of ZSM-23 containing Fe?' ions in
lattice positions. Such a study has not been
reported, so far, in the journal literature.

Isomorphous substitution of iron in the
MFI framework (ZSM-5 type zeolites) is
now well established (/-4). The iron analog
of sodalite with significant quantities of iron

© 1990 Academic Press, Inc.

in the framework (Si0,/Fe,0; = 6-30) has
been reported by Szostak and Thomas (5).
A partial replacement of A** by Fe** in the
faujasite lattice was achieved recently (6) in
our laboratory. Very recently, in an AP**-
free system we had synthesized (7) a crys-
talline large pore ferrisilicate with the
framework structure of zeolite beta (S10,/
Fe, 05 = 37).

ZSM-23 is a medium pore, high silica,
zeolite first synthesized by Plank et al. (8)
using pyrrolidine as an organic guest mole-
cule. The framework topology of ZSM-
23 (designated as MTT, Mobile-Twenty-
Three) is composed of 5-, 6-, and 10-rings
with 24 T-atoms per unit cell (9). Two other
zeolites, namely, KZ-1 (10) and ISI-4 (1),
also possess the MTT framework (9). The
10-membered nonintersecting channels of
ZSM-23 possess peculiar tear-drop-shaped
pore openings of ca. 0.56 x 0.45 nm. The
presence of somewhat narrower pore open-
ings and absence of channel intersections in
ZSM-23, vis-a-vis those in ZSM-5, make
this zeolite quite interesting from ad-
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sorption and catalytic (I2-15) points of
view. ZSM-23 exhibits shape selectivity
different (/2-17) than that of ZSM-5.

ZSM-23 can be synthesized using a vari-
ety of organic templates such as pyrrolidine
(8), heptamethonium bromide (78, 19), oc-
tamethomium bromide (/9), diisopropanol
amine (20), etc. Recently a systematic
study of crystallization kinetics of zeolite
ZSM-23 has been reported (27). In the
present paper a similar synthesis procedure
has been adapted, with some modifications,
to prepare Fe/ZSM-23. The characteriza-
tion of this ferrisilicate zeolite was car-
ried out by employing a variety of instru-
mental methods.

EXPERIMENTAL
Synthesis

Fe/ZSM-23 was synthesized hydrother-
mally under agitation using fumed silica
(Sigma S-5505), pyrrolidine (Fluka), ferric
nitrate (GR grade), sodium hydroxide
(Analar, grade), and sulfuric acid (98%). In
a typical preparation, to 9.9 g of fumed
silica were added 105 g of distilled water
and 2.7 g NaOH pellets under stirring. This
mixture was stirred for 2 h at room temper-
ature (297 K) before adding it to a solution
of 1.21 g Fe(NO5); - 9H,0 in 30 g H;O very
slowly during 30 min. This mixture was
stirred for 30 min. Then, 5.4 g pyrrolidine
was added slowly to the ferrisilicate mix-
ture. Finally, 2.6 g of H,SO, (98%) was
added dropwise under vigorous stirring.
The resulting, white gel was then stirred for
15 min before transferring it into a stainless
steel autoclave (200 ml capacity). The
sealed autoclave was rotated (at 70 rpm) in
an oven thermostated at 443 K for 3 days.
After the crystallization was complete, the
autoclave was removed, and quenched with
cold water. The solid contents were fil-
tered, washed thoroughly with deionized
water, and dried at 393 K for 8 h. The solid
crystalline white material so obtained was
calcined in a flow of nitrogen at 733 K for 8
h, and then in air at the same temperature

for an additional 8 h. The heating rate was
kept at 1°/min. The organic-free Na form of
the ferrisilicate was then ion exchanged
with a dilute solution of ammonium hydrox-
ide (the pH of the slurry was kept between
7-8) under reflux to get NH,~Fe/ZSM-23.
This ammonium exchange procedure was
repeated twice. The catalytically active
protonic form was obtained by calcining the
NH,-Fe/ZSM-23 zeolite at 733 K for 16 h
in a flow of dry air. The conventional
Al/ZSM-23 was prepared according to pub-
lished procedures (13, 14, 21).

Characterization

The phase identification and crystallinity
determination were carried out by X-ray
diffraction (Philips, PW-1710 CuKa). The
chemical analyses were carried out by a
combination of wet chemical and atomic
absorption (Hitachi Z-800) methods. Fur-
ther characterization of the zeolites was
performed by scanning electron micros-
copy (Cambridge, Stereoscan 150), X-ray
photoelectron (Vacuum generators, Mark
IlI), electron spin resonance (Bruker E-
2000), and framework IR (Pye Unicam SP3-
300, nujol mull technique) spectroscopies.
The zeolites were also characterized by
thermal analysis, adsorption, magnetic sus-
ceptibility, ion exchange, and -catalytic
methods. The adsorption of normal- and
cyclohexanes, and water was carried out
gravimetrically using a conventional Mc-
Bain balance. The magnetic susceptibility
was measured in the range of 94 to 297 K
using a Faraday balance (Cahn Ventron
USA). The ion exchange properties of Fe/
ZSM-23 were evaluated by first saturating
the calcined (organic free) ferrisilicate
sample with 1.0 N NaCl and then by ion
exchanging with potassium. Ion exchange
was done under refluxing for 2 h. The
procedure was repeated to ensure complete
ion exchange. The catalytic activity and
selectivity of H-Fe/ZSM-23 were evalu-
ated, using m-xylene isomerization as the
test reaction. One gram of the powdered
zeolite (14-20 mesh, on dry basis) was
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loaded in a tubular downflow silica reactor
and the products were analyzed by gas
chromatography (Shimadzu) using a 5%
bentone-34 + 5% diisodecylphthalate col-
umn according to the experimental proce-
dure published earlier (22).

RESULTS AND DISCUSSION
Chemical Composition

The molar oxide composition (by AAS)
of calcined Fe/ZSM-23 and Al/ZSM-23 ze-
olites (on anhydrous basis) was found to be
Fe/ZSM-23: 0.7 = 0.1 Na,O: Fe,05: 118 +
1.0 SiO, and AI/ZSM-23: 0.8 = 0.1 Na,O:
ALO;: 109 = 1.0 SiO,. Since the silica
source was quite pure (fumed silica, S-
55035), the Al concentration in the ferri-
silicate was found to be negligible (SiO,/
ALO; > 1400); Al could not be detected by
XPS either. The color of the as-synthesized
as well as that of the calcined, organic-free
samples was white. This indicates the ab-
sence of the brown iron oxides, at least in
the bulk, outside the zeolite crystals.

X-ray Diffraction

The X-ray diffraction patterns of as-
synthesized Al/ZSM-23, Fe/ZSM-23, and
calcined Fe/ZSM-23 samples are given in
Fig. 1, curves A, B, and C, respectively.
The XRD patterns of both Al/ZSM-23 and
Fe/ZSM-23 matched well with those of
MTT zeolites published earlier (9, 10, 13).

Here it may be pertinent to mention that
the use of pyrrolidine as the organic guest
molecule has not yet resulted in the synthe-
sis of the silica polymorph of ZSM-23. In
fact, even carefully optimized synthesis
procedures (I3, 21) could not produce
highly crystalline, pure ZSM-23 having
Si0,/ALO; > 150. Even patent claims (8)
for ZSM-23 using pyrrolidine as template
are restricted to a SiQ,/ALO; value below
250. In the absence of Al or Fe salts during
ZSM-23 synthesis only cristobalite was ob-
tained. Hence, the Fe/ZSM-23 synthesized
in the present study using pyrrolidine in the
Al-free system but containing Fe is unlikely

to be the pure silica polymorph of ZSM-23,
but its ferrisilicate analog.

Scanning Electron Microscopy

Figure 2 shows the scanning electron
micrograph of the as-synthesized Fe/ZSM-
23. The crystals of Fe/ZSM-23 are in the
form of bundles of needles, a typical mor-
phology of ZSM-23 (I3, 21), the individual
needle being 2-3 pm long and 0.1-0.2 um
thick (from a scan of about 100 crystals).
The SEM photograph also confirms the
absence of amorphous material outside the
zeolite crystals.

Thermal Analysis

Figure 3 depicts the thermal behavior
(DTA/TG) of as-synthesized Al/ZSM-23
and Fe/ZSM-23 (curves A and B, respec-
tively). There are three main regions of
weight loss; the first one around 453 K is
due to the loss of water. The other two
around 643 and 693-713 K, respectively,
are due to the decomposition of organic
matter. The first minor exothermic peak
around 643 K exhibited by both Fe/ZSM-23
and Al/ZSM-23 samples is probably due to
the oxidative decomposition of occluded
pyrrolidine. The other exothermic peak
around 693 K (in the case of Fe/ZSM-23) or
around 713 K (in the case of Al/ZSM-23)
may be attributed to the oxidative de-
composition of pyrrolidine in intimate inter-
action with the zeolite framework. This
latter species is held less strongly in Fe/
ZSM-23 than in the Al analog, causing the
observed shift to lower temperature. A
similar shift (to lower temperatures) in
other ferrisilicate zeolite systems had also
been observed earlier on isomorphous sub-
stitution of Al by Fe in framework positions
2,6, 7, 23).

Framework IR Spectroscopy

In Fig. 4 the framework infrared spectra
(in the region of 200-1300 cm™') of the
as-synthesized samples of Fe/ZSM-23 and
Al/ZSM-23 are compared. In Fe/ZSM-23,
in accordance with expectations, most of
the lattice vibration bands are shifted to
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FiG. 1. X-ray powder diffractograms of (A) as-synthesized Al/ZSM-23, (B) as-synthesized Fe/ZSM-
23, and (C) calcined Fe/ZSM-23.

lower wave numbers (in comparison with as-synthesized Fe/ZSM-23 sample (Fig. 5)
the Al analog, Fig. 4). exhibits two main signals at g = 4.4and g =
2.0, respectively. The former is assigned to
Fe’* in distorted tetrahedral positions pos-
Though an ESR signal around g = sibly in the zeolite lattice.
4.3-4.4 cannot be used to confirm the pres-
ence of iron in the lattice positions (24), its
observation is a necessary consequence of Magnetic susceptibility measurements
such a presence. The ESR spectrum of the can indicate whether the iron is present in a

ESR Spectroscopy

Magnetic Susceptibility
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F1G. 2. Scanning electron micrograph of as-synthesized Fe/ZSM-23.
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FiG. 3. DTA/TG of (A) A/ZSM-23 and (B) Fe/ZSM-23.

93



94

KUMAR AND RATNASAMY

100 L T T T

TRANSMITTANCE , %,

O - i
1300 1100 900 700 500 300
WAVE NUMBER,CM™!
F1G. 4. Framework IR of (A) Al/ZSM-23 and (B) Fe/ZSM-23.

1 1 L 1 | 1 L 1 1
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

GAUSS

FiG. 5. ESR spectrum of Fe/ZSM-23.



FERRISILICATE ZSM-23 95

magnetically dilute environment (with
Si-O-~Fe-0O-Si bonds) or in a condensed
iron oxide phase (with Fe—-O-Fe bonds).
Noninteracting Fe*" ions in a diamagnetic
matrix are expected to have a magnetic
moment below about 6 BM. The values of
magnetic moments of samples, measured
by the Faraday balance method, at 94 and
297 K were found to be 5.7 and 5.4 BM
respectively for the as-synthesized Fe/
ZSM-23, and 5.8 and 5.6 BM for the pro-
tonic form. In the case of high silica ferri-
silicate zeolites, the framework Fe’* ions
are present in a magnetically dilute environ-
ment, and thus should have a magnetic
momeitt below 6 BM. Iron oxides, such as
Fe,0s or Fe;0,, if present, are expected to
exhibit much higher values of the magnetic
moment as well as a marked dependence on
temperature, depending upon the degree of
agglomeration of the iron oxide phase (4,
5). Thus the magnetic susceptibility data
confirm that Fe/ZSM-23 does not contain
iron oxide phases like Fe,O; or Fe;O4, at
least in bulk, and that Fe’*—O—Fe*" bonds
are absent in it. Aggregates of iron oxide in
size greater than about 1 nm would have
been detected by this technique if present
in more than 0.1% (wt) concentration.

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectrum of the as-
synthesized Fe/ZSM-23 sample did not re-
veal the presence of aluminum. Aluminum,
in more than 0.1% (wt) concentration
would have been detected in our XPS ex-
periments. Further the oxygen peak was
found to be symmetric (Fig. 6), indicating
that all the oxygen atoms are present only
as the zeolitic lattice oxygen and other
discrete phases (like Fe,0s, Fe;0y, etc.) are
absent. The latter phases, when present,
exhibit a shoulder in the oxygen peak (2).

Adsorption Studies

The adsorption capacities of the cal-
cined, Na form of ferri-ZSM-23 (Na-Fe/
ZSM-23) for n-hexane, cyclohexane, and
water are 8.5, 3.5, and 5.8% (wt.), respec-
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Fi1G. 6. Oxygen peak in the X-ray photoelectron
spectrum of Fe/ZSM-23.

tively, at P/Py = 0.5 and 297 K. The
corresponding adsorption volumes of Al/
ZSM-23 (Si0,/Al,O; = 109) for n-hexane,
cyclohexane, and water (at P/Py = 0.5 and
297 K) were found earlier (/4) to be 6.4,
2.1, and 4.3, respectively. These adsorption
results clearly demonstrate the absence of a
significant quantity of any amorphous ma-
terial occluded within the zeolite crystals.

Ion Exchange Properties

After saturating the calcined Fe/ZSM-23
with Na*, the molar ratio Na/Fe in solid
Fe/ZSM-23 was found to be 0.90. On ion
exchange of Na-Fe/ZSM-23 with potas-
sium, the molar ratio of K/Fe in the resul-
tant sample was found to be 0.86. The ion
exchange property of zeolites is due to
tetrahedral MOJ groups (M = Al, Fe, etc.)
in the framework. Recently Szostak and
Thomas (4, 5) have demonstrated that the
ion exchange capacities of ferrisilicates can
be taken as convincing evidence for the
presence of Fe** in framework positions in
the zeolite lattices. Hence, the substantial
ion exchange capacity of the calcined Fe/
ZSM-23 sample, observed in the present
study, provides strong evidence for the
presence of most of the Fe’™ ions in the
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ZSM-23 lattice framework. Based upon the
ion exchange capacities of calcined Fe/
ZSM-23 for Na (Na/Fe = 0.9, mole ratio) it
can be calculated that the upper limit of
nonframework iron, if any, is not more than
10 mole% of total iron present in the ze-
olite.

Catalytic Properties

Metaxylene conversion over the acid
form of zeolites provides a wealth of infor-
mation on the pore geometry and shape
selective properties of zeolites (26, 27). It
has been found (27) that the ortho-xylene/
para-xylene ratio (OX/PX), in the products
of metaxylene conversion, is quite sensitive
to the subtle differences in the shape and
size of the pore openings of various 10-ring
medium pore zeolites. A decrease in the
value of the OX/PX ratio indicates an in-
crease in the product shape selectivity of
the zeolites. The product shape selectivity
decreases along the series of 10-ring me-
dium pore zeolites : ZSM-23 > ZSM-48 >
ZSM-50 > ZSM-5. The isomerization/
disproportionation (I/D) ratio (26) or selec-
tivity for isomerization (Sel. Isom.) (27),
based upon restricted transition state shape
selectivity, decreases (27) along the series:
ZSM-23 > ZSM-48 > ZSM-5 > ZSM-50.

The isomorphous substitution of frame-
work Al by Fe is not expected to alter the
shape selective properties, particularly of
high silica zeolites. If there is an increase in
the shape selectivity (i.e., a decrease in the
OX/PX ratio in metaxylene isomerization
reaction) on framework isomorphous sub-
stitution of Al by Fe, it indicates that a
significant part of Fe is present as non-
framework occluded material in the zeolite
pores, thus reducing the effective pore
width. The activity of ferrisilicate zeolites
in the proton (Brgnsted acid) catalyzed
reaction (such as metaxylene conversion)
is, however, expected to be lower com-
pared to that of the Al analog because of the
lower strength of the Brgnsted acid sites
associated with the framework Fe in the
former (258).

In the present paper a comparison of the
activity and shape selectivity of Al/ZSM-23
and Fe/ZSM-23 is made. Table 1 shows the
results obtained in the isomerization of
m-xylene, a typical Brgnsted acid catalyzed
reaction (24), over H-Fe/ZSM-23 and H-
Al/ZSM-23. The ortho-/para-xylene ratio,
an indicator of product shape selectivity, is
around 0.27 = 0.03 for both zeolites. The
selectivity for isomerization (14, 27) (equal
to (p-xylene + o-xylene)/m-xylene con-
verted), an indicator of tranmsition state
shape selectivity, is also similar for both the
zeolites, indicating that they possess simi-
lar product, as well as transition state,
shape selectivities. The two zeolites,
however, differ in their activity level at a
given reaction condition. The activity of
H-Fe/ZSM-23 is lower than that of the Al
analog (Table 1). Since the active Brgnsted
acid sites could have been generated only
by protons associated with the framework
Fe’* (particularly when AI* is almost ab-
sent, Si0,/AL0; > 1400), the considerable
activity and shape selectivity exhibited by
Fe/ZSM-23 provide additional strong evi-
dence for the incorporation of iron in the
MTT framework. The lower activity of the
iron analog (compared to Al/ZSM-23)
arises from the lower strength of acid sites
associated with framework iron (28). This
feature of the ferrisilicate zeolites makes
them attractive catalysts for those reactions
which do not require strong acid sites.

CONCLUSIONS

A white crystalline ferrisilicate (SiO,/
Fe,0; = 118) with the framework structure
of zeolite ZSM-23 has been synthesized.
Chemical analysis and XPS confirm that the
sample is substantially free of Al. Scanning
electron microscopy and adsorption mea-
surements indicate the absence of amor-
phous matter, both outside the zeolite crys-
tals and within their pore system. The lat-
tice vibration frequencies in the IR region
are shifted (relative to those in the Al/ZSM-
23) to lower wave numbers due to the
presence of the heavier Fe ions. The mate-
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TABLE 1

Isomerization of Metaxylene over Fe/ZSM-23 and Al/ZSM-23¢

Feed: m—Xylene + H, (1:4, mole)

WHSV: 3.5h7!
Pressure: Atmospheric
Temp. (K) 623 663 683 703
Zeolite Al Fe Al Fe Al Fe Al Fe
Conv. (%, wt) 10.2 5.0 18.2 8.0 22.7 12.0 28.2 19.6
Products (%, wt)
Toluene 0.2 0.1 0.2 0.2 0.3 0.2 0.5 0.4
p-Xylene 7.9 3.9 14.3 6.1 17.9 9.1 21.0 14.4
m-Xylene 89.8 95.0 81.8 92.0 77.3 88.0 71.8 80.4
0-Xylene 2.0 1.0 3.4 1.7 4.2 2.6 6.4 4.4
1,3,5TMB? — — 0.1 — 0.1 — 0.1 0.1
1,2,4TMB 0.1 — 0.1 — 0.2 0.1 0.2 0.2
1,2,3TMB — — — — — — — —
Sel. Isom.® 0.97 0.98 0.97 0.97 0.97 0.97 0.97 0.96
o-Xylene/p-xylene 0.25 0.26 0.24 0.28 0.24 0.28 0.30 0.30
4 Data for Al/ZSM-23 have been taken from Ref. (/4) for comparison.
¢ TMB, Trimethylbenzene.
¢ Sel. Isom., (o-xylene + p-xylene)/m-xylene converted.
rial possesses significant ion exchange ca- REFERENCES

pacity (Na/Fe = 0.9, K/Fe 0.86) and
exhibits activity and shape selectivity in the
isomerization of m-xylene. While magnetic
susceptibility data (u = 5.4-5.8 BM) con-
firm that the Fe** ions in the sample are in a
magnetically dilute environment (no Fe-—
O-Fe bonds), the ESR results (g = 4.4)
indicate that they are surrounded by four
oxide ions at the corners of a distorted
tetrahedron. In view of all the above evi-
dence, it is concluded that the material
synthesized is indeed the ferrisilicate
analog of ZSM-23 containing Fe’' iso-
morphously substituted for AP in frame-
work positions. Even though Fe/ZSM-23
has the same shape selectivity as that of
Al/ZSM-23, the former possesses acidic
sites weaker than those of the latter and,
hence, is of interest in those catalytic reac-
tions which do not require strong acid sites.
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