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Ferrisilicate analogs of ferrierite (FER) type zeolite having SiO2/Fe2O3 ratios ranging between 30 and 200 have been synthe-
sized using pyrrolidine as the templating agent. On calcination, the samples develop a typical buff color indicating conversion of
some tetrahedral Fe3� into octahedral Fe3�. Correspondingly, a doublet in the M�ossbauer spectrum with isomer shift at 0.15 and
0.68 mm sÿ1 was observed. The Fe-FER samples were further characterized by UV-vis, IR and TG/DTA. Fe-FER samples were
found to exhibit catalytic activity for n-hexane oxidation reactions with hydrogen peroxide as oxidizing agent.
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1. Introduction

The ferrisilicate analogs of zeolites and molecular
sieves arewell documented [1^12]. Ferrierite is amedium
pore zeolite based on chains of 5-rings, which are linked
to give [54] polyhedral units. There are two types of inter-
secting channels in the structure. Themain channels par-
allel to the orthorhombic c-axis of the crystal are
outlined by elliptical 10-MR pores (4:3� 5:5 Ð) while
the side channels parallel to the b-axis are formed by 8-
MR pores (3:4� 4:8 Ð). Ferrierite has been found to be
an excellent catalyst for skeletal isomerization of n-
alkenes to iso-alkenes [14,15]. The high acidity of alumi-
nosilicates leads to lower catalytic selectivity, which
further decreases with time on stream. Therefore these
compounds cannot be used in reactions which require
moderate acidity. Substitution for Al3� by trivalent
cations like Fe3�, Ga3�, Cr3�, etc. is known to impart
moderate acidity in zeolites [16]. Ferrierite can be
synthesized using a number of templates like hexamethy-
lene diamine [17], trimethyl cetyl ammonium hydroxide
[18], trimethyl amine hydrochloride [19], ethylenedia-
mine [20], cyclohexylamine [21] etc. Ga3� has been suc-
cessfully incorporated in ferrierite (FER) zeolite [22] and
Fe^Al ferrierite has also been reported [23]. Recently,
Borade and Clearfield [24] have reported the synthesis of
iron ferrierite using hexamethyleneimine as a structure
directing agent. However, this procedure requires longer
crystallization periods yielding lower SiO2/Fe2O3
ratios.

In this paper, we describe the hydrothermal synthesis
of Fe-FER using pyrrolidine as templating agent with
shorter crystallization periods and higher SiO2/Fe2O3

ratios. Fe-FER characterization and catalytic properties
have also been discussed.

2. Experimental

The synthesis of Fe-FER was conducted following
two systems. The first, the Fe-FER-I system, involved
addition of Al2�SO4�3�16H2O (Loba Chemie) in differ-
ent concentrations, whereas for the Fe-FER-II system
0.5 wt% of seed precursors of H-Al-FER have been
used.

Fe-FER-I series. Typical synthesis included addition
of a solution, prepared by mixing 1.32 g of
Al2�SO4�3�16H2O in 15 g of distilled water, 1.02 g of fer-
ric sulphate (Loba Chemie) dissolved in 10 g of distilled
water and 1.8 g of concentrated H2SO4 (98% S.D. fine
chemicals) in 10 g of distilled water to 52.5 g of Na2SiO3
(28% SiO2, 9% Na2O) in 25 g of distilled water. The blu-
ish gel formed was stirred for approximately 1 h. The gel
was transferred to an 300 ml stainless steel autoclave
(Parr 4861 300 ml) and heated at 433 K for 40 h. The
autoclave was quenchedwith coldwater, thematerial fil-
tered, washed and dried at 373K.Utmost care was taken
to clean the autoclave to avoid any seeding effect from
the previous batches. The samples with SiO2/Fe2O3
ratios ranging from 80 to 240 were synthesized and
designated as Fe-FER-I (a^d, table 1) series. The initial
gel composition was: (15.8^95)Na2O:(31.6^285)py:
(0.316^3.0)Al2O3:Fe2O3:(80^240)SiO2:(633^9494)
H2O, where py � pyrrolidine.

Fe-FER-II series. In this procedure seeds of a highly
crystalline Al-FER were used instead of Al-source. In a
typical synthesis 2.06 g of ferric sulphate (Loba Chemie)
dissolved in 10 g of distilled water along with 1.8 g of
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concentrated H2SO4 (98% S.D. fine chemicals) in 10 g
of distilled water was added to 52.5 g of Na2SiO3 (28%
SiO2, 9% Na2O) in 25 g of distilled water. The bluish gel
formed was stirred for approximately 1 h. To this gel
10 ml of pyrrolidine (99%, SRL) was added followed by
addition of the remaining 45 g of distilled water. The gel
was stirred for 1 h and finally 0.5 g of highly crystalline
H/Al-FER (SiO2/Al2O3 � 34) were added as seeds. The
remaining procedure was the same as in the first method.
Fe-FER samples of input gel ratios changing from 30 to
200 were synthesized by the above procedure and the
samples were designated as Fe-FER-II (a^d, table 1) ser-
ies. The gel composition for the second method was in
the range: (5.9^79)Na2O:(11.9^238)py:Fe2O3:(30^
200)SiO2:(237^7920)H2O,where py � pyrrolidine.

As-synthesized Fe-FER-I and II samples were off-
white. In order to obtain the Fe-FER series in Na-form
the samples were subjected to calcination at 753 K for
10^12 h and then converted into their NH�4 forms by
multiple exchanges with 2 N ammonium nitrate at
363K. TheNH�4 forms were dried at 383K and then cal-
cined in step-wise mode at 753 K to obtain the H� active
forms. The active H�/Fe-FER powder was found to
develop a slight buff color.

Fe-impregnation. The Fe-impregnated catalyst invol-
ving non-framework iron ions was made using amor-
phous aluminosilicate (Si/Al � 15) powder. The
amorphous powder was impregnated with required
aqueous ferric-salt solution (Fe2�SO4�3�5H2O) dried and
then calcined at 773K for 12 h to give about 3.0^4.0 wt%
Fe2O3 in the final catalyst.

3. Characterization

The solid Fe-FER obtained was characterized by X-
ray powder diffraction (RigakuDMax III VC) using Cu
K� radiation. The chemical composition for silicon and
iron was established by using a wavelength dispersive
XRF (3070 Rigaku) spectrometer. Thermogravimetric

analysis (TGA) and differential thermal analysis (DTA)
were carried out in flowing air (3 dm3 hÿ1) at a heating
rate of 10 K minÿ1 on automatic TG/DTA (SETRAM
92). The crystal size and morphology were examined by
a scanning electron microscope 440 Stereoscan
(Cambridge UK). The material was further character-
ized by UV-vis (Shimadzu UV2101PC spectrophot-
ometer). FTIR (Nicolet FTIR), M�ossbauer (M�ossbauer
spectrometer, Austin Sci. Inc., USA, M�ossbauer system
S-600) and ESR (Bruker electron spin resonance ER
200D-SRC) spectroscopies. The ion-exchange measure-
ments were performed by titrating the H-forms of both
the series (1.0 g) in 10 ml distilled water with 0.05 N
KOHupto pH 8.0 and then stirring themixture for 1.0 h,
washing thoroughly and drying to obtain the K-form of
Fe-FER. Both the K^Fe-FER zeolites were analysed by
AAS (Hitachi 8000 Japan).

4. Catalysis

The catalytic reaction was carried out in a two-necked
flask fitted with a water condensor under magnetically
stirred conditions and the products were analysed by a
HP 5880 gas chromatograph using a 50 mmethyl silicon
gum capillary column.

5. Results and discussion

Samples of the Fe-FER system were prepared by two
methods. The samples prepared by the first method i.e.
Fe-FER-I (a^d) series were synthesized by partly substi-
tuting Fe3� for Al3�. Pure crystalline Fe-FER could be
obtained for SiO2/M2O3 (M � Fe � Al) ratio of 60 and
SiO2/Fe2O3 ratio between 80 and 240. It was observed
that as the concentration of Fe3� in the starting gel was
increased and that of Al3� was decreased, the meta-
stability for ferrierite phase decreases and ZSM-5
appears as an impurity phase (table 1). In the case of the

Table 1
Physico-chemical properties of the Fe-FER series

Sample a Gel Zeolite K/Fe
molar ratio

%
cryst.

SiO2=M2O3
b SiO2=Fe2O3 SiO2=M2O3 SiO2=Fe2O3

Fe-FER-Ia 60 80 32 42 0.65 90
Fe-FER-Ib 60 120 34 63 0.68 95
Fe-FER-Ic 60 240 30 124 0.70 89
Fe-FER-Id no addedAl 60 no addedAl 32 n.d. 75 +

ZSM-5

Fe-FER-IIa no addedAl 40 no addedAl 25 0.81 85
Fe-FER-IIb '' 60 '' 34 0.86 95
Fe-FER-IIc '' 90 '' 42 0.80 92
Fe-FER-IId '' 150 '' 73 0.78 90

a Note: Fe-FER-I series without seeds and Fe-FER-II series are with seeds.
b M2O3 � Al2O3 � Fe2O3.
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second method in absence of added aluminum, a small
quantity (0.5 g) of highly crystalline H^Al-FER (SiO2=
Al2O3 � 60) was added as seeds and pure Fe-FER could
be crystallized in the SiO2=Fe2O3 range of 30 to 200.
These samples were designated as Fe-FER-II (a^d).
Figure 1 shows the X-ray diffraction patterns for both
calcined and as-synthesized (i) Al-FER, (ii) Fe-FER-I
and (iii) Fe-FER-II, which are found to be in good agree-
ment with those reported for the FER phase. It was
observed that total replacement of Al3� by Fe3� could
not be achieved in the absence of seeds and led to the for-
mation of ZSM-5, indicating that some optimum quan-
tity of Al3� ions are necessary to stabilize the ferrierite
type topology. On calcination the intensity of low angle
peaks in the XRD patterns (in case of all the samples)
was found to increase, which may be due to the removal
of organic moieties from the voids of the FER and the
samples were found to develop a slight buff color. The
other changes observed can be due to a minor variation
in the lattice constants. The lattice parameters were veri-
fied using least-squares fitting. Least-squares analysis
data and the computed values of the unit cell volume
from the XRD data (table 2) reveal expansion of the unit
cell of the Fe-FER-I and II series indicating successful
insertion of Fe-ions during hydrothermal synthesis. The
ion-exchange capacities for the Fe-FER-I and Fe-FER-
II series are summarized in table 1. It is observed that the
ion-exchange capacities of the Fe-FER-I series were
lower as compared with Fe-FER-II indicating the pres-
ence of a higher number of exchangeable sites for the II
series. It is known from the literature [25] that a K/Fe
molar ratio near unity indicates tetrahedral location ca-

pable for ion exchange in ferrisilicates. Considering this,
Fe-FER-I indicates nearly 25% loss of ion exchange sites
of calcination (table 1). However, values closer to unity
for Fe-FER-II attest that the larger portion of substi-
tuted Fe can be located in sites capable for ion
exchange.

The M�ossbauer spectra at room temperature of both
as-synthesized as well as calcined samples (Fe-FER-IIc,
table 1) are shown in figure 2 (a and b). The spectrum of
as-synthesized Fe-FER with SiO2=Fe2O3 � 42 (Fe-
FER-IIb) shows a broad singlet with isomer shift of
0.25mm sÿ1 (curve a) which is in agreement with the esti-
mate made by Meagher et al. [26]. An isomer shift of ca.
0.25 mm sÿ1 has been assigned for Fe3� ions in tetrahe-
dral position. On calcination at 753 K the signal splits
into an inequivalent doublet with components at 0.15
and 0.68 mm sÿ1 (the average isomer shift is
0.41 mm sÿ1), which corresponds to a combination of
tetrahedrally as well as octahedrally coordinated Fe3� as
discussed by Garten et al. [27] (curve b). These results
indicate complete initial incorporation of Fe3� in the fra-
mework during hydrothermal synthesis. The data from

Figure 1. X-ray diffraction patterns for (A) calcined and (B) as-synthesized samples; (i) Al-FER; (ii) Fe-FER-Ib (table 1) and (iii) Fe-FER-IIb
(table 1).

Table 2
Data on unit cell parameters for Fe-FER series

Sample Unit cell parameters (Ð) Unit cell
volume (Ð3)

a0 b0 c0

Al-FER 18.82 14.06 7.43 1957
Fe-FER-Ib 18.88 14.10 7.44 1980
Fe-FER-IIb 18.97 14.13 7.45 1997
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the M�ossbauer spectra complements an expulsion of
(about one third of the original tetrahedral coordina-
tion) Fe3� upon calcination. Further detailed
M�ossbauer studies under different environments are
under investigation.

The ESR spectra of as-synthesized (Fe-FER-IIb
(figure 3a) and Fe-FER-Ic (figure 3c), table 1) and cal-
cined samples (Fe-FERIIb cal (figure 3b); table 1) exhi-
bit three signals corresponding to g values of � 2:0, 4.3
and 6.3. On the basis of signal assignment [28^43], the
signal with g value� 2:0 can be assigned to Fe3� in catio-
nic site location, while the signal corresponding to a g
value of 4.3 may be due to isomorphously substituted
Fe3� in the zeolite framework. In contrast, a signal at
g � 2:0 was observed for FePO4 where Fe3� has tetrahe-
dral co-ordination [42]. Lin et al. [44] suggested that in
the case of FePO4 there is no charge disymmetry while in
the case of zeolites a charge disymmetry exists and hence
the signal with g � 4:3 may be assigned to Fe3� in a dis-
torted tetrahedral environment. Furthermore, Goldfarb
et al. [45] observed a single signal in the ESR spectra of
Fe-SOD suggesting that on the basis of ESR data alone
it is very difficult to assign the sites occupied by Fe in the
framework. The ESR signal with g value � 6.3 may be
due to the presence of Fe3� complexes or due to distor-
tion of symmetry [43]. Upon calcination the signal corre-
sponding to g � 4:3 reduces in intensity indicating one
third loss of Fe3� from the framework (figure 3b, sample
Fe-FER-IIb cal). This observation is complementary to
the data obtained fromM�ossbauer spectroscopy.

The diffuse reflectance spectra of the as-synthesized
Al-FER, Fe-FER-Ib and Fe-FER-IIc samples (figure 4,
curves a, b and c respectively) showed three low intensity
peaks around 363, 388, and 417 nm. Goldfarb et al. [45]
also observed low intensity peaks in the same region for
Fe-SOD, Fe-LTL2, Fe-MAZ-2 and Fe-FAU. Lin et al.
[44] assigned these to weak ``forbidden'' d^d transitions
and from the CFSE (crystal field stabilizing energy)
values obtained, they concluded that Fe3� has a tetrahe-
dral environment. Furthermore, the as-synthesized as

Figure 2. Room temperature M�ossbauer spectra for the Fe-FER-IIc
sample; (a) as-synthesized and (b) calcined samples.

Figure 3. ESR spectra for Fe-FER samples: (a) as-synthesized Fe-
FER-IIb and (b) calcined Fe-FER-IIb and (c) as-synthesized Fe-FER-

Ic.

Figure 4. Diffuse reflectance spectra of as-synthesized (a) Al-FER; (b)
Fe-FER-Ib and (c) Fe-FER-IIc samples.
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well as the calcined samples did not show a broad
shoulder (around 630 nm) in the UV spectra indicating
the absence of Fe2O3 clusters.

The IR spectra of Fe-FER-IIb, Fe-FER-Ib and Al-
FER with SiO2=Fe2O3 � 60 are presented in figure 5
curves a, b and c. The strong absorption band in 1000^
1200 cmÿ1 region is assigned to internal vibration of
SiO4, AlO4/FeO4 tetrahedra, which are also reported
for silica and quartz [46]. The absorbance at 580 cmÿ1

was assigned by Jacobs et al. [47] to a highly distorted
double five-membered ring present in the zeolite fra-
mework structure. An additional band around
650 cmÿ1 was observed in the case of Fe-FER; this
band has been assigned to Si^O^Fe linkages by
Szostak et al. [25]. The strongest band around
1090 cmÿ1 is related to the asymmetric stretching
vibrations of T^O linkage. This band is shifted to a
lower frequency for ferrisilicate (Fe-FER) samples as
compared to Al-FER. The shift in frequency is consis-
tent with the observation made by Szostak et al. [25]
and can be explained on the basis of T^O bond dis-
tance. Flaningen and Grose [48] have established evi-
dence for phosphorus substitution in the zeolite
framework by using an IR technique. Substitution of
phosphorus in the framework showed the shift in the
main asymmetric bands towards higher frequency.
Similarly, the substitution of Fe3�, in the zeolite frame-
work should show some change. However, due to the
longer Fe^O bond distance (1.97 Ð) the band which
occurs at � 1100 cmÿ1 shifts towards lower fre-
quency.

The representative thermoanalytical curves of zeo-

lite Al-FER, Fe-FER-Ic and Fe-FER-IId samples in
their as-synthesized form are illustrated in figure 6.
The TG curves indicate continued weight loss (� 2:0%)
mainly due to the dehydration occurring from ferrier-
ite cavity in the low temperature range 575 K. The
DTA curves reveal an endothermic effect with a mini-
mum at 370 K and a strong exothermic effect at
around 770 K, indicating a major transformation. This
positive heat effect is attributed to the oxidative
decomposition of the organic moieties occluded in the
zeolite framework. Further, there is no major transfor-
mation observed in the temperature range 775 to
1200 K confirming the thermal stability of the Fe-FER
structure.

The scanning electron micrographs for Fe-FER-Ib
and Fe-FER-IIb (ref. table 1) are illustrated in figures 7a
and 7b respectively. In the case of Fe-FER-Ib (with
added aluminum, figure 7a) an assembly of small aggre-
gates having average particle size of around 3 �m was
observed. This can be due to longer nucleation periods
which in turn gives a large number of agglomerates
resulting into average 3 �m particles. While the Fe-
FER-IIb (with seeds) sample (figure 7b) comprises of
uniform small crystallites having size around 1^2 �m.
This may be due to the presence of seed precursors which
initiate early nucleation and give rise to uniform particle
growth.

The sorption capacities observed for the Na/Fe-

Figure 5. Framework infrared spectra of: (a) Fe-FER-IIb; (b) Fe-
FER-Ib and (c) Al-FER samples.

Figure 6. Thermoanalytical curves for (a) Al-FER; (b) Fe-FER-Ic
and (c) Fe-FERIId samples.
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FER series are listed in table 3. The sorption values
for n-hexane are found to be almost constant.
Considering the kinetic diameter of n-hexane to be
3.1 Ð, its sorption behavior suggests complete pore
filling with end to end configuration. However, water
sorption decreases with increase in SiO2/Fe2O3 ratio.
The water sorption gives the extent of hydrophobi-
city with varying SiO2/Fe2O3 ratio. The low cyclo-
hexane sorption capacity for all the samples suggests
that although the pore entry for FER type zeolite is
characterized by 10 T-ring apertures, its elliptical na-
ture (5:5� 4:3 Ð) seems to make it inaccessible to
cyclohexane molecules.

6. Catalytic properties

The Fe-FER samples were found to be active for n-
hexane oxidation using H2O2 (48 wt%). The results for

the reaction are summarized in table 4, the selectivity
for hexane-3-one was found to be higher. It was
observed that Al-FER as well as samples belonging to
Fe-FER-I series did not exhibit any catalytic activity.
This can be attributed to the presence of Fe^Al mixed
oxides in the Fe-FER-I system. Ratnasamy and
Kumar [49] have also remarked that the presence of Al
in ferrisilicates inhibits their catalytic activity. A blank
reaction to investigate the leaching effect of Fe3� was
carried out and it was estimated that 0.015% of Fe had
leached out during the reaction. Based on this blank
reaction results it is believed that a small quantity of
leached iron is unlikely to shift the reaction equili-
brium. Further investigations on catalytic reactions
are in progress at NCL.

7. Conclusions

The synthesis of ferrisilicate analogs of FER type
zeolite using pyrrolidine as template and FER seeds
precursor has been demonstrated. Isomorphous sub-
stitution of Fe3� for Al3� has been further supported
by 57Fe M�ossbauer spectroscopy which typically
shows a broad singlet at 0.25 mm sÿ1 and ESR data
exhibit a signal corresponding to g � 4:3 for as-
synthesized Fe-FER. Upon calcination the Fe-FER
developed a slight buff color which is indicative of
loss of about one third of Fe3� from the framework.
Fe-FER samples are found to be active in n-hexane
oxidation reactions.

Table 3
Sorption properties of Fe-FER series

Sample Product
SiO2=M2O3

Product
SiO2=Fe2O3

Amount adsorbed g/
100 g of Fe-FER zeolite

H2O n-C6H14 C6H12

Fe-FER-Ib 34 63 10.5 13.0 2.0
Fe-FER-IIa ^ 25 12.5 13.5 2.5
Fe-FER-IIb ^ 34 12.0 13.2 2.2
Fe-FER-IId ^ 73 7.4 12.9 1.0
Al-FER 32 ^ 10.0 13.0 2.2

Table 4
n-hexane oxidation on Fe-FER a

Sample %
conv.

Product selectivity

1-al 2-ol 3-one 3-ol

Fe-FER-Ia ^ ^ ^ ^ ^
Fe-FER-Ib 4.0 0.02 4.35 6.32 5.93
Fe-FER-IIb 15 6.4 14.56 22.32 11.6
Fe-impregnated 2.5 0.02 4.00 6.70 4.04
Al-FER ^ ^ ^ ^ ^

a Reactant moles: n-hexane : H2O2 : acetonitrile � 1 : 1 : 7:5; cat-
alyst 20%. Temperature 353K, time 20 h.

a

b

Figure 7. Scanning electron micrographs for (a) Fe-FER-Ib and (b)
Fe-FER-IIb samples.
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