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Ferrisilicates with MFI type structure were hydrothermally synthesized. The structural environments of iron in
the ferrisilicates were characterized by XRD, SEM, IR, EPR, and ammonia-TPD. It has been shown that pH of
the final gel mixture during the synthesis affects the crystal size, morphology, chemical composition and cata-
lytic activity. The results of the lattice parameters, IR, and EPR indicate the existence of a framework iron and
the content of framework iron depends on pH of the synthesis gel. Finally, the catalytic activity of these zeolites
was examined for the cyclohexane oxidation to cyclohexanol and cyclohexanone in the liquid phase. The con-
version of this reaction was increased with increasing iron content of the framework lattice positions.

Introduction

With the growing interest in the usage of zeolites as cata-
lysts, more attention has been paid to the modification of
zeolite properties by incorporating transition metals into the
zeolite framework. This modification is aimed at bringing
about changes in the chemical and physical properties and to
induce new catalytic properties maintaining the original
crystal structure of the zeolite. Subsequently, various metal
elements such as Co,1 Cu,2 Mn,3 Ni,4 Sn,5 Ti,6 V,7 Zn,8 and
Zr9 were incorporated into the zeolite framework.

Iron cation can be incorporated into the tetrahedral frame-
work sites of a molecular sieve structure during the ferrisili-
cate synthesis. The degree of iron substitution is generally
very low. However, the amount of iron incorporated is
dependent on the synthetic conditions.10,11 Iron does not nec-
essarily occupy exclusively the framework sites of ferrisili-
cates. It can also exist in the ion exchange sites as the charge
balancing cations and also in the ferrisilicate cavities as the
small iron oxide particles.2,12-14 Some of the techniques such
as Mössbauer,12,15,16 EPR,2,17,18 and EXAFS19,20 are com-
monly used to characterize these iron sites.

Szostak et al.10,11 prepared ferrisilicate with MFI structure
from ferrisilicate gels containing low-molecular-weight sil-
ica species. In this study, they suggested that the acidic pH of
the solution containing Fe3+ ion is critical in the successful
preparation of MFI ferrisilicate. They discussed that the ini-
tial formation of a ferrisilicate complex at low pH avoids
precipitation of rust-red iron hydroxide and once iron is
complexed in this manner, the formation of ferric hydroxide
at elevated pH appears to be suppressed. However, we con-
firmed that the ferrisilicate complex formed is not stable
under the synthesis conditions and the content of the frame-
work incorporated iron is mostly depend on the final pH of
the final synthesis gel.

In this paper, the MFI type ferrisilicates were hydrother-
mally synthesized under the different pH of the final synthe-
sis gel and the relation between the content of the framework
incorporated iron and the pH effect was examined. The

framework incorporation of iron has been studied by latt
parameters, IR, EPR, and TPD techniques. Finally, catal
activity over these catalysts was examined for cyclohex
oxidation to cyclohexanol and cyclohexanone with hydr
gen peroxide. 

Experimental

MFI type ferrisilicate (Si/Fe = 300) molecular sieves we
hydrothermally synthesized at autogeneous pressure. 
typical preparation, 0.91 g of Fe(NO3)3 · 9H2O (98% Ald-
rich) was dissolved in a solution containing 60 g of H2O and
1.0 g of H2SO4 (96%), and 42.5 g tetraethylorthosilicat
(TEOS) (98% Aldrich) were added slowly to this clear sol
tion under vigorous stirring. The resulting yellow solutio
was stirred at 298 K for 3 h. To the above gel, 25.5 mL
tetrapropylammonium hydroxide (TPAOH) (1.0 M in meth
anol, Aldrich) as a template was added. Finally, the requi
amount of NaOH dissolved in 100 g of H2O was added to
the above mixture under vigorous stirring to adjust pH of t
gel. The pH of this gel was measured at 25 oC with a plastic-
bodied combination pH electrode in conjunction with a dig
tal pH meter (ORION, model 420A). The resulting white g
was transferred to a Teflon lined stainless-steel autocl
and heated at 443 K for 5 days. The resulting product w
washed several times and calcined with a 2-step calcinat
First these samples were calcined under nitrogen flow at 
K for 8 h followed by air flow at 773 K for 4 h. For ammo
nia-temperature programmed desorption (TPD) study, 
calcined samples were ion-exchanged four times in NH4OH
solution (0.5 N) at 25 oC for 3 h followed by calcination at
the same condition to obtain the hydrogen form of ferris
cates. Ferrisilicates prepared at different pH will be herein
ter denoted as FeS1-1 (pH = 8), FeS1-2 (pH = 9), FeS
(pH = 10), and FeS1-4 (pH = 11), respectively.

Characterization

Powder X-ray diffraction (XRD) patterns of these pre
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pared samples were recorded using a Rigaku D/max-B X-
ray diffractometer with nickel filtered CuKα radiation (λ =
1.5406 Å). Scanning electron microscopes were obtained in
a JEOL JSM-840A microscope operating at 20 KV. FT-IR
measurements were done with KBr-pressed wafers on Digi-
lab FTS-165 spectrometer. Electron paramagnetic resonance
spectra was recorded on Bruker ESP-300 spectrometer at
liquid nitrogen temperature. Acidity measurements were
determined by ammonia-TPD by using a conventional flow
system with a thermal conductivity detector. About 0.5 g of
sample was loaded in a quartz reactor and heated at 873 K
for 4 h under argon atmosphere. After cooling the sample to
373 K, pure ammonia was adsorbed for 1 h. Then the sample
was swept with helium for 30 min at 373 K to remove phys-
isorbed ammonia and finally, TPD measurement was per-
formed from 373 to 873 K at a heating rate of 3 K/min.

The catalytic activity for cyclohexane oxidation was tested
in a Teflon-lined 450 mL Parr autoclave equipped with a
mechanical stirrer. The ratio of acetone (Mallinckrodt,
99.6%)/cyclohexane (Merck, 99.5%)/H2O2 (30% soln., Jun-
sei) was 30/4/4 (v/v/v) giving a total of 38 mL; 0.20 g of cat-
alyst. The autoclave was closed and maintained at 343 K for
4 h. After the reaction, the products were analyzed by gas
chromatograph (Shimadzu GC-8A).

Results and Discussion

XRD. The X-ray diffraction patterns of calcined ferrisil-
icates are shown in Figure 1. The symmetry of the calcined
FeS1 zeolites is orthorhombic.21 In the calcined silicalite-1
crystals with a monoclinic symmetry, the splitting of reflec-
tions in the XRD pattern is usually observed at 2θ = 24.4o

and 29.3o (Figure 1(a)).22,23 Therefore, the persistence of the
orthorhombic symmetry even in the calcined state provides
supplementary evidence for the lattice positions of iron in
the ferrisilicates.22,23 

The unit cell parameters of FeS1 were obtained by le
square fit to interplanar spacings of selected reflections
the X-ray diffraction pattern. The unit cell parameters a
listed in Table 1. The replacement of Si by the larger iron
the tetrahedral zeolite framework causes a slight expan
in the unit cell parameters due to the difference in the bo
lengths between Si-O (1.61 Å) and Fe-O (1.88 Å). The u
cell volumes are plotted against pH of the final synthesis 
(Figure 2). Each of FeS1 does not have an identical volu
It is clear that this is due to the difference of the lattice ir
content. This indicates that the incorporated iron cont
depends on the pH of the final synthesis gel.

Morphology. The scanning electron micrographs o
four crystalline products are shown in Figure 3. Each of fo
samples has almost monodisperse size distributions. W
the pH of the gel mixtures is maintained at 9, regu
twinned and elongated crystals are formed with a size ab
30 µm in length. Small cube-shape crystals of 2 µm were
obtained when the pH of the gel mixtures was increased
11. It is well known that more nuclei are formed in th
higher alkalinities in the synthesis MFI type silicalite-1.24

Therefore, the crystal size of ferrisilicates decreases w
increasing the pH of the synthesis gel. 

FT-IR . Infrared spectroscopy provides supplementa
evidence for framework incorporation of iron. In all zeolite
symmetric and asymmetric stretching vibrations of t
–(Si–O–Si(Al))n– group generally appear between 600 a
1250 cm–1.25 The FT-IR spectra for four samples are show
in Figure 4. The broad absorption bands have appeare
960 cm–1 and 1060 cm–1 in samples (a)-(c). It is well known
that the absorption bands at these regions are due to

Figure 1. X-ray powder patterns of MFI-type ferrisilicates calcined
at 500 oC.

Table 1. Crystal data for MFI-type ferrisilicates

ferrisilicates a (Å) b (Å) c (Å) V (Å3)
FeS1-1 20.149 19.958 13.430 5400.5
FeS1-2 20.100 19.925 13.405 5368.4
FeS1-3 20.089 19.916 13.396 5360.0
FeS1-4 20.082 19.909 13.395 5355.6

Figure 2. The unit cell volume vs pH of the synthesis gel of MFI-
type ferrisilicates calcined at 500 oC.



Preparation of MFI Type Ferrisilicate  Bull. Korean Chem. Soc. 1999, Vol. 20, No. 7     783

ig-
re 5
of

the
he

pe-
en

pe

tal
.

–(Si–O–Fe)n– asymmetric vibration of iron incorporated
zeolites with MFI type topology.11,26 These are not observed
in the calcined silicalite-1.11,26,27 Although there are no
marked differences between the spectra in samples (a)-(c),
these broad bands are due to incorporated iron in the tetrahe-
dral framework. The band broadening at 960 cm–1 and 1060
cm–1 for sample (d) is significantly decreased comparing to
three samples (a)-(c). This indicates that the content of incor-
porated iron is very low in sample (d). This observation is in
agreement with the results of crystal data.

EPR measurements. The EPR spectra of the crystal-
line iron-containing samples are shown in Figure 5. The
broad signal at g = 2 and sharp signal at g = 4.3 are the
major. Similar spectra were reported previously in other
works.2,15,17,18,28,29 Generally the former is attributed to non-
framework hexacoordinate Fe3+, the latter is assigned to tet-
rahedral Fe3+ possibly in lattice positions.17,30 With increas-

ing the pH of the synthesis gel, the intensity of the EPR s
nal for tetrahedral iron can be seen to decrease in Figu
(a)-(d). Therefore, we can conclude that the content 
framework iron is increased with decreasing the pH of 
final synthesis gel. This interpretation is consistent with t
crystal data and FT-IR results. 

The intense peak at g = 2.0 arises from iron in hydroxide
phases and cation exchange sites.17,30 This indicates that a
large proportion of the iron exists as nonframework iron s
cies in calcined ferrisilicate. It is reported that iron-oxyg
clusters (i.e. [Fe(H2O)6]3+, various hydrolysis products
[Fe(H2O)n(OH)6-n](3-n)+, and multinuclear FeIII  complexes)
give a strong and broad resonance at about g = 2.30 

Temperature Programmed Desorption. The number

Figure 3. Scanning electron micrographs of calcined MFI-type
ferrisilicates.

Figure 4. FT-IR spectra of MFI-type ferrisilicates calcined at
500 oC.

Figure 5. Electron paramagnetic resonance spectra of MFI-ty
ferrisilicates  measured at liquid nitrogen temperature.

Figure 6. The relation between the unit cell volume and the to
yield (cyclohexanol + cyclohexanone) of cyclohexane oxidation
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of acid sites and the distribution of acid strength of FeS1
samples can be surmised from the TPD spectra. Figure 7
shows the ammonia-TPD profiles of Fe-silicates. Two
peaks, at about 150 and 420 oC indicating the presence of
weak and strong acid sites in appreciable portions. It
increases the number of strong acid site and weak acid site as
follows: H-FeS1-1 > H-FeS1-2 > H-FeS1-3 H-FeS1-4.
Therefore, the number of both acid sites gradually increases
with increasing the content of iron cation in the framework
position. 

Activity test. Finally, these samples were used as a cata-
lysts on the oxidation of cyclohexane to cyclohexanol and
cyclohexanon in the presence of H2O2. The results were
shown in Table 2 and the total yield against the unit cell vol-
ume was plotted in Figure 6. It can be seen that the catalytic
activity of ferrisilicate samples in the cyclohexane oxidation
increases with increasing the unit cell volume. This indicates
that the highly dispersed iron species incorporated in the
framework sites are mainly responsible for the active species
in the cyclohexane oxidation. 

The pH effect on the framework incorporation of iron.
To optimize the synthesis of ferrisilicates, the following pro-
cedures are adopted in the synthesis steps: (1) TEOS with
neutral pH as silica source is used to avoid the precipitation
of iron as rust-red iron hydroxides, (2) TEOS solution is
hydrolyzed in the acidic condition with sulfuric acid and
iron(III) nitrate solution is added to the above gel to avoid
the precipitation of iron during the gel forming with silica,

and (3) the pH of the reaction mixture is adjusted to the ba
pH with NaOH to control pH of the final synthesis gel an
promote crystallization of ferrisilicates. 

Although the crystallization is initiated from the reactan
with the same SiO2/Fe2O3 ratio in the synthesis gel, the con
tent of framework iron of ferrisilicate is different. This is du
to the different synthesis conditions employed, mainly pH
the synthesis gel. The final pH of the synthesis gel has to
adjusted with NaOH to the basic conditions necessary
promote molecular sieve crystallization. However the ba
condition has an critical effect on the framework incorpor
tion of iron in ferrisilicate synthesis. 

Bellussi et al.31 prepared vanadiumsilicates by varyin
concentration of NaOH in the gel mixture during the synth
sis and suggested the Na+ ions affects the state of the vana
dium contained in the crystalline solid and its stability to t
thermal treatments. Dewer et al.32 prepared Al- and Ga-sub-
stituted MFI zeolites from a sodium-free system in the pr
ence of fluoride ions. They confirmed that the compositio
of the products have the least value for Si/M ratio, when 
pH of the synthesis gels is near to neutral. In the case of
synthesis of aluminosilicate zeolites, alumina-rich zeolit
crystallize preferably at a higher pH in the mean while silic
rich zeolites crystallize preferably at a lower pH.33

Szostak et al.11 suggested that initial ferrisilicate comple
in the synthesis had to be prepared under an acidic cond
to avoid precipitation of rust-red iron hydroxides and, on
iron was complexed in this manner, the formation of fer
hydroxides appeared to be suppressed at elevated pH. In
work, they only focused on the formation of initial ferrisili
cate complex and they discussed that the pH for the succ
ful preparation of ferrislicate was need to be adjust
between 8 and 11 required for the hydrothermal crystalli
tion. However they did not consider a systematic stu
between the framework iron content and the pH of the fi
synthesis gel. Moreover, they did not recognize that the 
of the final gel mixture plays a critical role in the framewo
incorporation of iron. 

It is well known that iron tends to precipitate as a rust-r
colloidal ferric hydroxides at pH > 4. At elevated pH the
decrease of the framework iron content suggests that co
dal iron hydroxides may be formed by dissolution of t
greater part of iron from the depolymerization reactions
the ferrisilicate gel formed at the initial synthesis step. O
the contrary, at relatively lowered pH the increase of t
content of the framework iron suggests that the greater 
of iron is present in the highly dispersed form in the ferris
cate complex and this precursor is responsible for the fra
work incorporation of iron in the ferrisilicates. But w
confirmed that if the pH of the synthesis gel is lowered to
and below, they lost their crystallinity after calcination for
h at 500 oC. Thus, the optimum pH for the synthesis of th
highly incorporated iron ferrisilicates is around 8. 

Conclusions

MFI type ferrisilicates are prepared at different pH of th

Figure 7. Comparison of NH3-TPD profiles of ferrislicates. (a) H-
FeS1-1. (b) H-FeS1-2. (c) H-FeS1-3. (d) H-FeS1-4

Table 2. The result of catalytic activity test of MFI-type
ferrisilicates for cyclohexane oxidation

catalysts 
cyclohexanol

(mole %)
cyclohexanone

(mole %)
total

(mole %)
-one/-ol

FeS1-1 2.81 3.10 5.91 1.10
FeS1-2 2.60 2.83 5.43 1.09
FeS1-3 2.12 2.43 4.55 1.15
FeS1-4 1.71 2.07 3.78 1.21

Reaction conditions: 0.2 g of catalyst, 4 mL of cyclohexane, 30 mL of
acetone, 4 mL of H2O2 (30% in H2O), 70 oC of reaction temperature,
stirred for 4 h in a Teflon-lined Parr autoclave.
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final synthesis gel. The final pH of the synthesis gel has to
be adjusted with NaOH to the basic conditions necessary to
promote molecular sieve crystallization. However, the basic
pH of the synthesis gel has a critical effects in iron incorpo-
ration into a lattice positions. Basic pH causes the partial
breaking of ferrisilicate complex by depolymerization reac-
tion and induces the formation of colloidal iron hydroxide
phases. Also it had been shown that pH greatly affects the
size and morphology of the crystals produced. The coordina-
tion state of Fe3+ has been investigated by crystal data, IR,
EPR and TPD. The incorporation of Fe3+ ions in the lattice
positions was evidenced by a change in the unit cell parame-
ters and unit cell volume. The broad bands of the IR frame-
work vibration at the regions between 960 cm–1 and 1060
cm–1 also indicated of the existence of a lattice iron. EPR
spectra at g = 4.3 corresponds to the presence of tetrahedral
iron species and the relative intensity was increased with
decreasing the pH of the synthesis gel. The ammonia-TPD
result showed the amount of acid sites increased with
increasing the content of framework iron. Catalytic activity
in the cyclohexane oxidation was increased with increasing
the iron content of a lattice positions. This indicated that the
incorporated iron in the framework sites was mainly respon-
sible for the active species.
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