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Abstract—A series of Fe-modified mordenite were hydrothermally synthesized. The effects of
substrate composition, aging time, reaction temperature, and reaction time upon the crystallization
of the mordenite were investigated. Isomorphous substitution of Fe was confirmed by FT-IR and
EPR analysis. Acid strength and acid sites distribution of each catalyst were measured by pyridine
TPD, which showed that the number of strong acid sites in H-Fe-mordenite are smaller than in
H-Al-mordenite. Structural characteristics and thermal stability were also examined using XRD, SEM
and TG. Fe-substitution into the mordenite structure have resulted in substantial decrease in thermal
stability. H-Fe-mordenite catalysts showed high selectivity towards p-xylene in toluene alkylation
and in xylene isomerization reaction, compared with those obtained using H-Al-mordenite because
of lower concentration of strong acid sites. In addition, these H-Fe-modified mordenite showed little
hexane cracking activity. Deactivation in both toluene alkylation and xylene isomerization reaction

and coke formation over H-Fe-mordenite in these reactions were negligible.

INTRODUCTION

Isomorphous substitution of Fe into the framework
of zeolite would cause changes in acidity and to some
extents modification in structure, altering the products
selectivity as a result [1]. Trace amounts of non-frame-
work Fe in the zeolites has also been shown to
contribute to the overall catalytic activity [2]. Chu et
al. [37 and Caris et al. [4] have reported on synthesis
and characterization of Fe "? substituted ZSM-5 using
Mossbauer spectroscopy. Other Fe'? substituted zeo-
lites have been studied by Derouane et al. [5], Wich-
terlova {6], and by Bart et al. [7]. McNicol and Potr
[8] have shown the existence of Fe * impurity in the
Faujasite and mordenite framework using ESR, phos-
phorescence and chemical studies. Even though suc-
cessful and consistent crystallization of a pure Fe-sili-
cate analog of ZSM-5 has been relatively well estab-
lished, the attempts to incorporate Fe? into the mor-
denite in sodium media have generally been unsuc-
cessful[9].Studies on the synthesis of Fe modified mor-
denite and determining its physico-chemical proper-
ties are very limited and, for this matter, the recent
work by Chandwadkar et al. [10] is worth mentioning.
In this work, we have studied the crystallization kinet-

*To whom all correspondences should be addressed.

ics of mordenite type zeolite containing Fe*? Its ther-
mal stability as well as catalytic activities in toluene
alkylation and xylene isomerization reactions were
also examined.

EXPERIMENTAL

Reaction mixtures were prepared from fine amor-
phous silica powders(Zeosil 77® from KoFran Co.),
sodium aluminate(Junsei), sodium hydroxide(Junsei),
FeCl;-6H,O(Kanto), and distilled water.

The reaction mixture was stirred thoroughly for 30
min and transferred to a 100 m/ capacity stainless steel
vessel in which hydrothermal reaction was carried out
at 150-170C without agitation. The substrate composi-
tion ranges expressed as oxides mole ratios were
shown in Table 1. Samples were taken periodically
and the solid products were washed with distilled wa-
ter, filtered and dried at 120C for 12 h. Its crystalline
phase was identified using XRD(Philips, PW-1700,
CuKa, Nifilter) and the relative crystallinity of sam-
ples were determined by comparing the peak areas of
the sample with those of the best crystallized morden-
ite.

Morphologies of the mordenites were examined
using Scanning Electron Microscopy(Hitachi, X-650)
and IR spectra were obtained with Nicolet 10 MX FT-
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Table 1. Compositions of reactant mixtures for the syn-
thesis of Fe-mordenite type zeolite

Run no. Batch composition
1 2 Nazo'AIQO:;-lO SlO,rOl Fe203-(200—260) Hzo

2 4 Nay0-Al;05-20 Si02-(0.1-0.2) Fe;05-(400-520) H,O
3 4 NaZO-A1203—20 Si0;3—0.04 F8203-520 Hzo
4 (4—6) Na;0-Al0+-20 Si02-0.067 Fex05-(520-780) H,0O
5 6 NaZO-A1203-30 Slo‘v-03 FezOg-(60()—720) Hzo
6 8 Nay0-Al03-40 Si0;-0.4 Fe,05-(800-960) HO
7 0.2 Nay0-5i0,-(0.03-0.5) Fe;03-46 H,O
(4)
40 hs
W
B)
36 hs
W
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Fig. 1. X-ray diffractograms of Al-mordenite and Fe mod-
ified mordenites with reaction time.
(A) Al free Fe-mordenite synthesized from the com-
position of 0.2Nay,0-Si0»-0.025Fe;03-46H,0
(B) Fe, Al-mordenite from 6Na,O-Al,03-30510,-0.3
Fe,04-780H,0
(C) Al-mordenite from 6Na,0-Al,03-30510,-780H,0
No aging, Reaction temp.: 170C

IR spectrometer. Electron paramagnetic resonance mea-
surements were made on a Bruker spectrometer in
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Fig. 2. Effect of reaction temperature and aging time on
the crystallization rate of Al free Fe-mordenite.
Substrate composition: 0.2Na;0-Si0,-0.025F¢,04-
46H.0(C @ @), 6Na;0-Al,05-305i0,-780H,O(m)
No aging(C @ W), Aging 1 day at 30C(@)
Reaction temp.: 150C(0), 170C(o ® W)

the temperature range of 110 K-473 K.

Thermal stability and structural change of the Fe-
mordenite were examined using DTA and XRD after
calcination at 700-1000C.

Catalytic activities of the H type mordenites for tol-
uene alkylation with methanol and xylene isomeriza-
tion reaction were measured in a fixed bed reactor
at atmospheric pressure. Reaction products were ana-
lysed using gas chromatography(Hitachi 263-30, TCD)
equipped with a SE-30 column.

RESULTS AND DISCUSSION

1. Synthesis of Fe-Mordenite

Typical XRD patterns of Al free Fe-mordenite-like
phase(A), partially Fe substituted mordenites(B), and
normal Al-mordenite are shown in Fig. 1. The Fe sub-
stituted mordenites(A and B) have essentially the same
XRD pattern and the framework structure to typical
Al-Mordenite(C). The XRD pattern of (A) was obtain-
ed from the aluminum-free substrate composition of
0.2 Na,0-5i0,-0.025 Fe,0:-46 H,O, and the character-
istic mordenite peaks at d=9.06, 6.51, 4.48, 3.95, 3.44,
3.36 A indicate that Fe-O-Si bond only can construct
the building unit of mordenite type zeolite phase.

Crystallization curves for Al free Fe-mordenite syn-
thesized at 150 and 170C, and a typical crystallization
curve for Al-mordenite are shown in Fig. 2. Increases
in reaction temperature were accompanied by decreas-
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Fig. 3. Scanning electron micrographs of Al free modified
mordenites.
Substrate composition: 0.2Na;0-Si0,-0.025Fe;0;-
46H,0, Reaction temp.: 170, Reaction time: 11hs
(A), 48hs(B)
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Fig. 4. Effect ‘of Si0y/Fe;0; ratio on partially Fe-substitu-
ted mordenite crystallization rates.
Substrate composition: Na,0/Si0.=0.2, H,0/Na.O
=130, SiOy/Al;0;=20, Si0./Fe,03=100(2)., 300
(2), 500(..), Reaction temp.: 170C

es in induction period and overall crystallization rates
increased concurrently. The maximum crystallinity of
the Al free Fe-mordenite was ca. 40%. Feasible reac-
tant composition ranges for this Fe-mordenite were
very narrow, and much a-Quartz were found co-pro-
duced.

In our earlier study on Al-mordenite synthesis [11],
aging treatment at room temperature was found to
have an adverse effect on crystallization rates and
progressively larger crystals were obtained as the
aging time was extended. On the other hand, in the
Al free Fe-mordenite case, the rates of crystallization
were slightly increased after 1 day aging. This Al free
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Fig. 5. Scanning electron micrographs of various Fe mod-
ified mordenite obtained from different reaction
mixtures.

(A) 2Nay0-Al,0;3-10Si0,-0.1Fe,04-260H,0
(B) 6N320-A1203-208i02—041F8203-780Hzo
Reaction temp.: 170C

Fe-mordenite was formed as agglomerated thin plate-
shaped crystals as shown in Fig. 3.

The influence of SiO./Fe,O; ratios of a starting mix-
ture on the crystallization rates of partially Fe-substi-
tuted mordenite is shown in Fig. 4. The crystallization
kinetics of Fe-mordenite showed virtually identical
trends as those of the Al-mordenite (Fig. 2), and crys-
tallization rates improved substantially with higher
Si0,/Fe,O4 ratios at constant Si0,/ALO;, Na,O/Si0,,
and H,O/Na,O ratios. It was also observed that addi-
tion of FeCl;-6H,0 to the substrate caused decreases
in pH and resulted in hindering the crystallization
rates. Samples with the substrate composition of SiQ,/
Fe 03— 100(Si0,/A10:= 10 or 20) has a light brown col-
or, while Fe-mordenites prepared with SiO,/Fe,0, ra-
tios down to 500 in the starting mixtures and dried
at 120 were completely white. Thus Fe-oxides were
suspected to exist within the mordenite pores at high
Fe,O, concentrations.

Fig. 5 shows the morphology of the Fe-mordenite
crystals. Fe-mordenite with Si0,/ALO; ratio of 10(A)
showed spherical shape with average dimension of 5-
7 um, and larger discus-shaped crystals with corrosive
surface were obtained with SiO,/ALO; ratio of 20(B).

Chemical compositions and BET surface areas of
the Fe-mordenites are summarized in Table 2. Possi-
ble extra-framework amorphous iron oxides were re-
moved by HCI leaching for 30 min at 100°C. Relative
crystallinity of the samples were maintained even after
the acid treatment except for the Al free Fe-morden-
ite. Light brown color of the relatively Fe-rich mor-
denite samples disappeared as Fe is leached out, and
their BET surface area increased considerably. On the
other hand, Fe contents before and after ion-exchange
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Table 2. Composition and surface area of Fe-mordenites

Mole ratio of substrate

Mole ratio of the

BET surface BET area after

Sample as-s?'nthesized mordenite area IN-HCI treatment
no. SIOZ/ A1203 S]Oz/ F8203 Alz OgS‘l:)FZ‘ez 03" SlOz/ Fe203 (mZ /g) (mz /g)
1* © 30 264 264 146 collapse of structure
2 10 100 9.3 43.6 207 524
3 - 30 100 20.8 61.5 291 588
4 20 300 174 62.3 219 559

*Al free Fe-mordenite

Transmittance(%)

1 A 'l 1
2000 1500 1250 1000 700 550 400
Wave number(cm™!)
Fig. 6. IR spectra of Fe-mordenites, Al-mordenite and Fe,-
O; powder.
: Al free Fe-mordenite(sample 1)
: Al-mordenite(Si0;/Al,0; = 11.6)
. Fe-mordenite(sample 3)
: Fe-mordenite(sample 4)
. Fe;O; powder
See Table 2 for the sample composition.

mo oW

with NH," ion, remained relatively constant. These
evidences indicate that most Fe ** in the Fe-mordenite
are present at non-exchangeable framework positions
in the mordenite, with some occlusion of Fe oxides
in the pore channels.
2. Spectroscopic Investigation

IR spectra of normal Al-mordenite, Al free Fe-mor-
denite, partially Fe-substituted mordenite, and Fe,0;,
powder are shown in Fig. 6. IR spectra of mordenites
are known to show typical absorption bands at 450
cm (T-O bond), 560 and 580 cm '(double ring), 720
and 800 cm (symmetric stretch), and 1045 and 1223
cm~Yasymmetric stretch) [2]. The absorption bands

,\/—\/4ﬁ

Fig. 7. EPR spectra of partially Fe-substituted mordenites
as-synthesized form.
Modulator gain: 1.25X10*

are observed at near 560 cm ™! for the mordenite fam-
ily due to 5-3 member ring blocks [12]. Al free Fe-
mordenite(A) has a characteristic infrared pattern of
mordenite at around 1230 cm™', 1050 cm !, 800 cm ™!,
590 cm™!, 560 cm™!, and 460 cm™!' and these bands
are significantly different from the band pattern of
Fe,O; oxide. Partially Fe-substituted mordenites(C,
D) also showed a pattern similar to the normal Al-mor-
denite(B), and Si-O-Fe bond vibrations could be
found at near 690 cm ™. Szostak and Thomas [ 13] have
found that Si-O-Si symmetric stretch appeared at 768
! and Si-O-Fe symmetric stretch occurred at 679
cm™! in the sodalite system.

EPR spectra of the Fe-mordenite are shown in Fig,
7. The EPR spectra of the synthesized Fe-mordenite
had two resonance signals at g=4.3 and 2.0. Many
authors [4,6,8,13-16] have reported that the EPR
signals at g=4.3 can be interpreted as Fe'" lattice
ions present in the tetrahedral coordination and their
presence in the EPR spectra strongly supports the
fact that Fe’" are present in the zeolite framework.
Signals near g=2.10 is usually assigned to Fe®* ions
in the Fe,O; phase occluded in zeolite in octahedral
oxygen coordination [6].

3. Thermoanalytical Investigations

cm-
1
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Fig. 8. Thermal stability of various mordenites.
Composition of mordenite: O(Si0./Al,0;=11.6,
Al-mordenite), O(sample 3), O(sample 4).

See Table 2 for the sample composition.

Amount of pyridine desorbed(A.U.)

\//\
A

1 A L 1
0 100 200 300 400 500
Temperature(C)

Fig. 9. Temperature programmed desorption of pyridine
from various H type mordenites.
pyridine initially adsorbed at 100T
Si0,/A1,0;=11.6(Al-mordenite)
— - — sample 3

— -+ — sample 4
See Table 2 for the sample composition.

Thermal stability of the Fe-modified mordenites
under various calcination conditions were examined
in Fig.8. Even though the typical mordenite peaks
were retained up to 700C, Fe substitution into the
mordenite structure in general have resulted in a sub-
stantial decrease in thermal stability compared with
the normal Al-mordenite. This decrease in thermal
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Fig. 10. Selectivity to p-xylene in toluene alkylation with
methanol over various H type mordenite catalysts,
toluene/methanol mol. ratio=2, WHSV=29h"!
Catalyst composition: —(Si0y/Al;03=11.6, Al-
mordenite), W(SiO»/Al;0:=26.7, Al-mordenite),
O(sample 3), @(sample 4), See Table 2 for the
sample composition.

stability for Fe-mordenite provides an additional evi-
dence of isomorphous substitution of Fe into the mor-
denite framework(bond distances are Al-O=1.74 A,
Fe-0=184 4, Si-0=1604) [16,17].

4. TPD of Pyridine & Catalytic Activity

Results of pyridine TPD for H-Fe-mordenites and
H-Al-mordenite(5i0,/Al,0; = 11.6) are shown in Fig. 9.
It is evident that H-Fe-mordenite has acidic sites dis-
tribution similar to those present in H-Al-mordenite.
However, when Fe™* ions were introduced into the
mordenite framework, significant reduction in the
peak area around 400C was observed as compared
with H-Al-mordenite, which indicates that the number
of strong acid sites in H-Fe-mordenite are smaller
than in H-Al-mordenite. On the other hand, acid sites
with moderate acid strength seem to be increased
with Fe introduction, as can be seen from the increase
in the peak area around 200C.

Catalytic activities of H-Fe-mordenites synthesized
in this experiment were examined in the vapor phase
toluene alkylation with methanol under atmospheric
pressure. Fig. 10 shows that p-xylene fraction in the
product increases with increasing reaction tempera-
ture, and the selectivity to p-xylene was improved mark-
edly over H-Fe-mordenite. This improvement in p-
xylene selectivity is believed to result from weakening
of the original catalyst acidity by incorporating Fe*~
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m-xylene 50

Fig. 11. Reaction paths for isomerization of pure xylene
isomers over Fe modified H type mordenite cata-
lysts.
WHSV: 24h~!, reaction temp.: 350C
(S10,/AL,03=11.6, Al-mordenite), @(sample 1),
@(sample 3), M(sample 4), See Table 2 for the
sample composition

p-xvlene

into the lattice sites of the mordenite. Fe(III) oxides,
precipitated inside the zeolite pores, might have also
contributed towards steric hindrance to diffusion of
various isomers and resulted in the high p-xylene se-
lectivity.

Fig. 11 shows the composition of xylene isomers ob-
tained in the isomerization reaction of pure xylene
isorers over H-Fe-mordenite catalysts. For these cat-
alysts, undesirable disproportionation reaction low-
ering the selectivity to p-xylene was negligible. Ben-
zene, toluene and trimethylbenzenes in the products
were quite small, and the higher para-selectivity was
observed as compared with H-Al-mordenite catalyst.
In addition, these Fe-modified mordenite type zeolite
showed little hexane cracking activity. In both toluene
alkyiation and xylene isomerization reaction experi-
ments, deactivation and coke formation over H-Fe-
mordenites were negligible and more suppressed than
with H-Al-mordenite. This information again indicates
that Fe modification to the original mordenite has re-
sulted in decrease in acid strength.

CONCLUSIONS

Fe substituted mordenite type zeolites were hydro-
thermally synthesized from the Na;O-ALOs(or Al free)
-Si0,-Fe;,04-H:0 system at 150-170C, and their struc-
tural characteristics were investigated using various
instrumental techniques. The combined results of IR

and EPR spectra, thermal stability, and the differences
in the acidity shown by TPD were indicative of isomor-
phous substitution of Fe*? ion into the zeolite lattice
sites. H-Fe-mordenite catalysts showed high selectiv-
ity towards p-xylene in toluene alkylation and in xy-
lene isomerization reaction, compared with those ob-
tained using H-Al-mordenite because of lower concen-
tration of strong acid sites. In addition, Fe,O; impuri-
ties present in the pores might have contributed to
the steric hindrance, resulting in high paraselectivity.
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