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Synthesis of Fe-substituted Al-mordenites
by hydrothermal method
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Al-mordenite and Fe-mordenite were synthesized with the tetraethylammonium as a
template by hydrothermal method at 150°C in the Na,0O-Al,05;-Si0,-H,0 and
Na,O0-Fe,03;-Si0O,-H,0 system, respectively. Synthesis of several Al-mordenites
substituted with Fe, Al/Fe ratio =75/25, 50/50, 25/75, were also attempted in the
Na,O-Al,03-Fe,03-Si0,-H,0 system under the same conditions by the hydrothermal
method. The continuous solid solution of Fe in Al-mordenite was successfully obtained in
mordenites with various Al-Fe molar ratios. Al-mordenite crystal was tablet-like with
approximately 20-30 um in diameter and 5-10 um in thickness. Fiber-like Fe-mordenite
grew up to 20-30 um in length and 5 um in diameter. The morphology of Fe-substituted
Al-mordenite was cubic-like with 5-10 um in size. The size of Fe-substituted Al-mordenite
decreased with the increase of Fe-content. © 2007 Kluwer Academic Publishers

1. Introduction denite by hydrothermal method under template-free
Natural zeolites often contain some impurities such asonditions [10].
cations in the structural framework. Though typical ze- In the present paper, the purpose is to synthe-
olites were composed of both Si-O and Al-O tetrahe-size Al-mordenite, Fe-mordenite and Fe-substituted
dron structures, (Al, Si) sites of natural zeolites were of-Al-mordenites in the NgO—-Al;03—-F&03-Si0—-H,0
ten observed to be in part substituted by other elemenisystem with tetraethylammonium as a template. The
such as Be, B, Ga, Cr, Fe, Ge etc [1, 2]. Recently mucisynthesis of Fe, Al-mordenite with various Al/Fe mo-
attention was paid to the investigation on the hydrotheriar ratios, 75/25, 50/50, 25/75, was tried. Al-mordenite,
mal synthesis of a new zeolite, replacing Si and/or AlFe-mordenite and Fe-substituted Al-mordenites were
in the zeolite framework with other atoms, because theevaluated by X-ray diffractometer, chemical analysis,
substitution of other elements in zeolite structure forand Raman spectrometer. The morphology and shape
Si- and Al-site is expected to develop the novel cat-of various mordenites obtained in this system were ob-
alytic properties and expand the application of syn-served by SEM.
thesized zeolite [3, 4]. For example, various types of
zeolites substituted by trivalent metal ions were syn-2. Experimental procedure
thesized in order to modify the chemical and catalyticAs a starting material, commercially available silicon
properties [5]. The incorporation of Ga and Be into powder with purity of 99.999% (Kojundo Chemical
Al-mordenite and Ge into analcime were successfullyCo., Japan) was used for a silicon source. Silicon pow-
synthesized by Uedet al. [6]. Szostaket al. reported  der was dissolved with 5 M-NaOH solution at'Tin a
on the incorporation and stability of iron in molecular water bath for 24 h. Sodium silicate solution was filtered
sieve silicalite [7]. by a Buchner filter and the residue of the impurities in
Chu et al reported that MFI-type ferrisilicate re- silicon powder was removed. Aluminium chloride and
sulted in the control of acidity strength for the oxida- iron chloride(Wako Junyaku Co., Japan) were used as
tion catalyst by the replacement of Fe in the structureAl and Fe source, respectively. Aluminium chloride was
[8]. Fe-containing ZSM-5 was showed to be more ac-dissolved with deionized water. Iron chloride was also
tive in benzene hydroxylation withA® by Kharitonov ~ dissolved with deionized water. Sodium silicate solu-
et al. [9]. Recent researchs by Wat al. reported the tion and Al and/or Fe solution were thoroughly mixed
successful synthesis on the isomorphous substitutiowith 10.5% solution of tetraethylammonium (TEA) as
of Fe** in the framework of alumino-silicate mor- a template and resulted in the homogeneous gel of
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mordenite starting material. The contents were transAl-mordenites. As shown in Fig. 1, the results indicate
ferred to a teflon container in a stainless Morey bombthe possibility of stoichiometric substitution of Fe for
The hydrothermal synthesis was performed at°C50 Al in Al-mordenite.

for 4 to 7 days for various gels with Al/Fe molar ratios, Fig. 2 shows the micregphs of Aliordenite Fe25%-
100/0, 75/25, 50/50, 25/75, 0/100. The as-synthesizedubstituted mordenite, Fe50%-substituted mordenite,
products were separated by a Buchner filter and thorFe75%-substituted mordenite, and Fe-mordenite. It
oughly washed with deionized water and ethanol morevas observed that the crystal size of Fe-substituted
than 5 times. Then all solid products were dried in theAl-mordenite decreased with the increase of Fe-content
oven at 50C for 24 h.

in Al-mordenite. Al-mordenite crystal was tablet-like

X-ray measurements (XRD) were performed onwith approximately 20-3Qum in diameter and 5-
powder diffractometer with Cu-+ radiation. Ther-
mogravimetric analysis (TG) and differential thermal grew up to 3Qum inlength and 5:m in diameter. How-
analysis (DTA) were done on Shimazu DTG-50 in- ever the morphology of Fe-substituted Al-mordenites
strument in air atmosphere until 9@D. The temper-
ature increased at the rate of°@dmin. SEM obser-
vation was recorded using a FE-type SEM equipmenservations suggest that the replacement of Al by Fe
(Hitachi : S-800). Raman spectra were obtained withinhibited the crystal growth of mordenite, compared
a JASCO equipment(NRS-200). Compositions of thewith Al-mordenite and Fe-mordenite. According to the
products synthesized in this experiment were deterreports on natural zeolites, the morphology of natural
mined by X-ray fluorescence analysis.

3. Results and discussion >UDSHEY
Compositions of prepared original gels for Al-morden- theé morphology of crystal leads to the indications of
ite, Fe-mordenite and Fe-substituted Al-mordenites ar&&-incorporation into the framework of Al-mordenite.
shown in Table I. The optimum gel composition for Fig- 3 shows the typical results of TG-DTA for Al-

single mordenite phase was as follows:

7.7Na0 - TEA - (0.40 — X) Al,03 - XF&03 - 23Si0
.700H,0 (0<x<0.4)

Fig. 1 shows the relation between ;B8/(Al,O3 +
Fe,03) mole fraction in the starting initial gel materials peak temperature is under investigation.

and inthe products. The broken line in Fig. 1illustrates The X-ray diffraction (XRD) patterns of Al-
the variation of mole fraction for ideal Fe-substituted mordenite and Fe-mordenite are shown in Fig. 4. Both

TABLE | Compositions of prepared original gels for Al-mordenite,

Fe-mordenite and Fe-substituted Al-mordenites

10 um in thickness. Fe-mordenite was fiber-like and

was cubic-like with 5—-1Q:m in size and their size was
smallerthan Al-mordenite and Fe-mordenite. These ob-

mordenite with small amount of impurities was needle-
like or fiber-like with c-axis elongation [11]. There-
fore, the considerable effect of the Fe substitution on

mordenite, Fe-mordenite and Fe25%-substituted mor-
denite. TEA as a template was decomposed in air at
440-450C for Al-mordenite and Fe-mordenite by TG-

DTA, as shownin Fig. 3. On the contrary Fe-substituted
Al-mordenites indicated the lower peak temperature of
decomposition of TEA than that of Al-mordenite and

Fe-mordenite. The reason on this distinction between

Al-mordenite and Fe-mordenite revealed high crys-
tallinity, as shown in Fig.4. Fe-mordenite showed the
XRD pattern similar to that of Al-mordenite. No other

diffraction peaks caused by other phases were ob-

Sumbol  AbOs  FeOs3  SiO;  NaO HO0 TEA  served for Fe-mordenite. The diffraction peaks for Fe-
MOR 0400 0000 23 27 200 10 mordenite could be indexed _by the assumption of_the
Fe25 0300 0100 23 77 700 10 Same structure as Al-mordenite. There was no obvious
Fe50 0.200  0.200 23 7.7 700 1.0 difference in the crystallinity for Al-mordenite and Fe-
Fe75 0.100 0300 23 7.7 700 1.0 mordenite. Also the results of XRD for Al-mordenites
Fel00 0.000 0400 23 7.7 700 1.0 with various Fe-contents are shown in Fig. 4. XRD pat-
terns for various Fe-containing Al-mordenites synthe-

100 sized in this process indicated thg same XRD patterns
§ S 9 as Al-mordenite and Fe-mordenite and any peaks of
g’@ diffraction due to other crystalline materials were not
S §0,75~ jog observed. Wiet al. also showed that for Fe-containing
Em mordenites synthesized hydrothermally without an or-
% o ’ ganic template Fe-substitution into the framework of
= 0.504 Al-mordenite has occurred [8]. Also, the report about
o} ’ the solid solution of Be into Al-mordenite by Uedgal.
'g_:t' 0.25 Q/’ indicated that the diffraction peaks for Be/Al-mordenite
S could be indexed by the assuming the same orthorhom-
& bic cell as Al-mordenite [6], and therefore it was con-

& : | : cluded that A¥" ion could be substituted with Be ion
0 0.25 0.50 0.75 1.00  [12]. In this work it is likely that the replacement of Al

Fe,05/(Al,O5+Fe,05) molar ratio
of initial gel

Figure 1 The relation between E©3/(Al,03 + Fe&03) mole fraction : ) >
of starting initial materials and the products by hydrothermal process. iS replaced Fe in Al-mordenite.
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with Fe in Al-mordenite maintains the framework of
Al-mordenite because the X-ray data confined that the
structure of mordenite was stable even when all of Al
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Figure 2 SEM photographs of Al-mordenite (A), Fe25%-substituted mordenite (B), Fe50%-substituted mordenite (C), Fe75%-substituted mordenite
(D), and Fe-mordenite (E). Bars show.sn.

Fig. 5 shows the lattice constant,b andc, of has a larger ionic radius than #l, the lattice con-
Al-mordenite, Fe-mordenite and Fe-substituted Al-stants,a, b, andc, must be increased with the sub-
mordenites. Fe-mordenite possessed the almost samséitution of Fé* (ion radius: 0.063 nm) for Al
values ofa, b, andc as Al-mordenite. On the other (ion radius: 0.053 nm) in Fe-substituted mordenites,
hand, Fe-substituted Al-mordenites showed the smalleas shown by Wtet al. However, these results of lat-
values ofa, b, andc parameters than Al-mordenite. tice parameters in the present experiment were in con-
However, Wu reported thatthe values of unit cell param+lict with the tendency reported by Wu [8]. Lattice
eters increased gradually with increasing Al replaceparameters of mordenites decreased with increasing
ment for Fe-substituted mordenites, which could leadsilica content, i.e., higher Si/Al ratio, which was re-
to the presence of tetrahedral®fein Fe-substituted ported by Uedzet al. [13,6]. Fig. 6 shows the ratio
Al-mordenite with free template [8]. Because®Fe of SiO,/(Al,O3 + Fe03) with incorporation of Fe into
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Figure 5 The lattice parameter of Al-mordenite, Fe-mordenite and
ﬁ Fe-substituted Al-mordenites.
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Figure 4 X-ray diffraction (XRD) patterns of Al-mordenite, Fe,04/(Al,05+Fe;0;) ratio of product

Fe-mordenite and Fe-substituted Al-mordenites. ) o ) ) o )
Figure 6 Variation of ratio of SiQ/(Al ;03 + Fe,O3) with incorporation

of Fe into mordenites.

Al for Al-mordenites. Ratio of SiQ/(Al,03 + Fe,03)

was found to be around 13 and quite constant with Fe The results of Raman spectra for Al-mordenite with
content for Fe-substituted Al-mordenites. Ideally thevarious substitution of Fe for Al are shown in Fig. 7. A
ratio of SiQy/Al 05 for Al-mordenite was 10. There- peak at 820 cm® was identified for Al-mordenite, al-
fore, the decrease in the lattice parametayy, andc  though Fe-substituted Al-mordenites and Fe-mordenite
of Fe-substituted Al-mordenites may be explained byindicated the broad peak at 800-820 ¢nregion.
this high silica ratio. This broad peak of Fe-substituted Al-mordenites and
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Figure 7 Raman spectra for Al-mordenite, Fe-mordenite and Fe-
substituted Al-mordenites.

Fe-mordenite at 800-820 crhregion was attributed
to a stretching vibration mode of SjO[14]. On

the contrary in the spectra of Fe-mordenite and Fe-3.
substituted Al-mordenites, a very distinguished peak

around 1000 cm! was observed. Scarare al. re-

Fe-mordenite. Fe-substituted Al-mordenites showed
the lower peak temperature of decomposition of TEA
than that of Al-mordenite and Fe-mordenite.

Al-mordenite crystal was tablet-like with 20—30m
in diameter and 5-1@m in thickness. Fe-mordenite
was fiber-like and grew up to 20-3@m in length
and 5um in diameter. Fe-substituted Al-mordenite
was cubic-like with 5-1Qum in size. The size of Fe-
substituted Al-mordenite decreased with increasing Fe-
content in Al-mordenite.

Fe-substuted Al-mordenite and Fe-mordenite show-
ed the good crystallinity and the XRD pattern similar
to that of Al-mordenite. Fe-mordenite possessed the al-
most same values af b, andc as Al-mordenite, though
Fe-substituted Al-mordenites showed the smaller val-
ues ofa, b, andc parameters than Al-mordenite.

Fe-mordenite and Fe-substituted mordenites pos-
sessed a very distinguished peak around 1000t¢m
Raman spectra. This distinct peak around 1000%tm
was attributed to Fegpstretching vibration in the mor-
denite framework. This result indicates the possibility
of substitution of Fe for Al in Al-mordenite frame-
work. Therefore the continuous solid solution of Fe
into Al-site in Al-mordenite was successfully obtained
in mordenites with various Al-Fe molar ratios.
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