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Abstract

Siliceous MCM-41 mesoporous materials and those possessing Fe, La, Al, respectively, were syn-

thesized using water glass as silica source. Results from thermogravimetric analysis and other tech-

niques showed us that Fe(III) or La(III) species was incorporated into framework. Owing to Fe–O or

La–O bond longer than Si–O bond, Fe(III) or La(III) species was limited to insert into framework

and transformed from tetrahedrally coordinated state to octahedrally coordinated state upon calcina-

tion to remove template.
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Introduction

Since the average pore size is usually smaller than 0.7 nm, the application of

microporous zeolite molecular sieve materials was limited when used as a sorbent or

a catalytic material for large organic and inorganic compounds. Therefore, the syn-

thesis of a hexagonal mesoporous molecular sieve family (designated as MCM-41)

by researchers at the Mobil Company in 1992 [1, 2] was a breakthrough of zeolite

molecular sieve research and material science. The average pore size of this kind of

new material can be adjusted between 1.8–10 nm, leading us to new materials for use

as sorbents, catalyst materials, host materials for host-guest chemistry in studies of

electron transfer photosensitizers [3], semiconductors [4], polymer wires [5–8], con-

ducting carbon wires [9], sensing devices [10], materials with non-linear optic prop-

erties [11], quantum sized clusters [11, 12], etc.

Fe-containing or La-containing molecular sieve materials are two very impor-

tant kinds of catalysts [13]. Siliceous, aluminum silicate, and Fe- or La-containing
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MCM-41 mesoporous materials can be easily synthesized using water glass as silicon

source [14]. The synthesis and the investigation of the thermal and hydrothermal sta-

bility of those materials has been reported in detail in our previous report [14], but the

states of Fe or La species were not characterized in detail. The further evidence of the

incorporation of Fe, La into the framework (channel wall) of these samples was pre-

sented here by thermogravimetric analysis (TG), framework vibration Fourier trans-

form infrared (FT-IR) spectroscopic method, powder X-ray diffraction (XRD), elec-

tron spin resonance (ESR) and Mössbauer spectroscopic techniques.

Experimental

FeSiMCM-41 mesoporous materials with different Fe content were prepared accord-

ing to the following synthesis procedures: 11 g distilled water, 0.4 g sulphuric acid

(95%) and optionally, different amounts of Fe(NO3)⋅9 H2O, varying from 0 to 0.71 g,

were mixed and stirred for 10 min. Then 8.6 g water glass (20.3% SiO2, 6.7% Na2O)

were added. After stirring the formed mixture for 10 min, the appropriate amount

template solution (25% C16H33(CH3)3NBr, CTABr) was added. The formed gel was

stirred for 30 min before adding 6.7 g distilled water. Then the gel was transferred

into a stopped teflon-lined steel bottle and heated without stirring at 373 K for 7 days.

After cooled to room temperature, the resulting solid product was recovered by filtra-

tion, extensively washed with distilled water, and dried in air at ambient temperature.

The preparation of LaSiMCM-41 mesoporous materials was similar to that men-

tioned above except for substituting lanthanum nitrate for ferric nitrate. For compari-

son, AlSiMCM-41 sample was also synthesized by means of adding a given amount

of sodium aluminate into the gel mixture instead of ferric nitrate.

The thermogravimetric analysis of samples in synthesized or calcined form were

conducted on a thermoflex analyzer (Rigaku) in air up to 1073 K using a heating rate of

20 K min–1 and about 10 mg samples. The low-angle powder X-ray diffraction patterns

were recorded on a Rigaku (D/max-γ A) X-ray diffraction instrument with Cu-Kα radia-

tion. Framework vibration Fourier transform infrared spectra were recorded on a Nicolet

510 P FTIR spectrometer using the KBr pellet technique. Electron spin resonance spectra

were investigated on a Bruker EP 200-D-SCR instrument. The Mössbauer spectra inves-

tigation were performed on a constant acceleration Mössbauer spectrometer with a

source of 57Co in Pd matrix. The adsorption of nitrogen at 77 K was conducted on a

Micromeritics ASAP2000 instrument. The compositions of samples were obtained on a

Jarrell-Ash 1100 inductively coupled plasma quantometer.

Results and discussion

The Si/Me (M=Fe, La) bulk ratios by chemical analysis for the as-synthesized sam-

ples are given in Table 1. The powder XRD patterns of these as-synthesized samples

(Figs 1–3) and their calcined forms (Fig. 4) show two to four peaks in the region

1–8°2θ indexed on a hexagonal lattice typical of MCM-41 materials [1–2]. It seems
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Table 1 Composition of gel mixtures and as-synthesized samples

Samples
Molar composition of the gel mixtures As-synthesized samples

CTAB SiO2 Al2O3 Fe2O3 La2O3 Na2O H2O SiO2/Al2O3 SiO2/Fe2O3 SiO2/La2O3

SiMCM-41 0.25 1.0 – – – 0.2 57.0 – – –

AlSiMCM-41(118) 0.25 1.0 0.008 – – 0.2 57.0 118 – –

AlSiMCM-41(58) 0.25 1.0 0.015 – – 0.2 57.0 58 – –

AlSiMCM-41(32) 0.25 1.0 0.030 – – 0.2 57.0 32 – –

FeSiMCM-41(124) 0.25 1.0 – 0.008 – 0.2 57.0 – 124 –

FeSiMCM-41(62) 0.25 – – 0.015 – 0.2 57.0 – 62 –

FeSiMCM-41(32) 0.25 – – 0.030 – 0.2 57.0 – 32 –

LaSiMCM-41(147) 0.25 – – – 0.008 0.2 57.0 – – 147

LaSiMCM-41(83) 0.25 – – – 0.015 0.2 57.0 – – 83

LaSiMCM-41(48) 0.25 – – – 0.030 0.2 57.0 – – 48



that incorporation of Fe(III) or La(III) does not change the hexagonal structural form.

It would be helpful to us to understand the states of Fe(III) and La(III) species in these

samples.

As reported in literature [2, 15], templates associated with different inorganic com-

ponents of MCM-41-type mesoporous materials will decompose and be removed at dif-

ferent temperature. Thus thermogravimetric analysis is one of the powerful tools to in-

vestigate the state of inorganic components in MCM-41 samples. The thermogravimetric

curves of all the above as-synthesized samples are shown in Figs 5–7. Two steps can be
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Fig. 1 XRD patterns for as-synthesized a – SiMCM-41; b – AlSiMCM-41(118);
c – AlSiMCM-41(58); d – AlSiMCM-41(32)

Fig. 2 XRD patterns for as-synthesized a – SiMCM-41; b – FeSiMCM-41(124);
c – FeSiMCM-41(62); d – FeSiMCM-41(32)



clearly observed in the TG curves of as-synthesized SiMCM-41 and AlSiMCM-41. The

low-temperature step (450–620 K) was attributed to the decomposition of template inter-

acting with siloxy group sites, while the step in high-temperature range was attributed to

the decomposition of template associated with aluminum species in channel wall (frame-

work) [2, 15]. The aluminum species in SiMCM-41 should come from the silica source,

water glass, as impurity. The high-temperature step for SiMCM-41 is, therefore, much

shorter than that for AlSiMCM-41.
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Fig. 3 XRD patterns for as-synthesized for a – SiMCM-41; b – LaSiMCM-41(147);
c – LaSiMCM-41(83); d – LaSiMCM-41(48)

Fig. 4 XRD patterns for calcined a – SiMCM-41, b – AlSiMCM-41(58);
c – FeSiMCM-41(62); d – AlSiMCM-41(83)



Figures 6 and 7 clearly show us that as a result of introduction of Fe(III) or

La(III) into MCM-41, a new step (600–710 K for LaSiMCM-41, 530–620 K for

FeSiMCM-41, respectively) appears in the TG curves for the as-synthesized

LaSiMCM-41 and FeSiMCM-41, respectively, strongly supporting the incorporation

of Fe(III) or La(III) into the channel wall of these mesoporous materials. Moreover,

the step associated with La(III) species exhibits a higher temperature range than the

step associated with Fe(III) species indicates a stronger interaction between template

and La(III) species than that between template and Fe(III) species. This TG analysis

result is in consistence with the one from XRD characterization.
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Fig. 5 Thermogravimetric analysis of as-synthesized samples. a – SiMCM-41;
b – AlSiMCM-41(118); c – AlSiMCM-41(58); d – AlSiMCM-41(32)

Fig. 6 Thermogravimetric analysis of as-synthesized samples. a – SiMCM-41;
b – FeSiMCM-41(124); c – FeSiMCM-41(62); d – FeSiMCM-41(32)



It is evident from Fig. 2 that compared with the XRD peaks for as-synthesized

SiMCM-41, the XRD peaks for as-synthesized FeSiMCM-41 and LaSiMCM-41 shift

to low 2θ, indicating some Si–O bonds (0.161 nm) have been replaced by longer

Fe–O (0.197 nm) or La–O (0.254 nm) bonds [16–17]. Although no effective charac-

terization techniques but XRD and FT-IR are reported to characterize the states of

La(III) species in zeolites, the structural arrangement of iron species in zeolite molec-

ular sieve materials is also easily detectable by other methods such as ESR [18–19]

and Mössbauer spectra [13] of Fe-containing zeolite molecular sieve samples. As de-

picted in Fig. 8, two different signals occur in the spectra of the as-synthesized

FeSiMCM-41 samples. The signal with g=4.3 was assigned to Fe(III) in distorted

framework tetrahedral coordination whereas the signal with g=2.0 belongs to Fe(III)

in a highly symmetric octahedrally coordinated environment [18–19]. Taking it into

consideration that the signal of g=2.0 is much more sensitive to the content of Fe(III)
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Fig. 8 ESR spectra for as-synthesized a – FeSiMCM-41(124); b – FeSiMCM-41(62);
c – FeSiMCM-41(32) and d – calcined FeSiMCM-41(62) at 813 K in air for 1 h;
e – calcined FeSiMCM-41(62) at 813 K in air for 4 h

Fig. 7 Thermogravimetric analysis of as-synthesized samples. a – SiMCM-41;
b – LaSiMCM-41(147); c – LaSiMCM-41(83); d – LaSiMCM-41(48)



species in an octahedrally coordinated environment, Fig. 8 shows us that the intro-

duced Fe(III) species mainly locate in framework positions. It is well known that

Mössbauer spectroscopy is another very useful tool to study the state of Fe species in

zeolite molecular sieve materials. If in tetrahedrally coordinated state, Fe(III) species

will give an isomer shift (IS) value smaller than 0.3 mm s–1 in contrast to the IS value

greater than 0.3 mm s–1 typical of octahedrally coordinated Fe(III) species [13].

Figure 9 shows the Mössbauer spectrum for FeSiMCM-41(64) (Fig. 9a), the IS

value for this sample is 0.28, correspondent with tetrahedrally coordinated Fe(III) in
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Fig. 9 Mössbauer spectra for a – as-synthesized FeSiMCM-41(62) and b – calcined
FeSiMCM-41(62) at 813 K in air for 4 h

Fig. 10 Framework vibration FT-IR spectra for as-synthesized samples. a – SiMCM-41;
b – FeSiMCM-41(124); c – FeSiMCM-41(62); d – FeSiMCM-41(32)



framework. Framework vibration FT-IR spectrum can also give information about

the states of Fe(III) or La(III) species in zeolite molecular sieve samples. Fig-

ures 10–11 show the framework vibration FT-IR spectra for the as-synthesized

FeSiMCM-41 and LaSiMCM-41 samples. It is evident that compared with the vibra-

tion bands for SiMCM-41, all the vibration bands of FeSiMCM-41 or LaSiMCM-41

shift to lower wavenumbers, indicating Fe(III) of La(III) may be incorporated into the

channel wall [16–17], i.e., suggesting again the Fe(III) or La(III) species in these

samples exist in a tetrahedrally coordinated environment.

From the above discussion, we come to the conclusion that Fe(III) or La(III)

species, at least partially, was incorporated into channel wall of as-synthesized

Fe-containing or La-containing MCM-41 samples. However, comparing the lost con-

tents corresponding to the steps associated with Fe(III) or La(III) species (Figs 6

and 7), we find that the lost contents increase with the increment of Fe(III) or La(III)

contents for samples possessing relatively low Fe(III) or La(III) contents, but no lin-

earity relationship between the lost content and the Fe(III) or La(III) contents in these

as-synthesized samples is found. This shows us, the more the Fe(III) or La(III) con-

tent is, the more difficult the incorporation of these species into framework is. Espe-

cially, even though the Fe(III) content in FeSiMCM-41(32) is almost twice as much

as that in FeSiMCM-41(62), the lost contents associated with Fe(III) species are

nearly equal to each other. The situation can also be observed when investigating the

framework vibration FT-IR spectra for as-synthesized samples. Although the bands

for these samples generally shift to low wavenumbers with the increase of Fe(III) or

La(III) content, the bands for FeSiMCM-41(32) do not demonstrate the same trend.

Compared with those for FeSiMCM-41(62), the bands for FeSiMCM-41(32) shifts

towards even high wavenumbers.
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Fig. 11 Framework vibration FT-IR spectra for as-synthesized samples.
a – SiMCM-41; b – LaSiMCM-41(147); c – LaSiMCM-41(83);
d – LaSiMCM-41(48)



Compared with the behaviour of Fe(III) or La(III) species in Fe-containing or

La-containing samples upon thermogravimetric analysis, the lost content associated

with Al species in AlSiMCM-41 samples increases linearly with the Al contents in

these samples (Fig. 5). It is supposed that the difference between the M–O bonds

(M=Si, Al, Fe and La) is responsible for the different thermogravimetric behaviors of

these as-synthesized samples. The length of Al–O bond (0.175 nm) is slightly longer

than that of Si–O bond, making it easy for Al to insert into framework. However,

Fe–O bond (0.197 nm) or La–O (0.254 nm) is much longer than Si–O bond, the in-

corporation of Fe(III) or La(III) into channel wall to replace Si–O bond will severely

distort the tetrahedron MO4 and is, therefore, more difficult than the incorporation of

Al species. Thus, the content of Fe(III) or La(III) species in framework is very lim-

ited, no matter what the total content of these species in the as-synthesized samples is.

Because the Fe–O or La–O bond is longer, not only the incorporation of Fe(III)

or La(III) into framework (channel wall) is limited, but also the Fe(III) or La(III) spe-

cies is destabilized in framework. Upon calcination at 813 K in air to remove tem-

plate, the Fe(III) species in FeSiMCM-41 samples gradually transformed from tetra-

hedrally coordinated state to octahedrally coordinated state [14], accompanied by the

disappearance of ESR signal with g=4.3 (Fig. 8d) and the increase of Mössbauer IS

value from 0.28 to 0.43 mm s–1 (Fig. 9b), meaning that Fe(III) species mostly mi-

grated from framework to the outer surface of channel wall. La(III) species also trans-

formed from framework state to non-framework state [14], but as shown in Fig. 12 no

detectable La2O3 phase is found in calcined LaSiMCM-41(83) (Fig. 12b). In contrast

to the appearance of La2O3 phase in the XRD pattern for the La(III) loaded

SiMCM-41 sample prepared by mixing La2O3 and SiMCM-41 and possessing the

similar La2O3 content as that in LaSiMCM-41(83) (Fig. 12c), it seems that after calci-

nation the developed La(III) species highly dispersed on the surface of channel wall.

Conclusions

Results from thermogravimetric analysis, framework vibration Fourier transform in-

frared spectroscopic method, powder X-ray diffraction, electron spin resonance and

Mössbauer spectroscopic techniques showed us that Fe(III) or La(III) species was in-
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Fig. 12 XRD patterns for a – La2O3; b – calcined LaSiMCM-41(La2O3 6.1%) (813 K,
4 h); c – La2O3/SiMCM-41(La2O3 6.1%)



corporated into framework. Owing to the fact that Fe–O or La–O bond is longer than

Si–O bond, Fe(III) or La(III) species was limited to insert into framework and trans-

formed from tetrahedrally coordinated state to octahedrally coordinated state upon

calcination to remove template.
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