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Abstract. The preparation of iron oxide nanoparticles in the mesopore of silicate MCM-41 and
MCM-48 materials is demonstrated. The encapsulation of iron oxy-hydroxides was carried out at
room temperature by incipient wetness method and the corresponding oxides were obtained by
calcination. This process not only resulted in entrapment of iron oxy-hydroxides / oxides in the
mesopores but also led to isomorphous substitution of trivalent iron in the silicate framework.
The encapsulated nanoparticles exhibit superparamagnetism while the substituted iron shows
paramagnetic behavior. The above is ascertained by using various techniques viz., X-ray diffraction
(XRD), diffuse reflectance ultraviolet-visible (DRUV-VIS), electron paramagnetic resonance (EPR),
Moéssbauer, and magnetic susceptibility measurements.

1. INTRODUCTION

Microporous materials can exclusively be used for
a variety of applications such as sorbents, ion-ex-
changers, shape selective catalysts and molecular
hosts [1,2]. The well-defined and uniform pore sys-
tems act as a suitable reaction chamber for con-
trolled assembling of nanosized metal/metal oxides
[1,2]. Inrecent years, there is a considerable inter-
est in the study of metal/metal oxides nanoparticles/
nanoclusters formed in microporous materials as
they can potentially be used in optics, electronics,
sensors and photocatalysis [3,4]. However, the re-
stricted pore size (< 2 nm) limits their applicability
for such purposes. On the other hand, the discov-
ery [5] of the periodic mesoporous materials (e.g.,
MCM-41 and MCM-48) has opened new opportuni-
ties in the development of nanomaterials [6]. The
unique flexibility in terms of synthesis conditions,
pore size tunning (2-20 nm), high internal surface
area (700-1400 m2-gt), framework substitution, etc.
has created new avenues not only as host materi-
als but also in the area of catalysis, advanced ma-
terials, environmental pollution control strategies,
separation process, etc. [7].

Recently, Iwamoto et al. [8] and Fréba et al. [9]
have reported the encapsulation of Fe,O,
nanopatrticles in MCM-41 and MCM-48 silicates,
respectively. However, the interpretation of experi-
mental data requires careful analysis owing to the
complicated nature of the host materials having vari-
ous possible sites (e.g., non-framework, extra-frame-
work and framework) of accommodating the guest
materials even at ambient condition. In view of the
fact that the possibility of isomorphous substitution
of heterometal ions in the mesoporous silicate ma-
terials, viz., AIMCM-41 [10], AIMCM-48 [11],
FeMCM-41 [12] and FeHMS [13], under such con-
ditions warrants the interpretation of nanoparticles
in the mesopores. Furthermore, FeMCM-41 pre-
pared under hydrothermal conditions showed evi-
dence for the encapsulation as well as isomorphous
substitution of trivalent iron in the MCM-41 [14]. In
view of the above, in the present study, we have
undertaken a systematic investigation of encapsu-
lation of iron oxides nanoparticles and their influ-
ence in the framework substitution in MCM-41 and
MCM-48 structure. For a comparison, we have also
synthesized and characterized the ferrisilicate analo-
gous of MCM-41 (FeMCM-41) and MCM-48
(FeEMCM-48).

Corresponding author: P.Selvam, e-mail: selvam@iitb.ac.in

© 2001 Advanced Study Center Co. Ltd.



14

2. EXPERIMENTAL

The following chemicals were used for the prepara-
tion of various mesoporous MCM-41 and MCM-48
silicates and their corresponding ferrisilicates, viz.,
FeMCM-41 and FeMCM-48, as well as for the load-
ing experiments: Fumed silica (SiO,), tetraethyl
orthosilicate (TEOS), tetramethylammonium hydrox-
ide (TMAOH), cetytrimethylammonium bromide
(CTAB), sodium hydroxide (NaOH), iron nitrate
nonahydrate (Fe(NO,),-9H,0), sulfuric acid (H,SO,),
bulk iron oxide (Fe,O,) and distilled water. All the
mesoporous materials were synthesized hydrother-
mally according to a similar procedure described
elsewhere [15-17]. Incipient wetness method was
adopted for the loading experiments with 0.008 -
0.1 M aqueous iron nitrate at pH < 2 and room tem-
perature, as per the procedure outlined earlier [16,
17]. The resulted loaded samples are designated
as FeO(OH)/MCM-41 and FeO(OH)/MCM-48. Un-
less it is stated, the samples studied in this work
were prepared with 0.008 M loading of iron nitrate
solution. In order to ensure the formation of the iron
oxide particles, the loaded samples were calcined
at 773K in air for 8 h. They are represented as Fe,O,
IMCM-41 and Fe,O,/MCM-48, respectively.

Powder X-ray diffraction (XRD) was recorded in
the region (1.5-80°) on Siemens diffactometer us-
ing a Nifilitered Cu K radiation. Diffuse reflectance
ultraviolet-visible (DRUV-VIS) spectra were recorded
(200700 nm) on UV-260 Shimadzu spectrometer.
Electron paramagnetic resonance (EPR) spectra
were recorded on a Varian (E-line Century series E-
112) spectrophotometer. The iron content of the
samples was determined (0.7-2.5 wt. %) by induc-
tively coupled plasma-atmoic emission spectros-
copy (ICP-AES) on a Labtam plasma lab 8440
equipment.

3. RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of encapsulated
Fe,O, in MCM-41 and MCM-48, typical of
mesoporous (hexagonal) MCM-41and (cubic) MCM-
48 structures [5,7], which indicate the intactness of
structures even after loading. It is, however, inter-
esting to note that the d,, values for the loaded
samples were shifted to higher d-values or lower 20
values (d,,, = 37.80 A for FeO(OH)/MCM-48; d,, =
37.61 A for Fe,O,/ MCM-48) as compared to the
siliceous analogue (d,,, = 36.40 A for MCM-48). A
similar observation was also made eariler for
FeO(OH)/MCM-41 and Fe,O,/MCM-41[17]. The in-
crease in the d-values of the loaded samples could
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Fig. 1. XRD patterns of: (a) Fe,0,/MCM-41; (b)
Fe,0,/MCM-48; (c) Fe,O/MCM-41 (0.01 M).

be attributed to the possible (isomorphous) substi-
tution of trivalent iron for tetravalent silicon [15,16,20]
as the crystal radii of these ions in tetrahedral coor-
dination (rg** = 0.40 A and r_3* = 0.63 A) [18] favor
such an observation. The high angle diffraction pat-
terns of unloaded and iron loaded samples (at <
0.01 M) in the range 10-80° (not shown here), shows
only diffuse peaks of noncrystalline silica framework.
However, at higher iron concentration weak reflec-
tions corresponding to iron oxides were observed,
suggesting that beyond certain concentration the
iron oxyhydroxides / oxides particles agglomerated
on the external surface.

Fig. 2 depicts the DRUV-VIS spectra of various
iron-containing samples. The bulk Fe,O, shows a
broad band in the range 320-700 nm, having strong
maxima at 560 nm (Fig. 2f). On the hand, the loaded
Fe,0,/MCM-41 and Fe,O0,/MCM-48 show absorp-
tion bands at ~ 250 nm (Fig. 2a and 2b), which
could be assigned to Fe, O, nanoparticles inside the
mesopores, owing to the quantum size effect. How-
ever, due care must be taken in interpreting such
bands as these bands can also be assigned to tet-
rahedral Fe** in FeMCM-41, FeMCM-48 and FeHMS
[14,16,19,20], see also Fig. 2e. The occurrence of
these absorption maxima can thus be assigned to
both entrapped iron oxide nanoparticles and frame-
work iron [17]. However, upon increase in loading (=
0.01 M) a strong absorption in the range of 320-550
nm was observed in addition to 250 nm band, attrib-
uted to the agglomerated Fe,O, on the surface
[8,16], see Fig. 2c and 2d.
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Fig. 2. DRUV-VIS spectra of: (a) Fe,O/MCM-

41; (b) Fe,0,/MCM-48; (c) Fe,0,/MCM-41 (0.01

M); (d) Fe,0/MCM-41 (0.1 M); (e) FeMCM-48;

(f) bulk Fe,O,.

Fig. 3 presents the EPR spectra of various
samples. It can be seen from the figure that three
different signals appears at various g . values (4.20,
2.23 and 1.99) corresponding to the presence of
three distinct environments around the trivalent iron.
On the basis of earlier assignments
[16,17,19,21,22], the signal at 4.20 is ascribed to
Fe** in distorted tetrahedral framework sites, and
the signal at 1.99 is attributed to trivalent iron in
both framework and extra-framework sites. The weak
signal centered at 2.1-2.3 is also prominent at 77K
and is attributed to non-framework
(superparamagnetic) iron oxy-hydroxides/oxide
nanoparticles located in the pores [17,21-24]. Al-
though, the room temperature spectra of the loaded
samples (Fig. 3a-3b) show weak and broad signals,
the corresponding spectra at 77K show sharp and
intense signals at 4.20 and 1.99. The intensity ratio
(1,41, 4) for Fe,O,/MCM-41 (1.17) and for Fe,O./
MCM-48 (1.15) at 77K, where as for FeMCM-41
(0.62) and FeMCM-48 (0.63), indicating the partial
substitution of trivalent iron in the further cases.
Thus, the loading of trivalent iron in mesoporous
matrix results not only as nanoparticles but also
present in the framework sites of MCM-41 and MCM-
48 structures.

Preliminary, Mdssbauer studies on loaded
(Fe,0,/MCM-41) at room temperature shows a sin-
glet, which is assigned to high spin (paramagnetic)
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Fig. 3. EPR spectra (300 and 77K) of. (a) Fe,O,/

MCM-41; (b) Fe,0,/MCM-48; (c) FeMCM-48.

Fe*" in tetrahedral framework sites as well as iron
oxy-hydroxides/oxides (superparamagnetic) par-
ticles in the mesopore. However, upon lowering the
temperature (15K), a sextet pattern, in addition to
the paramagnetic contribution, characteristic of
superparamagnetic iron oxides nanopatrticles ap-
pears [14,17]. This observation is well supported by
the temperature dependence of the susceptibility
measurements [14]. Further, work is in progress in
order to understand the exact nature of the
nanoparticles.

4. CONCLUSION

From above study, it can be deduced that the ob-
served blue shift in the absorption edge of the loaded
FeO(OH)/Fe O, in MCM-41 and MCM-48 samples
alone cannot be taken as a finger print for the quan-
tum size effect as the isomorphously substituted
trivalent iron in the mesoporous matrix can also
absorb in the same region. EPR, M&ssbauer and
magnetic susceptibility measurements give evidence
for the existence of trivalent iron in the framework
sites as well as in the mesopores of MCM-41 and
MCM-48.
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