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Abstract

We report the synthesis of the MCM-41 mesoporous solid chosen as support of Fe nanoparticles, which yields a narrow distri-

bution of oxide crystal sizes. MCM-41 was synthesized in two different ways, with and without pH adjustment during the synthesis

process, and impregnated by different methods with iron salts. They were characterized by atomic absorption spectroscopy, N2

adsorption, X-ray diffraction, Mössbauer spectroscopy, high-resolution scanning transmission electron microscopy equipped with

a high-angle annular dark-field detector, high-resolution transmission electron microscopy and energy dispersive X-ray

spectroscopy.

When the support was synthesized without pH adjustment the preparation steps of the supported system, the water destroys the

regular structure of hexagonal channels of the mesoporous solid. The structure is preserved when the support is synthesized with pH

adjustment during the synthesis process due to its higher pore-wall thickness. In addition, this system has a higher percentage of the

iron oxide nanocrystals located inside the channels of the support.

� 2005 Elsevier Inc. All rights reserved.

Keywords: Mesoporous material; Fe/MCM-41; Iron oxide nanoparticles; Mössbauer spectroscopy; STEM-HAADF
1. Introduction

The heterogeneous catalytic reactions depending on

the crystal size of the active phase are known as ‘‘struc-

ture sensitive reactions’’ [1]. The CO hydrogenation is an

example of this kind of reactions. The activity and selec-

tivity of supported Fe catalysts depend on the metallic

crystal size [2]. In this way, our purpose is to look for

a material with a narrow size distribution of Fe oxide

crystals. This will allow us obtaining a catalyst with a
narrow size distribution of metallic iron crystals after

the reduction treatment.
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It is well known that amorphous supports lead to a

broad distribution of crystal sizes with a consequent loss
of selectivity. On the other hand, using zeolitic supports

such as ZSM-5 and zeolite Y, it is very difficult to ‘‘an-

chor’’ an important fraction of Fe oxide crystallites into

their narrow pores [3]. When the crystals were located

inside the channels in the preparation steps, they migrate

to the external surface of the zeolite during the reduction

step [4]. The challenge is to find a support that over-

comes these problems.
The mesoporous MCM-41 solid belongs to the M41S

mesoporous molecular sieve family [5], with a hexagonal

arrangement of uniform channels of 15–100 Å diameter.

Due to its very high surface area and its narrow size pore

distribution [5], in principle MCM-41 seems to be a

good support material for iron oxide particles to be used

as catalyst in reactions such as ethanol hydrotreatment
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or, after reduction, in hydrocarbon synthesis and other

catalytic reactions. However, it was found that the

MCM-41 structure can collapse when it is subjected to

treatments with different metal salt solutions and/or

temperatures [6].

The purpose of the present study is to obtain sup-
ported Fe crystals into the channels of the MCM-41,

preserving its structural properties, and emphasizing

the importance of the control of preparation steps and

the quality (ordering degree and wall thickness) of the

mesoporous material used as support. To this end we

have prepared MCM-41 by two different methods and

added iron in different ways.
2. Experimental

Two MCM-41 supports were synthesized. The solid

named MCM-41(B) was synthesized according to Beck�s
recipe [5]: 40 g of water, 20.6 g of sodium silicate (26.1%

SiO2) and 1.2 g of sulfuric acid were mixed with stirring

during 10 min. Then, we added 21.48 g of cetyltrimethyl-
ammonium bromide in 50.23 g of water and stirred the

resulting gel for 0.5 h. Afterwards, 20 g of water were

added to the gel. It was heated at 373 K for 144 h in a

Teflon lined autoclave. The resulting solid was filtered,

washed and dried in air at room temperature. It was

then calcined at 813 K for 1 h in flowing N2 (150 cm3/

min) followed by 6 h in flowing air (150 cm3/min).

The other solid, called MCM-41(R), was prepared
according to the methodology proposed by Ryoo and

Kim [7]: a solution of 40 g of sodium silicate (26.1%

SiO2) and 74 g of water was prepared. This solution

was slowly added to 38 ml of cetyltrimethylammonium

chloride and 0.65 ml of NH3 with vigorous stirring at

room temperature. This mixture was heated in a poly-

propylene bottle, without stirring to 373 K for 24 h.

Then, it was cooled to room temperature. The pH was
adjusted to approximately 11 by drop wise addition of

acetic acid with vigorous stirring. The reaction mixture

was heated again to 373 K for 24 h. This procedure

for pH adjustment and subsequent heating was repeated

twice. The resulting solid was treated in the same way as

it was described above for the MCM-41(B) obtention.

Four catalysts were obtained treating MCM-41(B) in

the following ways:
Fe/MCM-41(B1): pore volume to incipient wetness

(PVI) impregnation with Fe(NO3)3 Æ 9H2O aqueous

solution (pH = 0.5). The sample was dried at room tem-

perature in atmospheric air, calcined in dry N2 stream

(60 cm3/min) from 298 to 598 K at 0.2 K/min and kept

at 598 K for 1 h.

Fe/MCM-41(B2): iron belonging to Fe(NO3)3 Æ 9H2O

solution was complexed with EDTA. Then, the pH was
regulated to 7.6 with NaOH. The MCM-41(B) was
impregnated by PVI method with this final solution.

After drying in air in the same way as Fe/MCM-

41(B1), the sample was calcined in dry air stream

(60 cm3/min) from 298 to 773 K at 0.2 K/min and kept

at this temperature for 1 h.

Fe/MCM-41(B3): mechanical mixing of MCM-41(B)
with Fe(NO3)3 Æ 9H2O and, in order to melt the iron salt,

a thermal treatment at 320 K was carried out. After-

wards, the solid was treated in the same conditions as

sample Fe/MCM-41(B1).

Fe/MCM-41(B4): PVI impregnation with iron acetyl

acetonate (Fe(AcAc)3) solution in benzene. This sample

was treated in the same way that Fe/MCM-41(B2) but

the final temperature was 648 K.
The final calcination temperatures were chosen

according to the different decomposition temperatures

of the anions used.

The fifth catalyst, Fe/MCM-41(R), was prepared by

PVI impregnation with Fe(NO3)3 Æ 9H2O aqueous solu-

tion (pH = 0.5). The drying and calcination were carried

out in the same conditions as samples Fe/MCM-41(B1)

and Fe/MCM-41(B3).
A final Fe concentration of about 5% (w/w) was ob-

tained in all solids. The samples were characterized by

atomic absorption spectroscopy (AAS), N2 adsorption

(BET), X-ray diffraction (XRD), high-resolution trans-

mission electron microscopy (HRTEM), high-resolution

scanning transmission electron microscopy (STEM)

equipped with a high-angle annular dark-field detector

(HAADF), energy dispersive X-ray spectroscopy (EDS)
and Mössbauer spectroscopy (MS) at 298 and 22 K.

TEM observations were done using two different micro-

scopes operated at 200 kV: a Philips CM200 and a

Tecnai F20 equipped with a HAADF and X-ray

detector. The Mössbauer spectra were obtained in trans-

mission geometry with a 512-channel constant accelera-

tion spectrometer. A source of 57Co in Rh matrix of

nominally 50 mCi was used. Velocity calibration was
performed against a 6 lm-thick a-Fe foil. All isomer

shifts (d) mentioned in this paper are referred to this

standard. The temperature between 22 and 298 K was

varied using a Displex DE-202 Closed Cycle Cryogenic

System.

The Mössbauer spectra were evaluated using a least-

squares nonlinear computer fitting program with con-

straints. Lorentzian lines were considered with equal
widths for each spectrum component. The spectra were

folded to minimize geometric effects.
3. Results and discussion

The X-ray diffraction patterns of MCM-41(B),

MCM-41(R) and the impregnated samples before
and after calcination are shown in Figs. 1 and 2

respectively.
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Fig. 2. X-ray diffraction patterns of MCM-41(B), MCM-41(R) and all

the iron samples after calcination.
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Fig. 1. X-ray diffraction patterns of MCM-41(B), MCM-41(R) and all

the iron samples before calcination.

J.F. Bengoa et al. / Microporous and Mesoporous Materials 84 (2005) 153–160 155
The supports show a different behavior when they

were impregnated with Fe(NO3)3 Æ 9H2O aqueous

solution (pH = 0.5). The XRD patterns show that the

Fe/MCM-41(B1) structure has collapsed before the

calcination step, while Fe/MCM-41(R) has maintained

it even after calcination. We can observe an increase of
the peak intensity at 2h = 2.4� of the calcined sample.

This behavior could be attributed to the iron salt

decomposition.

Fe/MCM-41(B2) showed the same behavior as Fe/

MCM-41(B1). These results indicate that the pH of

the impregnating solution is not responsible for the

structure collapse and lead as to suppose that the struc-

ture destruction may be due to the water presence. It is
probable that an hydrolytic attack on a Si–O–Si bond

occurs. However, another possible explanation might

be that, even at room temperature, the surface tension

of the evaporating water causes collapse of the pores.

To eliminate the water present in the impregnation

step we prepared Fe/MCM-41(B3). The XRD patterns

show that the MCM-41(B) structure was preserved before

calcination (Fig. 1). However, when the sample was cal-
cined to carry out the anion decomposition, the structure

fell down again (Fig. 2). We attribute this behavior to the

water vapor presence belonging to the structural water of

the iron salt. In this case, the surface tension of the evap-

orating water at the calcination temperature is the more

likely mechanism to produce the structure collapse. Be-

fore calcination, this process is negligible since the struc-

tural water is not available to produce the material
destruction through any mechanism.

According to the above results we impregnated

MCM-41(B) with an iron salt without structural water,

soluble in a non-polar organic solvent such as Fe

(AcAc)3 in benzene (Fe/MCM-41(B4)). This solid was

able to maintain the mesoporous structure before and

after the thermal treatment with an increase of the peak

intensity at 2h = 2.4� of the calcined samples in the same
way as Fe/MCM-41(R). In this case, the solvent used

has a much lower surface tension than water and its

evaporation did not produce the structure collapse.

The different behavior of the two supports (MCM-

41(B) and MCM-41(R)) during the impregnation and

calcination steps led us to study why two solids that

seem to be the same material must be treated in so dif-

ferent conditions to keep its structure. The above results
called for a more exhaustive characterization of the two

supports.

Table 1 shows the N2 adsorption results of both

supports. The specific surface area (Sg) and average pore

radii (rP) are similar in both samples (within the experi-

mental error) and they are typical values for this family

of mesoporous solids. Instead, the pore wall thickness of

MCM-41(R) would be 40% higher than MCM-41(B).
This value was obtained combining XRD and BET re-

sults, according to Beck et al. [5].



Table 1

Structural properties of MCM-41(B), MCM-41(R), Fe/MCM-41(B4) and Fe/ MCM-41(R)

Properties MCM-41(B) Fe/MCM-41(B4) MCM-41(R) Fe/MCM-41(R)

BET TEM BET BET TEM BET

Sg (m2/g) 1148 – 1022 916 – 775

rP (nm) 1.5 1.4 1.4 1.4 1.4 1.4

L (nm) 1.0 1.0 1.4 1.4 1.3 1.9

FHWM (nm) – 0.70 – – 0.53 –

N – 379 – – 59 –

Sg: Specific area. rP: Average pore radii. L: Pore wall thickness. FHWM: Full width at half maximum of the pore distribution. N: Event numbers

considered to obtain the pore distribution.
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Some representative HRTEM images of the supports

seen along and perpendicular to the pore axis are shown

in Figs. 3 and 4. A hexagonal and regular array of uni-

form channels can be seen in both materials, with each

pore surrounded by six neighbors. A more regular hex-

agonal arrangement of uniform pores at longer range is

observed for MCM-41(R) with a thicker pore-wall.

Table 1 shows the average rP and the pore-wall thick-
ness (L) values obtained from statistical measurement

from HRTEM images. The pore diameter distributions

obtained from BET measurements and HRTEM images

for both supports are compared in Fig. 5. There is a

good agreement between the values obtained through

both techniques. The broader pore radii distribution of

MCM-41(B) (Table 1 and Fig. 5) confirms the lower reg-

ularity of its structure in comparison with MCM-41(R).
Fig. 3. HRTEM images of MCM-41(B).

Fig. 4. HRTEM images of MCM-41(R).
It is necessary to remark that determination of pore

wall thickness by BET, XRD and HRTEM could be

subjected to an important error and the obtained values
must be used only as a qualitative indication.

We can conclude that the better structural regularity

and pore-wall thickness are responsible for the higher

structural stability of MCM-41(R) during the prepara-

tion steps of the Fe/MCM-41 system. These results are

in agreement with those reported by Kruk et al. [8].

Taking into account that just only Fe/MCM-41(B4)

and Fe/MCM-41(R) have kept their structure after the
preparation steps, a more exhaustive characterization

was performed to identify the iron species and their

location before and after calcination.

Table 1 displays the N2 adsorption results of both

samples after calcination. They showed a decrease in
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their Sg compared with their own supports. Fig. 6 shows
the pore radii distributions. Fe/MCM-41(B4) displays a

broader and less intense distribution curve with a small

displacement of the maximum compared to its support.

The pore radii distribution of MCM-41(R) and Fe/

MCM-41(R) after calcination are coincident (Fig. 6)

while the pore-wall thickness increases from 1.4 to

1.9 nm (Table 1). Besides, a very broad and low intense

peak, centered at about 35 nm can be seen in Fe/MCM-
41(B4) after calcination. This fraction may be assigned

to collapse of some walls that lead to the formation of

channels with larger diameters.

Fig. 7 shows the Mössbauer spectra at 298 and 22 K

of Fe/MCM-41(B4) before calcination and of Fe

(AcAc)3 for comparison. All spectra display only one

singlet at both temperatures. The d value for Fe(AcAc)3

is similar to that found by Klinedinst and Boudart [9].
The resemblance between the spectra of Fe(AcAc)3

and Fe/MCM-41(B4) at both temperatures suggests

the maintenance of the salt structure in the impregnated

sample. An increase of the electron density at the Fe3+

nucleus can be inferred from the d decrease between
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the samples (Table 2), that is likely originated in the salt-

support interaction.

The Mössbauer spectra of Fe/MCM-41(B4) after cal-

cination at 298 and 22 K shows an asymmetric doublet

(Fig. 8). The hyperfine parameters obtained by fitting

(Table 3) can be assigned to superparamagnetic crystals
of Fe2O3 and/or paramagnetic exchanged Fe3+ ions.

Since MCM-41(B) does not have exchangeable sites

[10] and the impregnating solution is non-polar, we dis-

card the existence of exchanged Fe3+. It is remarkable

that the spectrum background at 22 K is flat, suggesting

that the magnetic ordering take place at a much lower

temperature, evidencing the very small size of the iron

oxide crystallites.
The absence of magnetic ordering in the Mössbauer

signal does not allow to tell if the iron oxides is a-

Fe2O3 or c-Fe2O3. However, considering that the

conditions of the Fe(AcAc)3 decomposition used may

produce c-Fe2O3 [11], it is possible to estimate the upper

limit of particle size assuming that this was the oxide

obtained. Since, the blocking temperature is lower than

22 K, the Nèel-Brown model [12] can be used to estimate
a value of 3.8 nm for the oxide particle diameter.

Fig. 8 also shows the Mössbauer spectra at 298 and

22 K of Fe/MCM-41(R). A doublet similar to that

found for Fe/MCM-41(B4) after calcination appears at

298 K (Table 3). However, at 22 K the spectrum shows
Table 2

Mössbauer hyperfine parameters at 298 and 22 K of the iron species in

Fe(AcAc)3 and Fe/MCM-41(B4) before calcinations

Samples Parameters T = 298 K T = 22 K

Fe(AcAc)3 d (mm/s) 0.41 ± 0.01 0.53 ± 0.01

Fe/MCM-41(B4) d (mm/s) 0.24 ± 0.02 0.40 ± 0.02

d: Isomer shift (all the isomer shifts are referred to a-Fe at 298 K).

Table 3

Mössbauer parameters of Fe/MCM-41(B4) and Fe/MCM-41(R) at 298 and

Species Parameter Fe/MCM-41(B4) T = 298 K Fe/MCM-41(B4) T

Fe3+ D (mm/s) 0.85 ± 0.02 1.04 ± 0.01

d (mm/s) 0.34 ± 0.01 0.45 ± 0.01

% 100 ± 11 100 ± 4

Fe3+ d (mm/s) – –

% – –

‘‘core’’ H (T) – –

a-Fe2O3 d (mm/s) – –

2e (mm/s) – –

% – –

‘‘shell’’ H (T) – –

a-Fe2O3 d (mm/s) – –

2e (mm/s) – –

% – –

H: Hyperfine magnetic field in Teslas. d: Isomer shift (all the isomer shifts

D: Quadrupole splitting.
a magnetic splitting with a very intense central peak

and four additional peaks. Two sextets and one singlet

were used in fitting. The hyperfine parameters of the sex-

tuplets (Table 3) were assigned to the ‘‘core’’ and ‘‘shell’’

signals of small a-Fe2O3 crystals [13–15].

Using the population ratio of both sextets and assum-
ing spherical and equal particles [13], an average diameter

of 1.6 nm was obtained. The central signal was attributed

to particles smaller than 1.6 nm that are still relaxing.

STEM-HAADF is a powerful method to distinguish

the iron nanoparticles from the support since the con-

trast of the image is strongly correlated with the atomic
22 K after calcinations

= 22 K Fe/MCM-41(R) T = 298 K Fe/MCM-41(R) T = 22 K

0.76 ± 0.01 –

0.34 ± 0.01 –

100 ± 7 –

– 0.32 ± 0.03

– 25 ± 4

– 46.2 ± 0.4

– 0.46 ± 0.03

– �0.08 ± 0.06

– 29 ± 8

– 40 ± 1

– 0.55 ± 0.04

– �0.07 ± 0.07

– 46 ± 12

are referred to a-Fe at 298 K). 2e: Electrical quadrupole interaction.
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number (Z-contrast imaging) and specimen thickness.

STEM-HAADF images of Fe/MCM-41(R) are shown

in Fig. 9. Contrast due to the MCM-41(R) symmetry

is observed as well as brighter contrast corresponding

to iron oxide species. The MCM-41(R) structure was

clearly maintained after iron impregnation and calcina-
tion. The iron species were evidenced by the brighter

contrast and were conclusively identified by EDS for

individual nanoparticles like those marked with a circle

in Figs. 10 and 11. Two different characteristic sizes of

bright contrast from iron oxide particles are apparent.

The small bright spots, some of them marked with white

arrows (Fig. 9), have a size of the order of the pore size

and would correspond to iron oxide located inside the
pores. It is interesting to note that, when one channel

is filled with iron oxide, the neighbors are empty. The

other brighter areas, some of them marked with a rect-

angle in the micrographs (Fig. 9), give a smeared con-
Fig. 9. STEM-HAADF images of Fe/MCM-41(R).
trast extended over more than one channel, and would

correspond to iron oxide particles on the external sur-

face. Instead, we cannot detect any Fe oxide crystals

in Fe/MCM-41(B4) by contrast due to the low structural

regularity of the MCM-41(B) after the preparation

steps.
Bearing in mind the HRTEM results and the Möss-

bauer size estimations we could infer that the major

fraction of the iron oxide crystals could be located inside

the channels in Fe/MCM-41(R). The opposite occurs for

Fe/MCM-41(B4).

We can speculate that the hydrophylicity of the pore-

walls would hinder the pore filling with the non-aqueous

solution of the organic iron salt used.
Fig. 10. STEM-HAADF image and EDS spectrum of the nanoparticle

marked with a circle showing the presence of iron oxide crystals inside

the Fe/MCM-41(R) channels.



Fig. 11. STEM-HAADF image and EDS spectrum of the nanoparticle

marked with a circle showing the presence of iron oxide crystals inside

the Fe/MCM-41(R) channels.
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4. Conclusions

We have found that the mesoporous solid MCM-41

can show different long range structural order and

pore-wall thickness depending on the preparation

method. Both properties are very important when the

material is used as support for iron oxide nanoparticles.

MCM-41 synthesized without pH adjustment (MCM-
41(B)) presents an imperfect arrangement and thin pore-

wall thickness. Hence, just a small amount of water is

enough to produce the structure collapse during the

preparation steps. Therefore, to prepare Fe/MCM-41

using this support by PVI impregnation method it is

necessary to dissolve an organic iron salt in a non-polar
organic solvent. This condition prevents the iron ions to

get into the channels. We believe that a functionalization

of the silanols surface groups with silylating agents could

solve this problem.

MCM-41 synthesized with pH adjustment during the

synthesis process (MCM-41(R)) leads to a material with
a more ordered structure and a thicker pore-wall thick-

ness. These properties allow to obtain a-Fe2O3 nano-

crystals inside the channels without structure loss

when the support is impregnated with iron salt in aque-

ous solution by traditional methods. In addition, the

a-Fe2O3 crystals exhibit a narrow size distribution with

a small average crystal diameter of 1.6 nm.
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