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1 ,* , ZOLTÁN HOMONNAY

2 , SHIRO KUBUKI
2 ,{
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Abstract—The effect of FeCl3 in acetonic medium on the structure of Na-bentonite was studied using
X-ray diffraction (XRD), 57Fe Mössbauer spectroscopy, X-ray fluorescence spectroscopy and infrared
spectroscopy to describe the structure of the bentonite before and after treatment. In the samples treated
with FeCl3, an increase in the basal spacing was found by XRD, while a new magnetically split component
assigned to Fe3+ incorporated within the interlayer regions of montmorillonite showed up in the low-
temperature Mössbauer spectra. The Mössbauer parameters observed were close to those of Fe
oxyhydroxides, suggesting the presence of some kind of nanoparticles. These results show that the
treatment with acetonic FeCl3 solution is an effective method for introducing Fe into montmorillonite in
the form of Fe3+ accommodated in the interlayer region. The treated samples proved to be efficient Lewis
catalysts in the acylation of aldehydes (benzaldehyde and 4-OH-benzaldehyde) by acetic acid anhydride.
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INTRODUCTION

Cation-exchanged clays can act as catalysts in

organic reactions. These reactions are very important

in industry (they also occur in nature), because a good

yield can be achieved under mild reaction conditions.

For example, in our recent paper (Nagy et al., 2002) Zn-

montmorillonite catalyzed the formation of 1,1-diace-

tates from aromatic aldehydes. Li et al. (1998) and

Zhang et al. (1997) reported the preparation of 1,1-

diacetates using K10 montmorillonite or FeIII-mont-

morillonite as catalysts. The preparation of FeIII-mont-

morillonite (Li et al., 1998) was achieved by

impregnation of K10 montmorillonite with a solution

of anhydrous FeCl3 in acetone, but as the structure of the

catalyst was not examined, it was not known where the

FeIII was accommodated.

Naturally, iron can acquire FeII and FeIII valence

states, and both can be present in the structure or in the

interlayer space of clays. Reduction of Fe in the

structure affects not only the structure of the mineral,

but also its properties and reactions (Stucki et al., 2002).

When montmorillonite is suspended in an aqueous

solution of an Fe salt (either FeII- or FeIII-salt) in the

presence of air, FeIII oxyhydroxides or oxides are

formed, at least partially when the starting material

was FeII (e.g. Berry et al., 1986; Drame, 2005; Green-

Pedersen and Pind, 2000; Izumi et al., 2005; Kong et al.,

2005; Kozai et al., 2001; Oliviera et al., 2003; Pálinkó et

al., 1996; Pillai and Sahle-Demessie, 2003; Shrigadi et

al., 2003). In these papers it was also concluded that the

value of the basal spacing, d001, increases if Na(I) is

exchanged to FeIII in the interlayer space, and that FeIII

is located in an octahedral structure. The formation of Fe

oxyhydroxides in the interlayer space has also been

suggested (e.g. Izumi et al., 2005; Pillai and Sahle-

Demessie, 2003).

The formation of 1,1-diacetates from aldehydes and

acetic acid anhydride is useful when an aldehyde-

protecting group is needed. Usually it is catalyzed by

strong proton sources (e.g. Aggarwal et al., 1998;

Chandra et al., 2000; Deka et al., 1997; Freeman and

Karchevski, 1977; Kochhar et al., 1983; Oláh and

Mehrotra, 1983, Scriabine, 1961). The reaction had a

fairly good yield with various catalysts such as HZSM

(Joshi et al., 1993), Y- or b-zeolite (Ballini et al., 1998;

Kumar et al., 1995; Pereira et al., 1995), expansive

graphite (Jin et al., 1997a, 1997b), N-bromosuccinimide

(Karimi et al., 2000), sulfated zirconia (Raju, 1996) and

anhydrous ferrous sulfate (Jin et al., 1998).

Our aim was to prepare (like Li et al., 1998) and

characterize Fe-exchanged clay. Acetone was used

instead of water to minimize the hydrolysis of FeIII.

We focused on the change in the structure of the

bentonite, on the effect of FeCl3 dissolved in acetone,

and on the effect of pure acetone. We investigated

whether Fe3+ exchanged for Na+ in the interlayer space,

and tested it as a catalyst in the preparation of 1,1-
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diacetates under mild conditions. We used XRD,

Mössbauer spectroscopy, X-ray fluorescence (XRF)

spectroscopy and infrared (IR) spectroscopy for the

characterization of the original Na-bentonite and the ion-

exchanged Fe-bentonite.

EXPERIMENTAL

Na-bentonite samples were collected in the Valea

Chioarului (Kővár) region of Romania. According to its

XRD pattern, the main mineral component is mont-

morillonite (48%); the other components are cristobalite

(25%), K-feldspar (10%), illite (8%), zeolite (4%) and an

X-ray amorphous phase (5%). The mineral composition

was calculated on the basis of the relative intensity rates

of the reflections characteristic of the minerals, applying

the literature or experimental corundum factors on

minerals (Klug and Alexander, 1954). Elemental analy-

sis of the original Na-bentonite resulted in the following

composition: 73.2% SiO2, 14.2% Al2O3, 1.15% Fe2O3,

0.82% CaO, 2.24% MgO, 0.4% TiO2, 2.68% Na2O, 1%

K2O.

The Na-bentonite was suspended in a solution of

anhydrous FeCl3 (Reanal, Hungary) in acetone (Spektrum

3D, Hungary), following the procedure of Li et al. (1998);

1.5 g of Na-bentonite and 5 cm3 acetone were used, the

mass of FeCl3 was varied, so that the mass ratio of Na-

bentonite to FeCl3 became 1.5:1, 3:1 and 6:1. The solvent

was evaporated under reduced pressure.

To study the effect of acetone, 1 g of the starting

material was stirred in pure acetone (5 cm3), then the

solvent was evaporated and the clay was also dried in a

desiccator.

All treated samples were washed with 1 cm3 of

acetone to remove free salts before analyzing and testing

the catalysts. The presence of FeIII in all removed

washing solutions was indicated with KSCN reagent.

After washing, the samples were dried in a desiccator at

room temperature.

The XRD patterns of the powdered samples before

and after treatments were measured by a computer-

controlled powder diffractometer (DRON-2) using CoKa
radiation (l = 1.7890) with a b filter. The measurements

were carried out at room temperature at a goniometer

speed of 1ºmin�1 in the range of 3�110º2y. The XRD

patterns were evaluated by the peak-searching computer

program ‘EXRAY’ (Klencsár, 1998).

X-ray fluorescence spectra of all samples were

obtained using an energy dispersive X-ray fluorescence

system with a radioactive source (125I), a Si(Li) detector

with 20 mm2 surface and 3.5 mm evaporated layer,

assisted by a Canberra DSA 1000 digital spectrum

analyzer with Canberra Genie 2000 3.0 spectroscopy

software.
57Fe Mössbauer spectra of powdered samples were

recorded with a conventional Mössbauer spectrometer

(Wissel) in transmission geometry at 300 K and 78 K in

a temperature-controlled cryostat (Leybold, Germany).

Isomer shifts are given relative to a-iron. A 57Co/Rh

g-radiation source (36109 Bq activity) was used. The

Mössbauer spectra were analyzed by the least-squares

fitting of Lorentzian lines with the help of the

MOSSWINN code (Klencsár et al., 1996).

The IR spectra of the starting material and treatment

with FeCl3 in acetone were recorded using a Perkin

Elmer SPECTRUM ONE FTIR spectrometer in the

4000�450 cm�1 region, with 4 cm�1 resolution. 2 mg of

each sample were powdered with 600 mg of KBr, and

200 mg of this mixture were pressed into a pellet.

The catalytic activity of the FeCl3-treated bentonite

on the preparation of 1,1-diacetates from aromatic

aldehydes was studied using acetic acid anhydride

(Ac2O). The reaction scheme is as follows:

This reaction was studied on three aromatic alde-

hydes (benzaldehyde (R = C6H5, this group is also

denoted by Ph), 4-OH-benzaldehyde (R = 4-OH-C6H5),

4-MeO-benzaldehyde (R = 4-CH3O-C6H5) all purchased

from Spektrum 3D, Hungary) using Fe-bentonite pre-

pared from Na-bentonite and FeCl3 in a 3:1 ratio. The

experiments were also carried out with an a-Fe2O3

(Reanal, Hungary) catalyst. A mixture of 0.3 mmol

aldehyde, 58 mL (0.6 mmol) Ac2O, and 5 mg of catalyst

(Fe-bentonite or a-Fe2O3) was stirred vigorously in

0.5 mL of CH2Cl2 as a reaction medium. The end of the

catalytic reaction was monitored by thin layer chroma-

tography (TLC) on 10 mL samples taken from the

reaction mixture at different reaction times. Precoated

silica gel plates (Kieselgel 60F254, 0.25 and 0.5 mm,

Merck) and entries: toluene/methanol 9:1, toluene/

acetone 20:1 were used; the methanol and acetone

were purchased from Spektrum 3D, Hungary and the

toluene from Scharlau. The chemicals used were pro

anal. quality. When no starting materials were present in

the reaction mixture, the catalyst was filtered off and the

solvent was evaporated. The product was analyzed by

NMR and its melting point was also measured. 1H NMR

spectra were measured with a Brucker Am 360 instru-

ment in DMSO-d6 (deutero-dimethyl-sulfoxide) with

TMS (tetramethylsilane) as the internal standard.

RESULTS AND DISCUSSION

The XRF analysis of the samples showed that the

concentration of Fe in the bentonite decreased to nearly

half of its original level after the treatment with pure

acetone (from 3.4 m/m% to 1.9 m/m%). If the starting

material was treated with FeCl3 dissolved in acetone, the

amount of Fe increased to 7.07, 9.7 and 12.2 m/m % for

bentonite to FeCl3 ratios of 6:1, 3:1 and 1.5:1,

respectively.
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Due to the XRD pattern of the original Na-bentonite,

the lattice parameters of montmorillonite matched other

data found in literature for Na-montmorillonite (e.g.

Kozai et al., 2001). The basal spacing of montmorillon-

ite in the original Na-bentonite was found to be 12.6 Å.

Figure 1 shows the XRD pattern of the untreated

Na-bentonite (a), that treated with acetone (b), and that

treated with FeCl3 in acetone (c).

The treatment with pure acetone did not affect the

basal spacing of the montmorillonite, but slight changes

in the relative intensity of certain peaks (mainly at

30�32º2y, related to montmorillonite reflections)

occurred. This may be connected with small changes

(some degradation) in the structure of the montmorillon-

ite, i.e. acetone may have caused the dissolution of some

Fe from the montmorillonite. This is shown by the

decrease in Fe concentration demonstrated by XRF. FeIII

leached from the Na-bentonite was also detected by

KSCN reagent in the removed washing solution. The

broadening of the 001 peak of the montmorillonite also

suggests some structural destruction. The reduction of Fe

content in montmorillonite may be a consequence of a

partial destruction of the mineral structure. Changes

similar to those which we have observed between the

XRD patterns were also found by Vlasova et al. (2003),

when bentonite was dehydrated by an acidic treatment.

Those were associated with the destruction of Si�O�Al

bonds and with an increase in the number of Si�O bonds

due to the destruction of montmorillonite.

When Na-bentonite was treated with FeCl3 dissolved

in acetone, the XRD pattern changed in the following

way: the basal spacing increased to 16 Å due to

incorporation of Fe3+ ions into the interlayer space

(similar to e.g. Izumi et al., 2005; Kong et al., 2005).

The relative intensity of the main peaks did not change

after this treatment, indicating no change, as observed

for acetone only in the structure of the montmorillonite.

When bentonite was treated with FeCl3 in acetone at

different bentonite to FeCl3 ratios, XRD patterns were

found to be very similar to each other. Other changes

(besides those corresponding to the incorporation of Fe3+

ions into the interlayer space) between the XRD patterns

of the original Na-bentonite and of FeCl3-acetone-

treated Na-bentonite were examined carefully especially

looking for free salts, mainly for FeCl3, in the treated

sample, but no free salts or any related compounds could

be identified.

Typical room-temperature Mössbauer spectra of ben-

tonite from Valea Chioarului are shown in Figure 2 for

the original sample as well as for those after treatment

with either acetone or FeCl3 in acetone. Three main peaks

can be recognized on the envelope of these spectra in the

0 to 2.5 mm/s velocity range. The spectra were decom-

posed into two doublets. The corresponding Mössbauer

parameters are given in Table 1. The Mössbauer para-

meters such as isomer shift, quadrupole splitting,

Figure 1. XRD patterns of bentonite from Valea Chioarului (a);

after treatment with acetone (b); and after treatment with acetone

with FeCl3 (c).

Figure 2. 57Fe Mössbauer spectra of bentonite from Valea

Chioarului (a); after treatment with acetone (b); and after

treatment of acetone with FeCl3 (c).
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magnetic splitting and spectral area give general informa-

tion about the local electronic density, electric field

gradient, magnetic field and vibrational state. These

parameters are used here as fingerprints for analytical

purposes to distinguish and identify the different Fe

microenvironments (Kuzmann et al., 1998). The isomer

shift and quadrupole splitting values obtained for the

original Na-bentonite correspond well with those found

earlier for montmorillonites (Stevens et al., 1983). d1 and

D1 values exhibit Fe3+ while values of d2 and D2 reveal

Fe2+ microenvironments.

These parameters are typical of octahedrally coordi-

nated Fe3+ and Fe2+ ions in the structures of silicates

(Kuzmann et al., 1998; Stevens, 1958�2002). The

relative area of the spectral components indicates that

the occurrence of the Fe3+ species is dominant, as is

usually the case for Na-bentonites (Stevens et al., 1983).

Only regular, temperature-dependent changes of the

Mössbauer parameters were observed in the spectrum

of the original bentonite recorded at the temperature of

liquid nitrogen; no magnetically split components were

present.

We have found no significant changes in the

Mössbauer spectrum (Figure 2b, Table 1) after treatment

with acetone. This treatment did not change the

Fe2+/Fe3+ ratio significantly as compared to that of the

original Na-bentonite. This finding corresponds well

with our XRD results which show no change in the

lattice parameters of montmorillonite treated with

acetone only.

The room-temperature Mössbauer spectra of the

samples treated with acetonic FeCl3 solution, however,

exhibit changes as compared to the original Na-

bentonite. The most significant change in the spectrum

is a considerable decrease in the relative occurrence of

the Fe2+ subspectrum. This indicates that the treatment

with FeCl3 in acetone has evidently changed the Fe2+/

Fe3+ ratio. At the same time, a correlation was found

between the change in the relative occurrence of Fe2+

and the Fe content of the samples. Consequently, the

decrease in the Fe2+/Fe3+ ratio upon treatment with

FeCl3 in acetone can be attributed to the high uptake of

Fe3+ by the samples. The Mössbauer pattern of Fe3+

microenvironments, freshly introduced by the treatment,

can hardly be distinguished from those in the original

montmorillonite on the basis of the room-temperature

Mössbauer spectra. However, the Mössbauer spectrum

of the treated samples recorded at around the tempera-

ture of liquid nitrogen showed significant changes

(Figure 3) as compared to the original montmorillonite.

New magnetically split subspectra, two sextets, have

appeared at around the temperature of liquid nitrogen.

The Mössbauer parameters of the sextets (Table 1) are

similar to those assigned to Fe3+ species intercalated

between the layers in Fe-exchanged montmorillonite

clays by Berry et al. (1986). Accordingly, the sextets

appearing in our samples can be associated with two

main different microenvironments of Fe3+ incorporated

within the interlayer regions of the montmorillonite

structure. The relative areas of the corresponding

subspectra (Table 1) indicate that the Fe introduced by

the treatment occurs dominantly in these microenviron-

ments. Consequently, our results show that the treatment

with acetonic FeCl3 is successful at introducing Fe into

the montmorillonite as Fe3+ ions in the interlayer region.

This is strongly supported by the concomitant increase in

the basal spacing as indicated by the XRD results as well

as by the catalytic activity of the treated samples. As the

Mössbauer parameters of Fe3+ in the interlayer are close

to those characteristic of Fe3+ microenvironments in

Table 1. Mössbauer parameters of bentonites.

Sample Na-bentonite Na-bentonite Na-bentonite
treated with

acetone

Na-bentonite
treated with

FeCl3 in
acetone 1.5:1

Na-bentonite
treated with

FeCl3 in
acetone 3:1

Na-bentonite
treated with

FeCl3 in
acetone 6:1

Na-bentonite
treated with

FeCl3 in
acetone 3:1

T (K) 293 88 293 293 293 293 74
d1 (mms-1) 0.34 0.44 0.34 0.35 0.36 0.36 0.47
D1 (mms�1) 0.64 0.70 0.63 0.63 0.66 0.69 0.53
A1 (%) 88.4 89.7 87.0 96.7 97.3 97.8 26.3
d2 (mms-1) 1.21 1.34 1.20 1.23 1.22 1.24 1.40
D2 (mms-1) 2.28 2.35 2.31 2.31 2.32 2.31 2.41
A2 (%) 11.6 10.3 13.0 3.3 2.7 2.2 2.7
d3 (mms-1) 0.48
B3 (T) 41
A3 (%) 32.1
d4 (mms-1) 0.47
B4 (T) 46
A4 (%) 37.9

d denotes the isomer shift, D denotes the quadrupole splitting, B is the magnetic induction, and A denotes the relative spectral
area. The indices 1, 2, 3 and 4 are related to the spectral components of the Fe3+ doublet, the Fe2+ doublet and two Fe3+

sextets, respectively.
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oxyhydroxides, this may indicate that the ligand

environment of Fe3+ in the interlayer is somewhat

similar to that in the Fe oxyhydroxides. On the other

hand, the presence of a-Fe2O3 (the catalytic activity of

which is found to be close to our Fe3+-treated bentonite)

in the samples can be excluded based on the Mössbauer

measurements.

Figure 4 shows the IR spectra of the original Na-

bentonite and Fe-bentonite (the ratio of bentonite to

FeCl3 during the preparation was 3:1). The IR spectrum

of the starting material shows typical bands for

montmorillonites. When the Na-bentonite is treated

with FeCl3 in acetone, the bands characteristic of

montmorillonite (e.g. Si�O stretching near 1040 cm�1,

H�O�H bending near 1630 cm�1 and OH-stretching in

the range 3400�3600 cm�1) remain the same. This

suggests that the structure of montmorillonite did not

change during the treatment of Na-bentonite with FeCl3

dissolved in acetone. In the case of treatment with

acetonic FeCl3, the intensities of the bands near 3640

and 1630 cm�1 characteristic of the stretching and

bending of H�O�H decrease. This may be associated

with the dehydration of montmorillonite. At the same

time, the absorption band due to Si�O bending

vibrations at 520 cm�1 shifts to a higher frequency and

its intensity decreases; in addition, a new absorption

band at 775 cm�1 due to a dehydroxylated phase is

observed. Furthermore, the OH-bending absorption

bands (840�940 cm�1) are less intense and a broad

shoulder appears between 1070 and 1150 cm�1. Infrared

spectroscopy results very similar to ours were found by

Bray and Redfern (2000) associated with dehydration

and dehydroxylation of montmorillonite.

As the Fe content in the FeCl3-treated samples is

greater than the CEC value of the original Na-bentonite,

one can expect that, besides the Fe intercalated into the

interlayer space, some excess Fe-salt can remain outside

or on the surface of the clay. Although our investigating

methods were not able to determine that, it can not be

entirely ruled out that a minute amount of nano-sized Fe-

oxyhydroxide could remain on the surface of the Fe-

treated clay.

The catalytic activity of bentonite treated with FeCl3

in acetone was studied in the acylation reaction of

aromatic aldehydes. These reactions were also carried

out in the presence of a-Fe2O3 as a catalyst. The reaction

with benzaldehyde and 4-OH-benzaldehyde could be

catalyzed by Fe-bentonite just as with a-Fe2O3, although

the Fe-bentonite did not contain a-Fe2O3 according to

the Mössbauer studies. Here, the goal was only to show

that the acylation reaction can be successfully completed

in the presence of catalysts, especially in the case of

acetonic FeCl3-treated bentonite, without giving a

complete conventional characterization of the kinetics

Figure 3. Mössbauer spectra of bentonite before (a) and after (b)

its treatment with FeCl3 in acetone, recorded at 74 K.

Figure 4. IR spectra of the original Na-bentonite and after the treatment with FeCl3 in acetone.
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of catalytic reactions. Therefore the time taken for 99%

conversion (monitored by TLC measurement) was used

for the characterization, as in the work by Nagy et al.

(2002), while the melting point as well as NMR

chemical shift (d) characteristic of acetal H identify

the end product of the reaction (Table 2). If one

compares these conversions of aldehydes into acylals

with the data published by Li et al. (1998), it can be seen

that they also achieved 98% yield within 10 min for

benzaldehyde. When the reactant was 4-OH-benzalde-

hyde, they reached 39% yield within 480 min. As we

achieved 99% yield within 2 days, this is similar to what

Li et al. (1998) found. Our findings were also compared

to experiments using Zn-montmorillonite catalysts

(Nagy et al., 2002), and it can be seen that the latter

are much slower than those reported here. It was found

that 4-MeO-benzaldehyde did not react in the presence

of any of the catalysts, under these conditions. This can

be explained by taking into consideration that montmor-

illonites act as Lewis acids in the acylation reactions,

and a transitional complex may be formed through the

oxygen of the aldehyde group. Comparing the cases of

4-OH-benzaldehyde and 4-MeO-benzaldehyde, the

methyl group of the latter acts as an electron donor

and reduces the electron-accepting ability of the carbon

atom of the aldehyde group, which is obviously crucial

for the reaction with Ac2O. Therefore the acylation

reaction is expected to be much slower.

After filtering, the investigated clay catalysts can be

repeatedly used in acylation reactions.

CONCLUSIONS

Preparing Fe-montmorillonite by reacting mont-

morillonite with FeCl3 in acetone was successful.

According to the XRD patterns, the basal spacing of

the montmorillonite increased, therefore FeIII could be

introduced into the interlayer space. This is consistent

with the Mössbauer spectroscopy measurements. The

Mössbauer parameters at liquid nitrogen temperatures

are close to that of Fe oxyhydroxides, indicating that

some kind of nanoparticles may be present in the

interlayer space of the bentonite. It was also found that

except for the increasing basal spacing, the treatment

with FeCl3 in acetone did not change the structure of the

montmorillonite. Fe-bentonite can be used as an efficient

catalyst in preparation of 1,1-diacetates from aromatic

aldehydes just like a-Fe2O3, although the presence of

a-Fe2O3 is excluded on the basis of the Mössbauer

results.

The effect of pure acetone on the structure of the

original bentonite is not yet fully understood. The

concentration of Fe decreased according to XRF analysis

and the FeII/FeIII ratio increased according to Mössbauer

spectroscopy. The XRD patterns showed broadened lines

of montmorillonite with smaller intensities and this may

be explained by partial degradation of the structure of

montmorillonite.
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