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Fe-PILC samples were synthesized by the reaction between Na+- and/or Ca2+-montmorillonite (Mt)
and base-hydrolyzed solutions of Fe(III) nitrate. Different from the known usual microporous pillared
structure, a meso–microporous delaminated structure containing intercalated or pillared fragments was
found in the respective resulting Fe-intercalated or -pillared clays. XRD patterns of Na+-Mt-based Fe-
intercalated/pillared clays show one large d-spacing above 6.4 nm corresponding to the mesoporous
delaminated part, whereas another d-spacing of ca. 1.5 nm was indicative of the microporous pillared
part. Fe-intercalated/pillared clays based on Ca2+-Mt lead to similar results, but with a d-spacing less
than 6 nm and a second low intense d-spacing less than 1.5 nm. In the delaminated Fe-intercalated
clays, NO−

3 anions were retained even after thorough washing process. They play as counterions to neu-
tralize the positive-charged iron aggregates in the delaminated structure, and can be exchanged by het-
eropolyanions as [PW12O40]3−. The delaminated Fe-pillared clays show good thermal stability at 500 ◦C
and exhibit at this temperature dramatically higher specific surface area and porosity than the starting
montmorillonites. However, calcination at a higher temperature leads to the formation of nanocrystalline
hematite. Air-drying after ethanol extraction (EAD) method has an advantage over air-drying (AD) method
in preserving the delaminated structure.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Pillared interlayered clays (PILC) have attracted continuously in-
creased interest [1] since the first inorganic pillared clay mineral
reported in the late 1970s [2]. Classified as a two-dimensional
lamellar nanomaterial, PILC is prepared in two steps (i) by ex-
changing the charge-compensating cations between the swelling
clay layers with larger polymeric or oligomeric hydroxy metal
cations, leading to intercalated clay minerals, and (ii) by heat treat-
ment of these intercalated clays, the metal hydroxy cations un-
dergo dehydration and dehydroxylation and are transformed to
metal oxide (e.g., Al2O3 and Fe2O3) clusters/nanoparticles, which
act as pillars to prop the clay mineral layers apart, and to create a
stable microporous pillared structure [1]. The resultant oxide-PILC
has shown some promising prospects in the fields of adsorbents
and catalysts [3–5].
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Much research interests have been directed towards Fe2O3-PILC,
due to the intrinsic catalytic activities (e.g., as a Fischer–Tropsch
catalyst) and the magnetic properties of iron oxide [6–10]. A com-
mon route to synthesize Fe2O3-PILC is based on the intercalation
of iron polycations [4], the base-hydrolyzed product of Fe(III) salts,
such as FeCl3 and Fe(NO3)3. Besides, a synthesis route by interca-
lation of the trinuclear Fe(III)-acetato complex was also reported in
the literatures [11–13].

The interlayer space of Fe2O3-PILC synthesized by base-hydroly-
zed route appears to be diverse in different reports. Basal spacings
d(001) of ca. 2.5 ± 0.4 nm (corresponding to the interlayer space of
ca. 1.5 ± 0.4 nm) were reported by several researchers [4,14,15].
In some other reports, however, the basal spacing of Fe2O3-PILC
is found to be lower than 1.47 nm [7,16,17]. Furthermore, Burch
and Warburton and Chen et al., reported the complete disappear-
ance of the regular basal spacing of Fe2O3-PILC [18,19], which was
proposed to correspond to a delaminated pillared structure. There-
fore, some further work are deserved to be done to investigate the
structure of Fe2O3-PILC, especially the specific formation mecha-
nism of delaminated or pillared structure.
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In this work, by using powder X-ray diffraction (PXRD), nitrogen
adsorption–desorption isotherms, thermogravimetric (TG) analy-
sis, high-resolution transmission electron microscope (HRTEM) and
FTIR spectroscopy, the detailed structural properties were studied,
as well as the related anion-exchangeability, of a series of Fe inter-
calated/pillared montmorillonite samples with delaminated struc-
ture. Effects of the starting montmorillonite (Na+- or Ca2+-Mt)
characteristics, drying methods and calcination temperature on the
structure of the resultant Fe-PILC samples were also investigated.

2. Materials and methods

2.1. Materials

The calcium-montmorillonite (Ca2+-Mt), supplied by Nanhai
Mining Ltd., China, was purified and classified by sedimentation,
then the <2 μm fraction was collected for pillaring experiment.
The structural formula of the obtained Ca2+-Mt as determined
from chemical analysis is:

Ca0.19Mg0.06Na0.01(Si3.96Al0.04)(Al1.44Fe0.09Mg0.47)O10(OH)2·nH2O.

The cationic exchange capacity (CEC) of the Ca2+-Mt is 66.5 mmol/
100 g. The Na+-montmorillonite (Na+-Mt) was prepared by ion
exchange reaction between Ca2+-Mt and Na2CO3, as previously de-
scribed [20]. Both Ca2+-Mt and Na+-Mt were used as the starting
materials for the pillaring reactions.

The Keggin-type heteropolyanion [PW12O40]3− was prepared by
titration of the H3PW12O40 solution (with a pH of ca. 2.0) into a
solution of NH4OH.

2.2. Preparation of iron pillaring solutions and synthesis of PILC

Following a procedure similar to that reported by Rightor et al.
[14], Na2CO3 powder was slowly added to an aqueous solution of
0.2 M iron(III) nitrate with vigorously stirring (ca. 1100 revs/min).
The amount of added base includes six OH/Fe molar ratios in the
range of 0.5–2.5. The resulting translucent solution was aged for
24 h at room temperature before addition to the Mt dispersion.

A dispersion of 2 g of starting Mt in 100 ml of deionized
water was used. The iron pillaring solution was added dropwise
into the vigorously stirred clay dispersion kept in a water bath
at 60 ◦C, with a ratio of 10 mmol Fe per gram of clay. After ad-
dition of the pillaring solution, the reaction mixture was stirred
for 2 h, and then aged for 20 h at room temperature. The mix-
ture was centrifuged and washed 12 times by successive agita-
tions/centrifugations with deionized water. The obtained wet cakes
corresponding to intercalated clay minerals were ready for drying.

2.3. Drying and calcination

Two drying methods, air-drying (shortened hereafter as AD)
and air-drying after ethanol extraction (EAD), were used to dry the
obtained wet cakes. Under AD condition, wet cakes were dried at
105 ◦C for 16 h. Under EAD condition, wet cakes were immersed
into absolute ethanol, washed and centrifuged with ethanol for
3 times to replace the water by ethanol, then followed by the same
steps as for AD condition. A part of the dried intercalated products
was ground into powder with mortar for further characterization.

The pillared clay samples were obtained by heating the dried
intercalated products for 3 h at different temperatures (300, 400,
500, 600, 700, 800 and 900 ◦C). The final intercalated or pillared
samples were differentiated on the basis of the kind of starting
Mt, the OH/Fe molar ratio, the drying method and the calcination
temperature. For example, Na+-Mt-1.0 (AD) denotes the Fe inter-
calated clay sample, obtained from Na+-Mt, air-dried, and with a
OH/Fe molar ratio = 1.0, while Na+-Mt-1.0 (AD, 500 ◦C) represents
the pillared counterpart of Na+-Mt-1.0 (AD) which underwent cal-
cination at 500 ◦C.

2.4. Exchange reaction

The exchange reaction between the Keggin-type heteropolyan-
ions [PW12O40]3− and the Fe-intercalated sample was carried out
by titrating the [PW12O40]3− solution into the Na+-Mt-1.0 (Fe-
intercalated wet cake) with a ratio of 0.4 mmol of heteropolyan-
ions per gram of Na+-Mt-1.0. The mixture was then stirred for
3 h at 80 ◦C. The product was separated by centrifugation, washed
with deionized water and dried at 105 ◦C for 16 h.

2.5. Characterization methods

The powder X-ray diffraction (PXRD) patterns were taken on
a Rigaku D/max 2550 PC X-ray diffractometer equipped with Ni
filter and CuKα radiation (λ = 0.154 nm) using a generator voltage
of 40 kV and a generator current of 300 mA, and a scan rate of
3◦ (2θ )/min were applied for the determination.

The chemical composition of the samples was determined using
a PE-3100 atomic absorption spectrometer (AAS). The FTIR spectra
of the samples were recorded on a Perkin–Elmer 1725X FTIR spec-
trometer. Specimens for measurement were prepared by mixing
0.9 mg of the sample powder with 70 mg of KBr and pressing the
mixture into a pellet. The average over 9 scans was collected for
each measurement with a resolution of 2 cm−1.

Conventional TEM images were obtained in a Philips CM120
electron microscope operating at 120 kV. HRTEM characterization
and selected-area electron diffraction analysis were preformed on
a JEOL 3000F transmission electron microscope with an accelerat-
ing voltage of 300 kV. For TEM observation, the clay sample was
ultrasonically dispersed in ethanol for 5 min, and then a drop of
sample suspension was dropped onto a carbon-coated copper grid,
which was left to stand for 10 min and transferred into the micro-
scope.

N2 adsorption–desorption isotherms were measured at liquid
nitrogen temperature with a gas sorption analyzer (Quantachrome,
NOVA 1000). Prior to measurement, samples were outgassed at
250 ◦C at a pressure less than 10−3 Torr for at least 3 h. The spe-
cific surface area was calculated by the BET equation [21] and the
total pore volume was evaluated from nitrogen uptake at a rela-
tive pressure of 0.985. The t-plot according to de Boer’s method
was used to calculate the micropore volume and external surface
area [22]. The Barrett–Joyner–Halenda (BJH) method was used to
evaluate the average pore diameter (APD) [23]. And the pore size
distribution (PSD) curves was fitted by the non-local density func-
tional theory (NLDFT) method [24].

Thermogravimetric (TG) analysis was performed on a Netzsch
STA 449C instrument. Approximately 50 mg of finely ground sam-
ple was heated in an open corundum crucible. Samples were
heated from 40 to 1300 ◦C at a heating rate of 10 ◦C/min under
highly pure nitrogen atmosphere (20 cm3/min).

3. Results and discussion

3.1. PXRD and TEM results

Shown in Fig. 1 are the XRD patterns of the starting montmo-
rillonites and the resultant Fe-intercalated samples and Fe-PILC in
the low 2θ angle region.

Already, starting Na+-Mt shows two reflections (Fig. 1a). The
first unusual one corresponds to a large d-spacing of 8.2 nm, and
the second to a d-spacing of 1.25 nm, attributed to the (001) re-
flection of Na+-Mt in temperature and pressure normal conditions.
In the cases of Na+-Mt based Fe-intercalated samples (both AD
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Fig. 1. Powder X-ray diffraction patterns for starting montmorillonites and Fe-intercalated and pillared samples.
and EAD), two d-spacings are shown (Fig. 1, b–f for AD and Fig. 1,
g and h for EAD). One is in the range 6.49 to 7.24 nm, and an-
other one is in the range 1.47 to 1.58 nm, varying with the OH/Fe
molar ratios of pillaring solution. However, the Na+-Mt based Fe-
intercalated samples obtained by EAD exhibit more disordered XRD
patterns than those obtained by AD, as indicated by the two re-
lated XRD peaks which are weaker and broader.

The pillared samples obtained with Na+-Mt (AD) and heated
at 300 ◦C, 500 ◦C and 700 ◦C, respectively, show only one large re-
flection increasing with temperature, a peak at 7.06 nm (Fig. 1m),
a better defined peak at 7.12 nm (Fig. 1n) and a very broad peak
around 8.48 nm (Fig. 1o).

Starting purified Ca2+-Mt also exhibits two d-spacings of ca.
7.36 and 1.54 nm (Fig. 1i). The latter one corresponds to the (001)
reflection of Ca2+-Mt in temperature and pressure normal con-
ditions. The first XRD peak with large d-spacing of Ca2+-Mt has
significantly lower intensity than that of Na+-Mt, nevertheless XRD
patterns of Ca2+-Mt based Fe-intercalated samples (AD) (Fig. 1, k
and l) are analogous to Na+-Mt based ones.

It is interesting to note that both starting montmorillonites
(Na+-Mt and Ca2+-Mt) show an unexpected large d-spacing (Fig. 1,
a and i), respectively. The large d-spacing of Ca2+-Mt shows a
good duplicability in repeated analyses. However, in repeated mea-
surements the intensity and position of the peak of Na+-Mt with
large d-spacing varies a bit with the sample’s exposure time in air.
Fig. 1a represents the XRD pattern of Na+-Mt with the largest peak
intensity. This result suggests that the structure of Na+-Mt is more
sensitive to ambient humidity than Ca2+-Mt.

The large d-spacings shown in Fe-PILC are comparable to that
reported by Mandalia et al. [25]. These authors observed for
Fe-pillared Mt with OH/Fe ratio of 1.0 and heated at 300 ◦C,
a d-spacing of 7.6 nm and a d-spacing of 7.2 nm for mixed Al–Fe
pillared sample with Fe/(Al+Fe) molar ratio of 0.5 and OH/(Al+Fe)
ratio of 1.0. They proposed that these large peaks could be inter-
preted as large interlayer repeat distances created by mesoporosity
between the clay particles [25]. However, in their further inves-
tigation on the structure of the above-mentioned Al–Fe pillared
samples, they found that the 7.2 nm peak might be a reflection of
the distribution of porous structure, rather than being attributed
to simple intercalation [26].

In the present work, however, large d-spacings are observed in
the XRD patterns of starting Na+-Mt and Ca2+-Mt. This observa-
tion confirms the idea that the large d-spacing does not correspond
to the classic periodic pillared structure of iron species interca-
lated into the host montmorillonite [26], but corresponds to a
disordered porous structure existed even in the starting montmo-
rillonites. Previous studies on some mesoporous disordered solids
(e.g., porous silica [27], silica molecular sieves [28,29], and meso-
porous biogenetic silica [30]) have shown that disordered meso-
porous structure could generate a broad XRD peak in the very low
2θ angle region.

The disordered porous structure in starting montmorillonites
might just be the “house of cards” structure resulted from aggre-
gation of clay platelets [31,32]. This structure seems to be formed
more easily in Na+-Mt than in Ca2+-Mt, since the large d-spacing
of Ca2+-Mt (Fig. 1i) is considerably weaker than that of Na+-Mt
(Fig. 1a). Unlike this purified Ca2+-Mt, a raw Ca2+-Mt sample
from Hebei province (China) shows a XRD pattern without the
peak with the large d-spacing (Fig. 1j), though its derivative Na+-
activated Mt still exhibits a large d-spacing at ca. 7.6 nm (not
shown here). Considering the raw Ca2+-Mt did not experience any
treatment whereas the Ca2+-Mt used here was once purified by
water washing and sedimentation, it can be concluded that the
water treatment process may have a prominent influence on the
porous structure of powdered Mt. Future work focused on this
problem is worthwhile to be conducted.

The exhibition of large d-spacings of the Fe intercalated and
pillared Mt samples (Fig. 1) indicates the formation of a secondary
house-of-cards structure, which results from the three-dimensional
co-aggregation of clay platelets and the iron hydroxycations or iron
oxides nanoparticles. An analogous structure in pillaring treated
alumina-clays was called as “delaminated structure” by Pinnavaia
et al., who proposed that freeze-drying, rather than air-drying,
should be necessary to generate a delaminated structure, since air
drying would result in a reorganization of the delaminated ag-
gregates to face-to-face aggregation [31]. Moreover, Occelli et al.,
have observed the three-dimensional co-aggregation of delami-
nated structure by HRTEM [33]. However, it is shown by our results
that air-drying (AD and/or EAD) can also yield a delaminated struc-
ture in Fe-intercalated samples and in Fe-PILC.

The broad peaks centered at 1.5 ± 0.08 nm in the XRD pat-
terns of Fe-intercalated based on Na+-Mt (Fig. 1, b–f) should be
attributed to the (001) reflection. This increase of the d(001) value
from 1.25 nm (for Na+-Mt) to 1.5 ± 0.08 nm (for the resultant
Fe-intercalated samples) indicates the intercalation of some small-
sized hydrolyzed iron in the interlayer spaces of clay particles.
Since the sizes of these iron hydroxycations are not uniform, an
inhomogeneous intercalation occurs, consequently different clay
particles exhibit different interlayer distances, generating a broad
(001) diffraction. This is also evidenced in the Fe-intercalated sam-
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Fig. 2. (a) Schematic representation of a delaminated-pillared structure; (b) TEM mi-
crograph of the sample Na+-Mt-1.0 (AD); (c) HRTEM bright field image and electron
diffraction pattern (the inset); and (d) HRTEM dark field image.

ples based on Ca2+-Mt (Fig. 1, k and l). In the XRD patterns of
Fe-PILC (Fig. 1, m–o) this peak becomes too broad to be resolved,
suggesting the formation of a much more disordered pillared struc-
ture.

Therefore, the resulting Fe-intercalated Mt and Fe-PILC of the
present work show a delaminated structure containing interca-
lated or pillared fragments. They should be referred as delaminated
Fe-intercalated clays or Fe-pillared clays. A schematic representa-
tion of this delaminated-intercalated/pillared structure is shown in
Fig. 2a.

TEM characterization shows that the delaminated Fe-intercala-
ted clays synthesized under different reaction conditions exhibit
basically analogous transmission electron micrographs. It should
be noticed here that these samples are probably not stable under
the TEM conditions, due to the electron beam could generate high
temperature and might transform the intercalated particles into
pillared particles. Fig. 2b represents a TEM micrograph of the sam-
ple Na+-Mt-1.0 (AD). It can be seen that the iron co-aggregates and
the clay platelets are disorderedly stacked together, corresponding
to the delaminated part of the proposed delaminated structure.
As shown in Figs. 2c and 2d, HRTEM bright field and dark field
images of Na+-Mt-1.0 (AD) reveal that the size of iron oxide co-
aggregates/nanoparticles outside the clay interlayer are in the size
range 3 to 12 nm, and the mean size of most particles is around
6 nm. The corresponding electron diffraction pattern (Fig. 2c, in-
set) shows faint rings with plane distances of 0.205, 0.150, 0.120,
and 0.103 nm, which are consistent with the iron oxide (332),
(622), (811), and (664) plane distances of 0.201, 0.142, 0.116, and
0.100 nm. Therefore, the TEM result supports the proposed delam-
inated structure.

As mentioned above, the interlayer spaces of Fe2O3-PILC syn-
thesized by hydrolysis of iron salts were not consistent in different
reports, although the experimental conditions of synthesis were
alike. An interesting question arises accordingly, i.e., why some re-
searchers obtained ordered pillared structure whereas those others
obtained delaminated ones? Few studies have been conducted to
answer this question. Chen et al., proposed that ordered pillared
clay resulted from short reaction time (e.g., less than 3 h) at am-
Fig. 3. Nitrogen adsorption–desorption isotherms of Na+-Mt and Fe-intercalated
samples.

bient temperature, whereas delaminated pillared clay was formed
during long reaction time (e.g., over 12 h) and at higher temper-
atures (40–50 ◦C) [19]. However, Canizares et al., did not obtain
delaminated structure after 12 h pillaring reaction [15].

In the present work, although a variety of reaction conditions
were tried, i.e., changing the reaction time and temperature to syn-
thesize Fe2O3-PILC, pillared structure with a characteristic d(001)

value beyond 2 nm as reported in the literature [4,14,15] were
not obtained, but the delaminated–pillared structure as discussed
above was obtained. This result might be reasonable, because hy-
drolyzed iron cations tend to form discrete polycations spheres
with various sizes [34,35]. Consequently, an ordered pillared struc-
ture is hard to be yielded. However, more efforts are still worthy
to investigate the formation conditions of the pillared structure in
Fe-PILC, for instance, to investigate if/how the mineralogical and
surface properties of starting Mt could affect the formation of pil-
lared structure.

3.2. BET surface and nitrogen adsorption–desorption isotherms

The nitrogen adsorption–desorption isotherms of Na+-Mt and
Fe-intercalated samples, Na+-Mt-0.5 (AD), Na+-Mt-1.0 (AD), Na+-
Mt-2.0 (AD), and Na+-Mt-1.0 (EAD), are reported in Fig. 3. The
other isotherms of intercalated samples appear similar to those
shown in Fig. 3. Adsorption isotherm of Na+-Mt belongs to the
type II in the Brunauer, Deming, Deming and Teller (BDDT) classi-
fication [36], characteristic of nitrogen adsorption on macroporous
adsorbents. The adsorption isotherms of Fe-intercalated samples
(AD and/or EAD) belong to type IV, corresponding to mesoporous
adsorbents, and present Langmuir adsorption isotherms (type I)
in the region of low relative pressure, indicating presence of mi-
cropores. Furthermore, the hysteresis loops of these isotherms are
assigned to type H3 in the IUPAC classification [22], which is rep-
resentative of the slit-shaped pores in layered materials. The pore
size curves (not shown here) shows a very wide pore size distribu-
tion, which well supports our proposed disordered structure which
consists of delaminated part with mesoporosity and pillared part
with microporosity.

Summarized in Table 1 are the porous structure parameters, in-
cluding specific surface area (SBET), external surface area (Sext.), to-
tal pore volume (VP), microporous volume (VμP) and average pore
diameter (APD). All the samples exhibit a high developed poros-
ity and high surface area as compared with the starting Mt. The
largest surface area (215.7 m2/g) and VP (0.296 ml/g) are found in
Na+-Mt-1.0 (AD) and Na+-Mt-2.0 (EAD), respectively. The remark-
able mesoporosity of these samples is of particular meaning, since
it shows that the hydrolysis of iron salts can provide an alternative



146 P. Yuan et al. / Journal of Colloid and Interface Science 324 (2008) 142–149
Table 1
Textural properties of the starting montmorillonites, intercalated and pillared sam-
ples after heating at 500 ◦C

Sample SBET

(m2/g)
Sext. (Smicro)a

(m2/g)
VP

b

(mL/g)
VμP (VmP)c

(ml/g)
APDd

(nm)

Na+-Mt 35.1 – 0.138 – 15.76
Na+-Mt-0.5 (AD) 143.6 113.6 (30.0) 0.224 0.012 (0.212) 6.25
Na+-Mt-0.8 (AD) 158.2 116.7 (41.5) 0.230 0.018 (0.212) 5.82
Na+-Mt-1.0 (AD) 215.7 139.8 (75.9) 0.291 0.033 (0.258) 5.39
Na+-Mt-1.5 (AD) 182.5 120.9 (61.6) 0.245 0.026 (0.219) 5.38
Na+-Mt-2.0 (AD) 173.4 116.0 (57.4) 0.235 0.024 (0.211) 5.42
Na+-Mt-2.5 (AD) 177.5 111.1 (66.4) 0.228 0.029 (0.199) 5.13
Na+-Mt-1.0 (AD, 500 ◦C) 128.2 102.0 (26.2) 0.196 0.012 (0.184) 6.11

Na+-Mt-0.5 (EAD) 165.6 139.9 (25.7) 0.271 0.011 (0.260) 6.53
Na+-Mt-1.0 (EAD) 175.1 126.2 (48.9) 0.264 0.019 (0.235) 6.04
Na+-Mt-1.5 (EAD) 193.5 156.0 (37.5) 0.251 0.015 (0.236) 5.18
Na+-Mt-2.0 (EAD) 203.3 155.2 (48.1) 0.296 0.020 (0.276) 5.82
Na+-Mt-2.5 (EAD) 192.5 137.5 (55.0) 0.279 0.022 (0.257) 5.80
Na+-Mt-2.0 (EAD, 500 ◦C) 185.4 150.9 (34.5) 0.287 0.015 (0.272) 6.20

Ca2+-Mt 28.9 – 0.119 – 16.48
Ca2+-Mt-1.0 141.0 90.0 (51.0) 0.183 0.023 (0.160) 5.20
Ca2+-Mt-2.0 174.7 84.9 (89.8) 0.189 0.039 (0.150) 4.34

a Sext. = external surface area, evaluated from t-plot; surface area of micropore
(Smicro) is obtained by subtracting Sext. from total surface area (SBET).

b VP = total porous volume.
c VμP = microporous volume; mesoporous volume (V mP) = V P − V μP.
d APD = average pore diameter.

Table 2
Main chemical composition of the Fe-pillared samples

Sample Analytical results (%) Mol compositiona

SiO2 Al2O3 Fe2O3 Fe

Na+-Mt-0.5 (AD) 53.96 10.12 17.83 1.66
Na+-Mt-0.8 (AD) 52.01 9.26 21.17 2.16
Na+-Mt-1.0 (AD) 50.04 8.99 24.84 2.61
Na+-Mt-1.5 (AD) 48.03 8.89 25.36 2.69
Na+-Mt-2.0 (AD) 47.35 8.62 25.53 2.80
Na+-Mt-2.5 (AD) 48.27 8.47 30.06 3.35

Na+-Mt-0.5 (EAD) 55.83 10.09 18.26 1.71
Na+-Mt-1.0 (EAD) 52.30 8.45 22.50 2.51
Na+-Mt-1.5 (EAD) 52.12 8.32 24.09 2.73
Na+-Mt-2.0 (EAD) 49.54 8.28 25.46 2.90
Na+-Mt-2.5 (EAD) 48.65 7.21 27.49 3.60

Ca2+-Mt-1.0 (AD) 56.39 10.71 15.63 1.38
Ca2+-Mt-2.0 (AD) 51.81 10.71 18.74 1.65

a The compositions given in moles for O10(OH)2 anion basis of silicate layer.

way to obtain a mesoporous structure in intercalated and pillared
clays, besides the approach of surfactant templating [37–39].

As discussed above, the mesopores in delaminated Fe-intercala-
ted clay and Fe-PILC mainly result from interparticle-spaces gener-
ated by three-dimensional co-aggregation of iron polyoxycations or
iron oxide nanoparticles. Furthermore, intercalation of small-sized
hydrolyzed iron cations or iron oxide clusters generates micropores
in the interlayer space of Fe intercalated clay. But the micropores
are also originated from the microporous interstice existing among
the iron aggregates [40] and/or clay platelets, as schematically rep-
resented in Fig. 2a.

From Table 1 it also can be found that Fe intercalated samples
for OH/Fe ratio >1, generally have more developed external surface
area and porosity under EAD than under AD condition, indicating
EAD method has an advantage over AD method in producing high
external surface area. This result can be well explained by the fact
that ethanol have much lower interfacial tension than water [41],
accordingly more pores in delaminated structure under EAD condi-
tion can be prevented from collapsing and thus be preserved than
those under AD condition.

A relativity can be found between the XRD pattern and the
porosity results, e.g., the starting Na+-Mt with macroporous struc-
ture yields a very intense and symmetric XRD peak with large
d-spacing, nevertheless Na+-Mt-based Fe intercalated clay miner-
als with meso–microporous structure yield a weaker and broader
peak with a smaller d-spacing. In addition, Ca2+-Mt-based Fe inter-
calated clay samples exhibit much lower surface area and porosity
than Na+-Mt-based ones, as well as weaker XRD peak with large
d-spacing. These observations suggest that the XRD pattern at low
2θ angles may provide some useful information about the porous
structure of clay materials, but so far to know the information
specifically is still difficult.

3.3. Chemical analysis, FTIR spectra, and the roles of NO−
3

Main composition of delaminated Fe-intercalated samples, rep-
resented as mass percentage of oxides, are summarized in Table 2.
The molar content of iron per O10(OH)2 unit is also given, based
on the assumption that the Al2O3 content in Mt is unchanged dur-
ing addition of pillaring solution. The pH values, corresponding to
the OH/Fe molar ratios of 0.5, 0.8, 1.0, 1.5, 2.0, and 2.5, of 24 h-
aged pillaring solutions are 1.64, 1.66, 1.67, 1.70, 1.72 and 1.90, and
those of the final 20 h-aged intercalated mixtures are 1.53, 1.56,
1.58, 1.64, 1.70 and 1.95, respectively. These pH values are consis-
tent with those reported by Rightor et al. [14]. Increase of OH/Fe
molar ratio in the initial pillaring solution leads to a remarkable
increase of the iron content of the Fe-pillared products. And at
same OH/Fe molar ratio, the content of introduced iron species
follows this order of delaminated intercalated samples: Na+-Mt-
based (EAD) > Na+-Mt-based (AD) > Ca2+-Mt-based (AD).

Fig. 4 shows the FTIR spectra (400–2000 cm−1) of starting Mt
and the intercalated and pillared clay minerals. The wavenumber
and assignment of each vibration mode observed are listed in Ta-
ble 3. The assignments are based on previous reports on Mt and
polyoxometalates samples [42,43]. It should be noticed that due
to the vibration modes of the iron oxide/hydroxide species (e.g.,
470 cm−1 of the Fe–O vibration, 1000 cm−1 of the Fe–O–H vibra-
tion, etc.) overlapped with those of Mt (Fig. 4), the vibration mode
of iron species is not well resolved in the IR spectra.

A vibration mode at ca. 1384 cm−1, attributed to the NO−
3

stretching mode, is shown in the FTIR spectra of Na+-Mt-based Fe-
intercalated Mt (AD). It is of particular interest that the intensity
of peak of NO−

3 strongly increases with the OH/Fe molar ratio from
0.5 to 2.5 (Fig. 4, b–g). An analogous dependency of the intensity
Table 3
Positions and assignments of observed IR vibration bands

Position (cm−1) Assignments Position (cm−1) Assignments

1630 OH bending of water 916 Al–Al–OH deformation
1435 CO3 stretching of calcite 799 and 883 W–O–W stretching of [PW12O40]3−
1384 NO3 stretching 842 Al–Mg–OH deformation
1092 Si–O stretching of cristobalite 796 Si–O stretching of cristobalite
1081 P–O stretching of [PW12O40]3− 624 Coupled Al–O and Si–O, out of plane
1034 Si–O stretching 519 Al–O–Si deformation
982 W=O stretching of [PW12O40]3− 470 Si–O–Si deformation/Fe–O stretching
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Fig. 4. FTIR spectra for starting Mt and Fe-intercalated and pillared samples.
of NO−
3 band on the OH/Fe ratio is observed in the spectra (Fig. 4,

i–m) of Na+-Mt-based Fe-intercalated Mt (EAD) but the change
in intensity is less spectacular. In the pillared samples heated at
500 ◦C (Fig. 1, h and n) this peak is very weak.

In a classical pillared structure of PILC, anions such as Cl− and
NO−

3 would be washed away by repeated agitation and centrifuga-
tion. However, a large amount of NO−

3 is retained in the dried in-
tercalated samples of the present work, despite a thorough wash-
ing process applied in present work. Accordingly, the occurrence of
NO−

3 reflects that there exist some redundant positive-charged iron
aggregates outside the interlayer space of Mt, and the NO−

3 an-
ions act as counterions to neutralize the redundant positive charge
present in the interparticles. This can be used to explain why the
intensity of NO−

3 band increases with the content of introduced
iron species, as shown in Table 2 and Fig. 4. Consequently, the
FTIR results match well with the proposed structure of delami-
nated structure.

The presence of NO−
3 in these samples is of academic impor-

tance, since NO−
3 could be utilized as an exchangeable site for

other anions, and the content of NO−
3 could be controlled to some

extent by adjusting the OH/Fe ratio. As shown in Fig. 4, o and p, in
the spectrum of the product of reaction between Na+-Mt-1.0 (AD)
and [PW12O40]3−, the band of NO−

3 disappears whereas the vibra-
tion mode of [PW12O40]3− appears, indicating that NO−

3 in Na+-
Mt-1.0 was exchanged by [PW12O40]3−. This exchangeability of the
NO−

3 by heteropolyanions, e.g., [PW12O40]3− as mentioned above,
might be of significance in catalytic application. Further work is
underway to investigate the acidity of this novel heteropolyanions-
exchanged Mt and to explore its reactivity as a heterogeneous
catalyst. In contrast with the Fe-intercalated sample derived from
cationic Mt, previously only anionic clays such as layered double
hydroxides (LDH) are known to have the property of anion ex-
changeability and have been used in the catalytic field [44,45].

As summarized from Tables 1 and 2, and Fig. 4, the OH/Fe
molar ratio of the initial pillaring solution shows a prominent
influence on the meso–microporous structure and the chemical
composition of Fe-intercalated samples. At low OH/Fe mole ratio
(<1.0), iron cations are hydrolyzed to primary products with low
molecular weight and small size, some of which could be interca-
lated into the clay interlayer. However, at high OH/Fe mole ratios,
more hydrated iron cations tend to aggregate [40,46–48], and the
resultant large-sized iron aggregates remain outside the interlayer
space and overlap the clay particles to form the delaminated struc-
ture. As a result, more NO−

3 anions are retained to neutralize the
positive charge in the interparticle space.

At a same OH/Fe molar ratio, Na+-Mt-based delaminated Fe-
intercalated Mt exhibits an advantage over Ca2+-Mt-based one in
resulting in more developed porosity and higher content of iron
species, indicating that Na+-Mt is more suitable than Ca2+-Mt for
being used as the starting materials for preparation of these de-
laminated materials.

Furthermore, at same OH/Fe molar ratio, the lower content of
NO−

3 seen in Fig. 4, for samples dried by EAD method than those
by AD method, seems in contradiction with the chemical analysis
result which shows that the content of iron species in samples
dried by EAD is higher than that by AD, which should lead to a
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higher content of NO−
3 . This mismatch indicates that NO−

3 is more
easily washed away from the wet cake by ethanol than by water.

3.4. Effect of thermal treatment temperatures on the delaminated
Fe-PILC

As shown in Fig. 1, m–o, the (001) reflections disappear in the
XRD patterns of samples thermally treated above 300 ◦C, indicat-
ing the loss of the periodic pillared structure, thus the formation
of a more disordered structure. On the other hand, the XRD peak
of large d-spacing shows fluctuation in intensity and position, indi-
cating some changes of the porosity occurring in the delaminated
porous structure. Compared to Na+-Mt-1.0 (AD), Na+-Mt-1.0 (AD,
500 ◦C) shows an obvious decrease in surface area and microp-
orous volume, but its mesoporosity is mostly preserved (Table 1).
This result reflects that in the pillared–delaminated structure, the
delaminated part has stronger thermal stability than the interlayer
pillared part. This proposal is well supported by the fact that the
delaminated structure is better preserved in the intercalated struc-
ture obtained by EAD than those obtained by AD. For example,
Na+-Mt-2.0 (EAD, 500 ◦C) exhibits only a small decrease in surface
area and mesoporosity compared to Na+-Mt-2.0 (EAD), as shown
in Table 1.

Another dramatic change occurring in calcined delaminated Fe-
PILC is the evaporation and/or decomposition of most NO−

3 and
OH− in clay structure, as revealed by FTIR spectra (Fig. 4, h and n).
The loss of NO−

3 and OH− might result in the formation of Lewis
acid sites, based on a similar mechanism found in dehydroxy-
lated PILC [49]. This can explain the unexpected high acidity of
a previously reported Fe-pillared clay [17], which exhibited a basal
spacing of ca. 1.47 nm but containing much more acid sites after
calcination than conventional Al-PILC.

The TG and DTG curves of Na+-Mt-2.0 (AD) are similar to those
of Na+-Mt-2.0 (EAD) (Figs. 5a and 5b). The obvious weight-loss at
61 ◦C corresponds to desorption of the physically adsorbed water,
however, the FTIR result shows the existence of O–H vibration of
water even at 500 ◦C (Fig. 4, h and n). This contrast indicates that
the rehydration of the samples occurred under FTIR analysis, and
the desorption temperature of water was decreased under in situ
heating condition of thermogravimetric analysis.

The weak weight loss at ca. 210 ◦C should be attributed to
the dehydroxylation of Fe polyoxycations and/or decomposition of
NO−

3 . The weight-loss at 583–653 ◦C denotes the dehydroxylation
of clay layer. However, the accurate assignment for the weight-
loss at ca. 755 (AD) and 948 ◦C (EAD) of Na+-Mt-2.0 seems to be
difficult. They might reflect some phase transformation occurring
at those temperatures accompanying by loss of weight. Consistent
with the analysis results on surface area and porosity, the TG and
DTG results also show that delaminated Fe-intercalated samples
obtained by EAD is more thermally stable than those obtained by
AD.

Fig. 5c shows that nanocrystalline hematite phase was formed
in Na+-Mt-1.0 (AD) when the calcination temperature is increased
to 600 ◦C. However, it was reported that pure polymeric iron(III)
corresponding to akaganeite is easily transformed to hematite
(seen by Mossbauer) at a much lower calcination temperature at
300 ◦C [50,51]. Therefore, the delaminated structure shows advan-
tages in improving the thermal stability of iron aggregates, prob-
ably because the clay particles not only separated the iron aggre-
gates, but also actually behaved as barriers to prevent the aggre-
gates from further agglomeration to form hematite nanocrystalline
phase under calcination.

Further increase of temperature results in increase of the size
of nanoparticles of crystalline hematite. The mean diameter, D ,
of the hematite nanocrystallites in thermally treated delaminated
clay mineral (Fe-PILC) can be estimated by the Scherrer equation
Fig. 5. TG and DTG curves of (a) Na+-Mt-2.0 (AD) and (b) Na+-Mt-2.0 (EAD); (c) the
XRD patterns of Na+-Mt-1.0 (AD) calcined at different temperatures.

(D = kλ/β cos θ ), where k is the shape factor with the value of 0.9,
β is the line broadening which is the breadth of the diffraction
line at its half intensity maximum, λ is the radiation wavelength
applied and θ is the Bragg angle. Here the Bragg angle θ (i.e.,
33.2/2◦) corresponding to the reflection of hematite (104) crystal-
lographic plane is used for the calculation (Fig. 5c). The calculated
D values of the hematite crystallites in Na+-Mt-1.0 (AD) sam-
ples calcined at 600, 700, 800 and 900 ◦C are 15.9, 17.3, 20.3 and
23.2 nm, respectively. Considering nano-size effect is very useful
to improve the reaction efficiency as generally reported [52], the
formation of hematite nanoparticles above 600 ◦C in delaminated
Fe-PILC and the adjustable size of the nanoparticles are useful for
related applications.

4. Summary

Iron intercalated then pillared clays synthesized by base-
hydrolyzed route shows a meso–microporous structure composed
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of delaminated pillared particles. Resulting from the overlapping
clay particles by iron aggregates outside the clay interlayer, the
mesoporous delaminated structure corresponds to the large d-
spacing in XRD pattern. Due to the existence of the positive-
charged iron aggregates outside the clay interlayer, NO−

3 anions
are retained as counterions in the delaminated structure, and
can be exchanged by functional anions such as heteropolyanions
[PW12O40]3−. The content of NO−

3 is positively dependent on the
content of iron aggregates, which can be adjusted by the OH/Fe
molar ratio of the initial pillaring solution.

Air-drying after ethanol extraction (EAD) method shows advan-
tages over air-drying (AD) method in preserving the delaminated
structure in delaminated Fe-intercalated and pillared clays. And
Na+-Mt is more suitable than Ca2+-Mt for being used as the start-
ing clay for preparation of delaminated Fe-intercalated clays.

The delaminated porous structure shows good thermal stability
at 500 ◦C. On the other hand, the temperature of phase transfor-
mation from iron aggregates to nanocrystalline hematite is dra-
matically increased due to the clay particles which act as heat-
insulated barriers.

These fundamental results derived from this study are of mean-
ing in understanding the detailed characteristics of the delami-
nated structure of Fe2O3-PILC, as well as in applying delaminated
Fe2O3-PILCs as novel heterogeneous catalysts and adsorbents.
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