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Abstract

New porous solids from alumina-pillared fluorine micas (APMs), which were obtained from synthetic Na-tetrasilicic fluorine mica
[NaMg2.5Si4O10F2], were prepared by sulfuric acid-treatment under mild conditions at 25 �C. The products were investigated by
XRD, ICP, SEM, TEM and N2 adsorption–desorption isotherm at 77 K. XRD measurements indicated that the interlayer pillared struc-
ture having a large basal spacing collapsed during the early stages of the acid-treatment. ICP analyses indicated that Al3+ and Mg2+ ions
were leached out from the pillared micas during the acid-treatment. The pore properties of the leached products were found to differ from
those of the mother pillared micas: the acid leaching of the pillared micas leads to the formation of mesopores around 3.2 nm in diameter.
The correlation between the change in pore properties and cation elution behavior suggests that the mesopore formation results from the
leaching of Mg2+ ions from the octahedral sheet of the pillared micas. The leached products thus obtained retained the flaky morphology
of the mother pillared micas. These results show that the mild acid-treatment using APMs provides a novel route for obtaining unique
mesopore solids having the large particle sizes of the mother micas.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Several methods are known for the fabrication of por-
ous materials from clay minerals. Oxide-pillared clays, a
type of microporous ceramic materials, are produced from
swellable clay minerals by the intercalation of bulky inor-
ganic polycations into their interlayer regions and subse-
quent heat treatment. On heating, the polycations in the
interlayer regions are converted into thermally stable oxi-
des that prop the layers apart as pillars. Oxide-pillared
fluorine micas [1–8] are obtained from swellable fluorine
micas [9–12] as host crystals, in the same way as from nat-
ural clay minerals. The swellable micas show such features
as high crystallinity, large cation exchange capacity and
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high thermal durability. The pillared micas thus obtained
retain features of the host micas and hence have cation
exchangeability [4]. Unique mica ceramics with micropores
were obtainable by sintering of the pillared fluorine mica
powders at low temperatures around 500–700 �C [2,5,6].

Selective leaching of clay minerals is another method for
preparing porous materials. Acid-treatment of various clay
minerals, such as kaolinite [13,14], phlogopite [15,16], ver-
miculite [17], montmorillonite [18,19], fluorohectorite [15],
talc [20,21], chlorite [22], saponite [23,24], has been
reported. The acid-treated products typically show micro-
or mesopores, depending on the starting clay mineral
species and the acid-treatment conditions. Generally, a
high acid concentration and/or elevated temperature are
employed for the acid-treatment conditions so that the
acid-leached products consist mainly of silica because
the other constituents are leached out almost completely.
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Fig. 1. XRD patterns of alumina-pillared fluorine micas (APMs) used for
acid-treatment. (a) APM-350, (b) APM-500 and (c) APM-700.
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In contrast to the acid leaching of such clay minerals,
when pillared micas are used as starting material, rather
mild acid-treatment conditions may be employed to modify
the microporous structure. This is because interlayer
micropores act as a diffusion path to access the internal sur-
face of the silicate layers and hence the leaching process
may occur at the micropore surface, i.e., the internal sur-
face of the silicate flakes. This internal diffusion may allow
the pore properties of the pillared micas to be altered under
milder acid-treatment conditions than usual. Recently,
Ishii et al. [25] reported the preparation of highly porous
silica products from vermiculite and tetraethoxysilane or
methyltriethoxysilane using a pillaring method combined
with acid leaching. However, as far as we know, the report
on the acid-treatment of alumina-pillared clays to modify
pore properties, especially to form mesopores, has been
lacking. Thus, the present work investigates sulfuric acid-
treatment of alumina-pillared fluorine micas (APMs) at
25 �C under different conditions to modify their porous
properties and establish a new route for the preparation
of novel porous solids using pillared micas. For reference,
the host mica prior to pillaring was also treated with sulfu-
ric acid in the same manner. The acid-treated products
were characterized by XRD, ICP, SEM, TEM and nitro-
gen adsorption–desorption.

2. Experimental

Na-tetrasilicic fluorine mica (Na-TSM) having an anhy-
drous structural formula of NaMg2.5Si4O10F2 was used as
host crystal for the preparation of APMs [2–4,6]. Na-
TSM was synthesized by a procedure described previously
[4]. The polyhydroxoaluminum (PHA) solution used as a
pillaring agent was prepared by the Al metal dissolving
method [26]. The solution had an OH/Al ratio of 2.50
and an Al concentration of 6.05 mol/L. A suspension con-
taining mica crystals was allowed to react with the diluted
PHA solution at 65 �C for 24 h under vigorous stirring
with a solution loading of 44.8 mmol (Al)/1.0 g mica. The
solution loading employed in the present study was
referred to our previous report [4]. The product was
washed several times, dried at 65 �C and then calcined at
350, 500 or 700 �C for 2 h to obtain APMs (hereafter
abbreviated, e.g., APM-500 for the pillared mica obtained
by calcination at 500 �C). The amount of Al intercalated
into host mica crystals was measured by gravimetric anal-
ysis of Al2O3 and SiO2 after the pillared mica powders were
fused with Na2CO3.

The APM powders (1.0 g) were treated with 100 mL of
sulfuric acid. The concentration of sulfuric acid was varied
from 0.1 to 2.5 mol/L. The acid-treatment was performed
at 25 �C for 0.5–36 h. After the acid-treatment, the prod-
ucts were washed several times with distilled water and
then dried at 60 �C.

Basal spacings of the APMs and the acid-treated prod-
ucts were measured by powder X-ray diffraction (XRD).
The BET specific surface area, total pore volume and pore
size distribution of the products were evaluated from N2

adsorption–desorption isotherms at liquid nitrogen tem-
perature. The pore size distribution was determined by
the BJH method [27] using the adsorption branch of the
isotherms. The micropore size distribution was also deter-
mined by the Horvath–Kawazoe (HK) method [28] assum-
ing slit-shaped pores for the typical products. Quantitative
analysis of eluted Mg2+ and Al3+ ions was carried out by
using inductively coupled plasma (ICP) spectrometry.
The microstructure of the leached samples were also char-
acterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).
3. Results and discussion

3.1. Properties of alumina-pillared fluorine mica powders

Fig. 1 shows XRD patterns of the pillared micas
obtained at different calcination temperatures. APM-350
and APM-500 gave a sharp (001) profile. The (001) profile
of APM-500 was broad and slightly shifted to higher dif-
fraction angles compared with that of APM-350. In
addition, APM-500 tended to lose high-order (001) reflec-
tions. The basal spacings of APM-350 and APM-500 were
1.88 and 1.80 nm, respectively. PHA cations as a pillar pre-
cursor are known to convert into rigid oxide pillars in the
interlayer regions of the host mica crystals at 300–500 �C
[29]. Thus, dehydration and dehydroxylation of the pillar
precursor to form alumina pillars may be incomplete for
APM-350 although the regularity of layer stacking
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Fig. 2. The BET specific surface area and total pore volume of the
products versus acid concentration (acid-leaching time: 1 h).
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sequences was high. The (001) reflection disappeared in the
case of APM-700, indicating the collapse of the pillared
structure at calcination temperatures above 700 �C.

Flaky crystals having a layer stacking structure were
observed for APM-500 powders by SEM; the maximum
dimensions parallel and perpendicular to the layers were
about 30 lm and 2 lm, respectively, as described in our
previous reports [4,6]. The Al content for APMs was esti-
mated to be 2.27 mol (Al) per mol of Si4O10 by gravimetric
analysis.

Some properties of the APMs obtained under different
calcination temperatures are listed in Table 1. APM-350
had a smaller specific surface area and pore volume than
APM-500, while APM-350 had a slightly longer basal spac-
ing than APM-500. This implies that dehydration and
dehydroxylation of intercalated PHA cations were not
completed for APM-350. APM-700 almost lost its porous
nature owing to the collapse of the pillared phase. After
a 1-hour acid-treatment using 1.0 mol/L H2SO4, the spe-
cific surface area and total pore volume of APM-350
decreased, while those of APM-500 and APM-700
increased. The increase in the pore volume of APM-500
was particularly marked. These results suggested that
APM-500 was an appropriate precursor for obtaining por-
ous solids having a large specific surface area and total
pore volume through acid treatment.

3.2. Mesopore formation and pore properties of the acid-

treated products

Fig. 2 shows the BET specific surface area and total pore
volume of acid-treated products obtained from APM-500
under different acid concentrations for 1 h. The specific sur-
face area of the product decreased for an acid concentra-
tion of 0.1 and 0.5 mol/L, and then increased to >300
m2/g upon treating with 1.5 mol/L H2SO4. A slight
decrease in surface area was observed for acid-treated
products obtained by using >2.0 mol/L H2SO4. The total
pore volume of the acid-treated products also decreased
first and then increased as the acid concentration increased.
These results indicate that pore properties of APM-500
powders are modified by the acid-treatment, depending
on the acid concentration: the appropriate concentration
for obtaining a large specific surface area is found to be
1.5 mol/L, where an acid-leaching time of 1 h is employed.

Pesquera et al. pointed out that the specific surface area
of acid-treated montmorillonite reached maximum at a cer-
Table 1
Properties of alumina-pillared micas

Sample Calcination
temperature (�C)

Basal spacing
(nm)

Before acid-treatme

BET specific surfac
area (m2/g)

APM-350 350 1.88 183
APM-500 500 1.80 208
APM-700 700 – 5

* Acid-treatment condition: 1.0 mol/L H2SO4, for 1 h.
tain acid concentration and higher acid concentration pre-
vented the evolution of porosity by passivation [18]. The
acid-treatment of the APM-500 using higher concentration
of acid than 2.5 mol/L may also be less effective for obtain-
ing a large specific surface area product.

Fig. 3 shows BET specific surface area and total pore
volume plotted against acid-treatment time for the prod-
ucts obtained from APM-500. The acid concentration
was fixed at 1.5 mol/L. For reference, Fig. 3 also plots
the data for acid-treated products obtained from Na-
TSM under the same conditions. Specific surface area of
the acid-treated APM-500 sample decreased to 120 m2/g
for an acid-treatment time of 0.5 h, and then increased to
a maximum of 410 m2/g for 2 h. Specific surface area
decreased again for a 3-h treatment and then retained
almost a constant value for treatment times longer than
3 h. Total pore volume also decreased for the product trea-
ted for a short time, and then increased to >0.3 cm3/g.
These results indicate that the acid-treatment of APM pow-
ders alters their pore structure and leads to the formation
of porous solids whose pore structure is very different from
that of the pillared micas.

The acid-treatment of Na-TSM also led to an increase in
specific surface area and pore volume although the values
for acid-treated Na-TSM were much smaller those for
nt After acid-treatment*

e Total pore
volume(cm3/g)

BET specific surface
area (m2/g)

Total pore volume
(cm3/g)

0.12 112 0.07
0.13 254 0.17
0.01 82 0.06
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Fig. 3. The BET specific surface area and total pore volume of the
products versus acid-leaching time (acid concentration: 1.5 mol/L). Open
circles indicate the values for the products obtained from Na-TSM by
acid-treatment.
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Fig. 4. (a) Typical isotherms and (b) pore size distribution curves (BJH
method) of products obtained from APM-500 by acid-treatment using
1.5 mol/L H2SO4 for different times.
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acid-treated APMs. Several studies have been conducted
on the acid leaching of swellable or non-swellable clay min-
erals to obtain porous solids [13–24]. These studies have
yielded porous silica having micro- or mesopores depend-
ing on both the species of starting clay mineral and the
leaching conditions. For example, montmorillonite led to
the formation of porous silica having mesopores with a
specific surface area of ca. 200 m2/g [19], and phlogopite,
a naturally occurring mica, led to the formation of porous
silica having micro- and mesopores with a maximum spe-
cific surface area of >500 m2/g, depending on the leaching
conditions [16]. However, the reported leaching conditions
were mostly intense, employing higher acid concentrations
and/or raised temperatures. By contrast, the acid-leaching
conditions in the present study were milder. Although sap-
onite, a magnesic silicate like Na-TSM, led to the forma-
tion of high surface area solids exceptionally under mild
acid-treatment conditions [23,24], Na-TSM having much
larger particle size didn’t alter into high surface area solids
under the mild acid-leaching. These facts indicate that the
acid-treatment of APM-500 has an advantage over that
of the non-pillared clay minerals including Na-TSM
because modification of pore properties can be achieved
under milder conditions.

Fig. 4a shows typical N2 adsorption–desorption iso-
therms for the products. The isotherm of the APM-500
sample before the acid-treatment was of type I according
to the IUPAC classification [30]. The product obtained
by the 0.5-h acid-treatment also gave a type I isotherm,
but the adsorption volume was lowered. In contrast, the
products acid-leached for 2 h gave mixed isotherms, corre-
sponding to a combination of types I and IV, which is
indicative of the formation of mesopores. The hysteresis
loop of the isotherm was similar to type H4 [30], corre-
sponding to slit-shaped pores.

Fig. 4b shows the pore size distribution curves (BJH
method [27]) of the products obtained from APM-500
using 1.5 mol/L H2SO4 for different leaching times. The
curve for APM-500 before the acid-treatment gave a shoul-
der in the small diameter region below 2 nm, which consti-
tutes part of the micropore distribution curve. The
shoulder almost disappeared after acid leaching for 0.5 h,
indicating that the micropores have largely vanished. The
decrease in specific surface area and total pore volume dur-
ing the initial stage of acid leaching was attributable to the
decline in microporosity in APM-500. This can be ascer-
tained by the change in micropore distribution curves
obtained by the HK method [28] using a slit-like pore
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model, which are shown in Fig. 5; the APM-500 microp-
ores almost vanished as a result of acid-leaching for 0.5 h.

An indication of mesopore formation below 5 nm
appeared in the case of the product obtained after acid
leaching for 1 h (Fig. 4b). A marked formation of mesop-
ores, which gave a peak at a pore diameter of around
3.2 nm, was observed after acid leaching for 2 h. The peak
broadened and shifted to larger pore diameters as the acid-
leaching time was prolonged. Furthermore, the microp-
ores, which have slightly smaller pore sizes than those of
the mother APM-500, were re-formed by the acid leaching
in the case of leaching times longer than 2 h (Fig. 5). The
smaller-sized micropores also contribute to the increase
in specific surface area.

Fig. 6 shows XRD patterns of acid-treated products
obtained from APM-500 at different leaching times.
APM-500 gave rational (00 l) reflections, indicating the for-
mation of a pillared structure with a basal spacing of
1.80 nm. However, even in the case of the short treatment
time of 0.5 h, the product lost its sharp diffraction peaks,
exhibiting a smaller basal spacing of ca. 1.4 nm. Acid-trea-
ted products obtained by leaching for longer than 1 h gave
no basal reflections, although they showed small-angle
scattering below 2h = 3�. These results show that the
acid-treated products almost lose their interlayer pillared
structure and the regularity of their layer stacking sequence
in the early stages of the acid-leaching process.

The fraction of Al3+ and Mg2+ cations that leached out of
APM-500 during the acid-treatment is plotted against the
leaching time in Fig. 7. The early stages of the acid-treatment
favored the elution of Al3+ ions. The steep increase in the
elution of Al3+ came to an abrupt end at 2 h. The amount
of leached Mg2+ ions, which was estimated on the basis of
the original Mg2+ content in APM-500, increased to 54%
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after acid-leaching for 2 h and then reached a constant value
of �75% for >12 h. The SiO2 content of products after acid
leaching for 2 and 36 h was 69 and 76 mass%, respectively.
Thus, the SiO2 content of the present products was quite
low compared with those reported in studies on the acid
leaching of clay minerals (typically >90 mass% SiO2)
[13,14,16,17,21,22].
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Na-TSM used as host mica crystal has no Al3+ substitu-
tion in the silicate layer so that the elution of Al3+ ions was
attributable entirely to those leached out from alumina pil-
lars in the interlayer regions. In the early stage of acid
leaching, the products almost lost their regular interlayer
pillared structure and microporous nature owing to the
partial dissolution of the alumina pillars. As the acid-leach-
ing time was prolonged, the formation of mesopores
occurred with the abrupt leaching of octahedral Mg2+ ions.
Thus, the leaching of Mg2+ ions from octahedral sheets of
the silicate layer seems to be key in the formation of
mesopores.

Okada et al. pointed out that AlO4 substitution in the
SiO4 tetrahedral sheets of the silicate layer has considerable
influence on the leaching rate of the various minerals [22].
Since SiO2 has a greater resistance to acid, the rate of acid
leaching of talc, which has no Al substitution in the SiO4

tetrahedral sheets and is a non-swelling clay mineral, is
very slow and the leached products from talc are nonpo-
rous [21]. Kaviratna and Pinnavaia, however, reported
Fig. 8. SEM and TEM micrographs of the products. (a) SEM image of the sta
products obtained using 1.5 mol/L H2SO4 solution for 2 and 36 h, respectively,
1.5 mol/L H2SO4.
the formation of high-surface-area (>150 m2/g) products
by acid-treatment at 60 �C from swelling fluorohectorite,
which has no Al substitution in its tetrahedral sheets, either
[15]. Microporous APMs have interlayer regions propped
by alumina pillars so that water molecules and protons
are able to diffuse into the interlayer regions of APMs.
Thus, it is presumably the interlayer water and protons that
allow acid leaching of APMs under milder conditions.

Judging from the hysteresis type of isotherm, the mesop-
ores in the present acid-leached products seem to have a
slit-like shape. Upon leaching of Mg2+ ions, the planar sil-
icate layers of the mica presumably become corrugated at
the nanoscale, resulting in the formation of slit-like mesop-
ores between the corrugated layers along with smaller
micropores.

The cation exchangeability for the product obtained by
a 2 h acid-treatment using 1.5 mol/L H2SO4 was examined
using 0.05 mol/L NiSO4 solution by the same procedure as
the previous report [4]; 0.21 mmol/(g acid-treated product)
of Ni2+ ions were incorporated into the product.
rting pillared mica (APM-500); (b) and (c) SEM images of the acid-treated
and (d) TEM image of the product obtained by a 2-h acid-treatment using
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3.3. SEM and TEM observations of the products

Fig. 8a–c show SEM images of the products before and
after the acid-treatment. The initial flaky morphology and
dimensions of the products were almost fully retained, even
after prolonged (36 h) acid leaching. The edges of mica
flakes along cleavage lines became somewhat rough as
the acid-leaching time was prolonged. Moreover, small
deposits were observed on the flakes in the case of the
product obtained by the 36 h acid-leach. This suggests that
the acid attacked the edges as well as the internal surface
during the acid-treatment of APM. The XRD results indi-
cated the collapse of the interlayer pillared structure upon
acid-treatment. However, on the basis of their morpholo-
gies, the nano-corrugated mica layers, which were formed
as a result of the Mg2+ leaching, may topotactically have
loose stacking sequences inherited from the mother APMs,
accompanying the mesopore formation. Fig. 8d shows a
TEM image of the product obtained by the 2-h acid-treat-
ment. Lighter contrast regions, several nanometers in size,
were observed in the flake. The size of these regions agrees
well with the mesopore size evaluated by the BJH method.
The electron diffraction of the acid-leached product showed
an amorphous halo pattern (Fig. 8d) while that of APM-
500 showed a spot pattern (not shown). These SEM and
TEM observations indicate that the elution of cation con-
stituents under mild acid-treatment conditions retained the
flaky morphology and the slit-shaped mesopores were
formed on the inside of the flakes.

Thus, mild acid-treatment using APMs is a useful route
for obtaining unique mesoporous solids retaining the large
particle sizes of the mother synthetic micas.

4. Conclusions

Alumina-pillared fluorine micas were acid-treated at
25 �C under different conditions. The acid-treatment led
to the collapse of the interlayer pillared structure with a
basal spacing of 1.8 nm and the formation of mesoporous
solids. The product obtained by a 2-h acid-treatment using
1.5 mol/L H2SO4 gave a specific surface area of 410 m2/g, a
total pore volume of >0.31 cm3/g and a unimodal pore size
distribution around 3.2 nm. Prolongation of the acid-treat-
ment time led to an increase in the mesopore size. Upon
acid-treatment, Al3+ and Mg2+ cations were eluted from
the pillared mica. The elution of octahedral Mg2+, in par-
ticular, is key to the formation of mesopores. The flaky
morphology of the acid-leached products was inherited
from the mother pillared mica. This indicates that the elu-
tion of constituent cations and the concomitant formation
of mesopores occurs through a topotactic process under
mild acid-treatment conditions. This represents a novel
process for obtaining unique porous solids.
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(1999) 335.
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