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Characterization of synthetic imogolite nanotubes as gas storage
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Imogolite is a naturally occurring hydrated aluminum-
silicate polymer that consists of a tubular structural
unit having an external diameter of 2.3-2.7 nm and
an inner diameter of ca. 1 nm. The tube length is from
about 400 nm to several micrometers. The tube walls
are composed of curved gibbsite-like sheets with SiOH
groups on the inside and AIOH groups on the outside,
having a composition (HO)3 Al;O3SiOH [1]. Imogolite
is common in the clay fraction of soils derived from
glassy volcanic ashes or pumice beds, and it has also
been found in many podzols [2, 3]. Several investiga-
tions concerning natural imogolite have been published
[4-6]. A synthetic route for production of imogolite was
described in 1977 from dilute solutions of aluminum
chloride and monosilicic acid [7]. Crystallization takes
place at a lower concentration of the starting solu-
tions and low pH under the boiling point treatment [8].
However, the above common process does not produce
a high yield of well-crystallized imogolite tubes. Re-
cently, nanotubes composed of various materials such
as carbon, boron nitride, and oxides have been investi-
gated [9-11], in particular, carbon nanotubes, which
have great potential as materials with novel proper-
ties that are not found in conventional graphite or car-
bon fullerene [12]. For instance, since the suggestion
of highly efficient storage of a natural gas with single
walled carbon nanotubes, experimental determinations
of the storage capacity and the mechanism of the storage
have been performed extensively [13]. In the present
work, the authors attempt to improve a synthetic method
and to characterize an aluminosilicate mineral forming
such hollow tubular structures for the purpose of gas
storage.

Imogolite nanotubes were synthesized from a highly
concentrated starting solution under hydrothermal con-
ditions. In a typical synthetic procedure, 66.7 ml of
NaySiOy4 solution (concn. 100 mmol/l) was mixed with
the same amount of 150 mmol/l AICI; solution, and
then 1 mol/l NaOH was added dropwise (1 ml/min)
into the above homogeneous solution under stirring
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until pH > 6. After the desalinization process, the
precursor suspension was adjusted to pH < 4 using
5 mol/l HCI under stirring. The reaction mixture was
autoclaved for 2 days at 100 °C, during which period
the solution gradually cleared. After the solution was
cooled, ca. 25 wt% of NH4OH solution was added
for flocculation until the pH value >8. Stiff trans-
parent gels were collected by centrifugation. The re-
sulting gel was dried at 100°C for 24 h. The syn-
thesized product and natural imogolite were analyzed
by X-ray diffraction, N,-adsorption, field emission-
scanning electron microscopy (FE-SEM) observation,
and ?’Al and ?°Si magic angle spinning (MAS) nu-
clear magnetic resonance (NMR) performed on Bruker
MSL400 and ASX400, respectively, at room tempera-
ture (104.26 MHz for 2’ Al and 79.49 MHz for *°Si). The
adsorption of methane was measured using a steel cell,
and the pressure was monitored at 21 °C up to 8 MPa.
The adsorbed amount was calculated by weighing the
cell on a sensitive electronic balance. Before the ad-
sorption measurement, the sample was degassed under
vacuum at 125 °C for 3 h. The adsorption isotherm of
water vapor was determined using a BELSORP-18 (Bel
Japan, Inc.) at 25 °C. Natural imogolite separated from
a Kitakami pumice bed was used as a reference mate-
rial, named Ki-G.

The X-ray diffraction profiles of the synthetic and
natural imogolites are shown in Fig. 1. The syn-
thetic imogolite showed sharper characteristic diffrac-
tion peaks at d = 2.00, 0.90, 0.63 and 0.39 nm, which
can be assigned to (010), (020), (030) and (032), re-
spectively, for the cylindrical structure [8]. This pro-
file is similar to that obtained for the natural imogo-
lite, showing a narrow (010) reflection peak at a d
value of about 2.0 nm. This value is larger than that
of the natural imogolite (1.78 nm). It means that the
synthetic tubes had greater diameters, i.e., longer dis-
tances between the centers of neighboring cylinders.
These X-ray diffraction results indicated formation of
a mesostructured well-crystallized synthetic imogolite
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Figure 1 X-ray diffraction profiles of the natural and synthetic
imogolites.

with higher mesoporosity. Fig. 2 shows that FE-SEM
observation revealed the form of imogolite to be fi-
brous tube bundles, each containing many individual
imogolite tubes (with ca. 2.5 nm outer diameters). The
threads were curled and entangled forming web-like
structures. This bundle was observed also in electron
micrographs of natural imogolite. The pore-size distri-
bution curves of the synthetic and natural imogolites
were calculated by the Horvath-Kawazoe method [14]
and are shown in Fig. 3. These specimens exhibited
fairly narrow distribution curves. The nitrogen adsorp-
tion isotherm of the synthetic imogolite showed type I
behavior, indicating a presence of micropores; the pore

radius was ca. 0.4 nm. In contrast, the isotherms of
the natural imogolite showed type IV behavior with an
average pore radius of 0.55 nm. The synthetic imogo-
lite has a much larger peak at 0.35 nm, which results
from a much larger fraction of microporosity as com-
pared to the natural sample. This sharp peak, observed
at 0.35 nm, corresponds to the fine imogolite tubular
structure. The specific (Brunauer-Emmett-Teller) sur-
face areas were 297 and 222 m?/g for the natural and
synthetic imogolites, respectively. The 2°Si MAS NMR
spectra for both samples exhibited sharp peaks centered
at —79 ppm from tetramethylsilane. This >°Si chemical
shift is typical for the imogolite structures and origi-
nates from Si in a Q° site bonded to one OH group
[15]. As other peaks were not detected, the chemical
shift strongly suggested that the SiO4 units were sur-
rounded by mainly Al atoms. The >’Al MAS NMR
spectra of the synthetic and natural imogolites exhib-
ited isotropic peaks centered at —4 ppm and 58 ppm
with spinning sidebands on both sides, which indicated
mainly the presence of octahedrally coordinated Al (VI)
and a slight presence of tetrahedrally coordinated Al
(IV). From these results, in imogolite, each Si is at-
tached through oxygen to six octahedral Al atoms, and
each Al is attached through oxygen to three Si atoms.
The electronic environment of imogolite Si is due to
the presence of four adjacent oxygens, one attached to
hydrogen and the other three attached only to octahe-
dral Al i.e., Si(OAI(VI));OH. Adsorption isotherms of
methane on the natural and synthetic imogolites were
measured at 21 °C and pressures up to 8 MPa. The ad-
sorption isotherm is the Langmurian type, indicating
that methane adsorption is monolayer adsorption. The
total methane storage capacity of the natural imogolite
reached 42.5 mg/ml at 4.09 MPa. In the case of the syn-
thetic imogolite it was 50.6 mg/ml at 4.05 MPa, higher
than that of the usual compressed natural gas storage

Figure 2 FE-SEM image of the synthetic imogolite.
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Figure 3 Pore size distribution curves of the natural and synthetic
imogolites.
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Figure 4 Water vapor adsorption isotherms of the natural and synthetic
imogolites.

(28 mg/ml at 4.0 MPa). Fig. 4 illustrates the adsorp-
tion isotherms of water vapor. The natural imogolite
showed an approximately isothermal line where the
amount of adsorbed water increased in proportion to

P /Py: the maximum amount of adsorbed water was
ca. 60 wt%. The synthetic imogolite showed a rapid
increase over the range of P/Py of 0.9-0.95 and
achieved a maximum of ca. 80 wt%. In order to
obtain a large amount of water adsorption and a
high methane storage capacity, it is necessary to
control the micro/meso porous structure and the hy-
drophilic/hydrophobic surface affinity. A study on the
surface modification of these aluminumsilicate nan-
otubes is now in progress. The synthetic imogolite
might become a multipurpose adsorbent. Moreover, the
high methane storage capacity of the synthetic imogo-
lite is expected to considerably improve the adsorbed
natural gas technology.

Acknowledgments
The authors acknowledge Dr. M. Suzuki (AIST) and
Dr. S. Okada (JAPEX) for helpful discussions.

References

1. P. D. G. CRADWICK, V. C. FARMER, J. D. RUSSELL,
C. R. MASSON, K. WADA and N. YOSHINAGA, Nature
Phys. Sci. 240 (1972) 187.

2. K. WADA and N. YOSHINAGA, Amer. Miner. 54 (1969)
1969.

3. N. YOSHINAGA andS. AOMINE, Soil Sci. Plant Nutr. 8 (1962)
22.

4. T. HENMI and K. WADA, Clay Miner. 10 (1974) 231.

5.J. D. RUSSELL, W. J. MCHARDY and A. R. FRASER,
ibid. 8 (1969) 87.

6. S.J. GAAST, K. WADA, S.-1. WADA andY. KAKUTO,
Clays Clay Mimer. 33 (1985) 237.

7. V. C. FARMER, A. R. FRASER andJ. M. TAIT,J. Chem.
Soc. Chem. Commun. (1977) 462.

8. V. C. FARMER, M. J. ADAMS, A. R. FRASER andF.
PALMIERI, Clay Miner. 18 (1983) 459.

9. S. IIJIMA, Nature 354 (1991) 56.

10. N. G. CHOPRA, R. J. LUYKEN, K. CHERRY, V. H.
CRESPI, M. L. COHEN, S. G. LOUIE and A. ZETTL,
Science 269 (1995) 966.

11. B. C. SATISHKUMAR, A. GOVINDARAIJ, E. M. VOLI,
L. BASUMALLICandC. N. R. RAO,J. Mater. Res. 12 (1997)
604.

12. S. I1JIMA and T. ICHIHASHI, Nature 363 (1993) 603.

13. A. CHAMBERS, C. PARK, R. T. K. BAKER andN. M.
RODRIGUEZ,J. Phys. Chem. B 102 (1998) 4253.

14. G. HORVATH andK. KAWAZOE,J.Chem.Eng.Jpn.16 (1983)
470.

15. 1. JAYMES, A. DOUY, D. MASSIOT andJ.-P. BUSNEL,
J. Amer. Ceram. Soc. 78 (1995) 2648.

Received 4 September
and accepted 10 October 2003

1801



