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ABSTRACT: Polymer hybrids designed on a nanometer scale were prepared by several methods with an alumino-

silicate nanofiber, ‘‘imogolite.’’ This review paper introduces the preparation of polymer hybrid materials from imogo-

lite nanofiber by two different approaches. In order to realize the fine dispersion of imogolite in polymer matrix, poly-

(vinyl alcohol)/imogolite hybrids were prepared by in situ synthesis method of imogolite in polymer solution. In ad-

dition, through utilizing the strong interaction between phosphoric acid group and Al–OH on the surface of imogolite,

poly(methyl methacrylate)/imogolite hybrid, and enzyme/imogolite hybrid gel were prepared and characterized.

[doi:10.1295/polymj.PJ2006128]
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Imogolite is a hydrous aluminosilicate nanofiber,
that was found in naturally occurring weathered
pumice beds of volcanic ash soil (‘‘Imogolayer’’) in
Kyushu, Japan, in 1962.1 Imogolite with the general
formula of [Al2O3

.SiO2
.2H2O] forms a hollow nano-

tube with an external diameter of ca. 2.5 nm, an inter-
nal diameter of less than 1 nm, and lengths ranging
from several hundred nanometers to micrometers.2

Figure 1 provides a schematic representation of the
structure of imogolite nanofiber. The outer surface
of imogolite is composed of Al–OH groups; therefore,
the outer surface wall can be charged depending on
the solution pH. Due to the electrostatic repulsion,
the isolated units can form nanofibers under acidic
conditions.3 Imogolite with a unique tubular nano-
structure has been discussed in the field of materials
science for application as a membrane, catalyst, or ad-

sorbent.4–6 Furthermore, it has been suggested that a
polymer nanocomposite with imogolite could have
enhanced the mechanical and thermal properties due
to its extremely high aspect ratio and large specific
surface area.7,8 In the case of the other nanofiber,
carbon nanotube (CNT9) has been utilized as the
reinforcement nanofiller of polymer nanocomposites.
The strength and toughness with regard to mechani-
cal,10,11 thermal,12,13 electric,14 and flammability prop-
erties15,16 of polymers have been improved by the ad-
dition of CNTs. Various polymer composites with
CNTs have been studied such as poly(methyl meth-
acrylate),17 polystyrene,18,19 polypropylene,15,20,21 ep-
oxy,16 and poly(vinyl alcohol),22,23 as matrix polymer.
However, CNT cannot be used for transparent poly-
mer materials because CNT is colored due to its con-
jugated �-system. In contrast, imogolite has a refrac-
tive index that is similar to that of common poly-
mers,24 making it desirable for applications involving
transparent polymer additives.
When preparing a polymer nanocomposite, the ef-

fective utilization of nanofiller (nanofibers, nanotubes,
nanoparticles, etc.) in nanocomposite applications
may depend on their dispersibility into the polymer
matrix.25 Especially, these nanofibers preferentially
aggregate into bundles, where adjacent fibers are hold
together by strong interaction.3,26 This characteristics
makes it difficult to disperse nanofibers into the poly-
mer matrix; therefore, considerable research has been
focused on two prominent approaches to solving this
problem. One of the approaches is the surface func-
tionalization of nanofiller, while the other is in situ
synthesis method of organic or inorganic components.

Figure 1. Schematic representation of structure of imogolite

nanofiber.
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This review will introduce the composite or hybrid
system prepared by some methods using natural and
synthesized imogolite nanofiber. Figure 2 shows the
schematic illustration of polymer hybrid with imogo-
lite nanofiber prepared in this review by different
techniques.

PURIFICATION OF IMOGOLITE GEL

Raw material of imogolite gel was collected from
the pumice bed in Kitakami area, Iwate, Japan. The
raw material shows a red-brown color due to contam-
inants such as metal oxides and metal hydroxides.
Details of the purification method for imogolite can
be found elsewhere.27 Purified imogolite gel was dis-
persed in a weak acidic solution (pH = ca. 3�5) by
applying a 42 kHz ultrasonic wave for several hours.
The dispersed imogolite solution was slightly sticky
and turbid. Freeze-drying the suspension of imogolite
could give a white powder like cotton. Figure 3 shows
the detail of and procedure for imogolite purification,

which produces the freeze-dried powder and suspen-
sion of imogolite was used for preparing hybrid mate-
rials is introduced below.

(IMOGOLITE NANOFIBER/PMMA) HYBRID
BY POLYMER GRAFTING METHOD

As described in the introduction, imogolite has out-
er surface of hydrophilic Al–OH groups and can be
dispersed in water under low acidic conditions, it is
therefore very difficult to disperse imogolite in hydro-
phobic polymer matrix. Attempts have previously
been made to convert the hydroxylated surface of im-
ogolite to a hydrophobic surface by a surface modifi-
cation method using organosilanes.28 Despite these at-
tempts, the surface properties of imogolite have not
successfully been changed by surface treatment with
organosilane.29 Since alkyl phosphoric acid groups
have been used for surface treatment of the Al-sheet,
the attempts have been made to modify the surface
with alkyl phosphonic acid.30 We have reported that
modified imogolite nanofiber using alkylphosphonic
acid can be dispersed in hydrophobic solvents such
as hexane and chloroform, in contrast, while it aggre-
gates in water and ethanol. When we focused on the
use of imogolite in polymer composites, it appeared
that the surface modification of imogolite could be ex-
pected to improve its dispersibility into the hydropho-
bic polymer matrix. Novel (polymer/imogolite) nano-
hybrid was prepared by free radical polymerization of
methyl methacrylate in the presence of imogolite
modified by phosphoric acid ester with a polymeriza-
ble methacrylate group, which grafts PMMA chain
from the imogolite surface. Improving the dispersibil-
ity of imogolite in the polymer matrix is anticipated
via the surface PMMA-grafting of imogolite. Figure 4
shows the schematic illustration of preparation of
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Figure 2. Schematic illustration of polymer hybrid prepared

in this review by two different techniques for imogolite nanofiller.
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Figure 3. The procedure in detail of imogolite purification from raw materials.
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(PMMA/imogolite) nanohybrid.31

The freeze-dried imogolite powder purified from
natural imogolite gel was used as described above.
2-acidphosphoxyethyl methacrylate (P-HEMA:
Figure 4) was used for the surface modifier of imogo-
lite nanofiber. Methyl methacrylate (MMA) was puri-
fied by distillation under reduced pressure over calci-
um hydride. 2,20-Azo-bis-isobutironitlie (AIBN) was
used as an initiator for free radical polymerization.
Imogolite (freeze-dried powder: 46.6mg) was dis-

persed into weak acidic water (10mL, pH ¼ 5:0) us-
ing sonication. P-HEMA (9.32, 27.96, or 46.6mg)
was dissolved into water (20mL), and the solution
was added to the imogolite aqueous suspension under
stirring to yield cloudy solution. The weight ratio of
imogolite/P-HEMA was 1:0.2, 1:0.6, and 1:1 in the
mixed solution. After stirring for 24 h, the solution
was centrifuged to collect the white precipitate of im-
ogolite modified with P-HEMA. The precipitate was
washed with water three times by centrifugation and
decantation to remove the unreacted P-HEMA, and
then freeze-dried to give a white powder of imogo-
lite/P-HEMA.
The white powder of imogolite modified with P-

HEMA (10mg: the imogolite content was 1wt%)
and AIBN (33mg) as an initiator were mixed with
MMA (1.0 g) in a glass reactor. The molar ratio of
the added monomer and initiator was 50:1. The mix-
ture became cloudy due to the suspended imogolite
nanofibers. The preparation of PMMA/imogolite hy-
brid was carried out by heating of the mixture at
343K after degassing by freeze-pump-thaw cycle.
After heating for 3 h, the obtained solid polymer
was dissolved in chloroform and reprecipitated by a
large amount of methanol to afford a white powder
of PMMA/imogolite hybrid. The yield of PMMA/im-

ogolite hybrid was 89.6%. Hybrid films were then pre-
pared by the solvent cast method from PMMA/imo-
golite solution in order to measure the optical and
mechanical properties. The 5wt% concentration of
PMMA/imogolite chloroform solution was kept in a
glass petri dish at room temperature for 12 h. After
evaporating the solvent, the film was peeled off from
the glass petri dish, and dried in vacuum for 12 h.
P-HEMA can be expected to be adsorbed onto the

surface of imogolite due to its phosphoric acid moiety,
which can interact with Al–OH groups on the imogo-
lite surface. The chemisorption of P-HEMA onto the
surface of imogolite was confirmed by infrared (IR)
measurement. IR spectroscopic measurement was car-
ried out with a resolution of 0.5 cm�1 at room temper-
ature and collected by averaging 64 scans between
4000 and 500 cm�1. A specimen for IR measurement
was prepared under pressure with KBr powder.
Figure 5 shows IR spectra of purified imogolite, P-

Figure 4. Chemical structure of 2-acidphosphoxyethyl meth-

acrylate (P-HEMA) and illustration of the preparation of poly-

mer hybrid using imogolite modified with P-HEMA. Reprinted

with permission from K. Yamamoto et al., Polymer, 46, 12386

(2005).31 # 2005, Elsevier B.V.

Figure 5. IR spectra of imogolite, P-HEMA, and imogolite

adsorbed with P-HEMA at various P-HEMA contents in the full

scale (upper) and the region from 1800 to 800 cm�1 (lower). Re-

printed with permission from K. Yamamoto et al., Polymer, 46,

12386 (2005).31 # 2005, Elsevier B.V.
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HEMA, and imogolite adsorbed with P-HEMA. The
spectrum (Figure 5, No. 5) of imogolite indicated
the characteristic absorption of stretching vibration
band (�(Si–O–Al)) at 995 cm�1 and 935 cm�1, and
large broad peak of �(OH) around 3450 cm�1.32 The
spectrum of P-HEMA (Figure 5, No. 1) also showed
a few characteristic absorption peaks, which are as-
cribed to the stretching vibration of carbonyl groups
(�(C=O)) at 1714 cm�1, the asymmetric stretching
vibration (�as(COC)) of the methacryloyloxy group
at 1179 cm�1, and several peaks for coupled vibration
of P–O stretching vibration at 1070, 1030, and 1000
cm�1.33,34 In contrast, P-HEMA chemisorbed imogo-
lite with a weight ratio of 1:0.2 (Figure 5, No. 4),
showed adsorption peak at 992 and 935 cm�1, corre-
sponding to the absorption of imogolite, and at 1722
and 1180 cm�1 corresponding to (�(C=O), �as(COC))
of P-HEMA. These results provide evidence of P-
HEMA adsorption onto imogolite surface. Further-
more, the P-HEMA content in the imogolite/P-HEMA
system (Figure 5, No. 2 and No. 3) increased with
the intensity of absorption peaks at 1080 cm�1 corre-
sponding to the �as(PO3

2�) band. Also, the �s(PO3
2�)

absorption peak generally appears around 980 cm�1

when a phosphoric acid group interacts with the sub-
strate surface.33 As a consequence, the absorption
around 995 cm�1 suggests that the modified imogolite
with P-HEMA broadened and the peak shifted to
987 cm�1 for 1:0.6 and 982 cm�1 for 1:1, because of
the extent of interaction between the phosphoric acid
groups of P-HEMA and Al–OH groups of imogolite.
The fraction of imogolite and P-HEMA was esti-

mated by thermal gravimetric analysis (TGA) and
elemental analysis. TGA measurement was conducted
from 323K to 1273K at heating rate of 10K/min.
Approximately 1mg of each sample was placed on a
platinum pan. Figure 6 shows the TGA curves of im-

ogolite and surface modified imogolite by P-HEMA
with various weight contents. Two steps of weight
loss were observed in the TGA curve of imogolite,
which is similar to the results reported by other inves-
tigators.1,35 These weight losses indicated release of
adsorbed water and structural water. On the other
hand, the TGA curves of the modified imogolite
showed the rapid weight loss from 430K in the modi-
fied imogolite, including the high P-HEMA contents.
This weight loss from 430K reflects the desorption
and degradation of P-HEMA. The amounts of adsorb-
ed P-HEMA on the surface of imogolite estimated
from elemental analysis were 0.15mg per 1mg of im-
ogolite (imogolite:P-HEMA = 1:0.2), 0.36mg (1:0.6),
and 0.51mg (1:1), respectively. Furthermore, the cov-
erage of the surface of imogolite with P-HEMA was
estimated to be 13.8, 33.5, and 47.5%. The coverage
value of surface imogolite was evaluated by the as-
sumption of the complete modification of P-HEMA
onto imogolite nanofiber.
Figure 7 shows the transmission electron micro-

scopic (TEM) image of imogolite nanofiber adsorbed
with P-HEMA. TEM observations were performed
with an acceleration voltage of 100 kV using copper
grid covered carbon film. The dispersibility of these
nanofibers was found to be similar to the morphology
of unmodified imogolite nanofibers dispersed into low
acidic water, as the diameter of nanofibers is around
several nanometers or over ten nanometers in both
cases. The dispersibility of nanofibers also supports
the successful surface modification of imogolite with
P-HEMA.
The imogolite modified by P-HEMA with a large

Figure 6. TGA curves of imogolite and imogolite adsorbed

with P-HEMA at various P-HEMA contents. Reprinted with per-

mission from K. Yamamoto et al., Polymer, 46, 12386 (2005).31

# 2005, Elsevier B.V.

Figure 7. TEM image of surface modified imogolite nanofib-

ers adsorbed with P-HEMA. The sample was prepared from

dispersed chloroform solution. Reprinted with permission from

K. Yamamoto et al., Polymer, 46, 12386 (2005).31 # 2005,

Elsevier B.V.
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amount of adsorption (imogolite:P-HEMA = 1:1)
was employed for in situMMA polymerization to pre-
pare the PMMA/imogolite nanohybrid. The polymer-
ization of MMA was confirmed by IR and NMR
measurements. The conversion of MMA in this condi-
tion was 95–98%, as estimated by NMR measure-
ment. The number average molecular weight (Mn)
and the polydispersity index (Mw=Mn) for the soluble
polymer content were estimated by gel permeation
chromatography (GPC) and are summarized in
Table I. To confirm the formation of PMMA in the
presence of imogolite nanofiber, both modified and
unmodified imogolite were used. GPC was carried
out at 313K with THF as an eluent and using only
the soluble part of the polymer hybrid through 0.5 mm
filter before analysis. GPC results indicated a lesser
influence of MMA polymerization in the presence of
1.0wt% imogolite. We used primarily the products
of PMMA and PMMA/modified imogolite hybrid
prepared through in situ polymerization with the aim
of characterizing the mechanical and optical proper-
ties of hybrid materials. PMMA polymerized without
imogolite was utilized for PMMA/imogolite blend
film by simple solution blending.
After polymerization of MMA in the presence of

the modified imogolite nanofibers, the surface grafting
of imogolite nanofibers by PMMA chains was con-
firmed by IR measurement and the state of dispersion
in contrastive solvent. To recover the PMMA-grafted
imogolite, the chloroform suspension of polymerized
PMMA/imogolite hybrid was centrifuged. Precipitat-
ed imogolite powder was rinsed with chloroform
a few times to remove free PMMA homopolymers.
Figure 8 shows the IR spectra of PMMA, modified
imogolite, and unmodified imogolite powder recov-
ered from PMMA/imogolite hybrid chloroform solu-
tion. In the spectrum of PMMA, the stretching vibra-
tion bands of CH2 and C=O at 2996 cm�1, 2952
cm�1, and 1733 cm�1 were clearly observed. The
spectrum of the modified imogolite after polymeriza-
tion showed evidence of PMMA chain attributed to
the CH2 and C=O absorption peaks at 2996, 2953,
and 1727 cm�1 and retained the coupled vibration of
the P–O stretching vibration at 1080 cm�1. The
C=O band peak at 1727 cm�1 of the modified imogo-

lite shifted slightly to the lower wavenumber side in
comparison with the spectrum of PMMA, due to the
difference in the environment between the grafted
PMMA chain and the bulk PMMA. These results re-
vealed that MMA can be polymerized and grafted
via the methacryloyl group of adsorbed P-HEMA on
the surface of imogolite. In addition, the presence of
the absorption peak at 3450 cm�1 and the two peaks
around 995–935 cm�1 demonstrates the retention of
imogolite structure after free radical polymerization
process. In contrast, the unmodified imogolite indicat-
ed very weak absorption peaks corresponding to the
polymer chain. Since unmodified imogolite without
reactive methacrylate group cannot be grafted by
PMMA, these weak peaks indicated a small amount
of physical adsorption of PMMA chain onto the sur-
face of unmodified imogolite.
Figure 9 shows the dispersion states of PMMA-

Table I. Molecular weight and polydispersity index of soluble

polymer contents in PMMA/imogolite hybrida

Run No.
Content of

imogolite (wt%)
Mn Mw=Mn

State of
imogolite

1 0 58800 2.50 —

2 1.0 65100 2.55 Modified

3 1.0 65600 2.54 Unmodified

aOnly soluble part through 0.5 mm size filter was measured.

Figure 8. IR spectra of PMMA, modified imogolite, and un-

modified imogolite recovered from PMMA/imogolite hybrid chlo-

roform solution. Reprinted with permission from K. Yamamoto

et al., Polymer, 46, 12386 (2005).31 # 2005, Elsevier B.V.

Figure 9. Dispersion state of PMMA grafted imogolite and

unmodified one in water/chloroform phase. Reprinted with per-

mission from K. Yamamoto et al., Polymer, 46, 12386 (2005).31

# 2005, Elsevier B.V.
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grafted imogolite and unmodified imogolite powders.
These powders were added to immiscible liquids such
as water and chloroform mixed solution and were dis-
persed by ultrasonic treatment for 10min. After soni-
cation, the unmodified imogolite did not disperse in
the chloroform phase, but did in the aqueous phase.
IR measurement revealed the physical adsorption of
PMMA chains onto the surface of unmodified imogo-
lite, but unmodified imogolite could not disperse in
chloroform because the PMMA chain desorbed from
the imogolite surface and dissolved into the chloro-
form phase. Furthermore, unmodified imogolite was
precipitated onto the interface between water and
chloroform after 3 h. On the other hand, PMMA-graft-
ed imogolite powder dispersed in the chloroform
phase and did not precipitate in the solution even after
several days. The stable dispersion of PMMA grafted
imogolite was due to the high affinity for chloroform,
which is a good solvent for PMMA. IR measurement
and the observation of dispersibility in solvent con-
firmed that PMMA was successfully grafted from sur-
face modified imogolite with P-HEMA.
PMMA is usually used as a transparent material,

and it is important to retain the optical properties of
PMMA, even after dispersion of reinforcing filler into
polymer matrix. The grafted PMMA chains on the im-
ogolite surface can be expected to provide a high af-
finity between imogolite nanofibers and PMMA ma-
trix. To evaluate the optical properties of PMMA/
imogolite hybrid film, the hybrid film including
1wt% surface modified imogolite with P-HEMA
was prepared. As a reference, the blend film with
same imogolite content was prepared from PMMA
and unmodified imogolite mixed solution. Figure 10
shows the transparency of PMMA, PMMA/imogolite
hybrid, and PMMA/imogolite blend films by light

transmission measurement, and Table II indicates
the haze value of each film estimated by haze meter.
Light transmission was measured with a UV-vis spec-
trometer at the region of the visible light wavelength
from 350 nm to 700 nm. Haze measurements were car-
ried out using a D65 light source and the values for
each sample were averaged after 5 measurements
at different film locations. These results show the
PMMA/imogolite hybrid film retained the transparen-
cy of matrix film, being compared to PMMA/imogo-
lite blend film. This difference in transparency can be
attributed to the dispersibility of imogolite nanofibers
in the polymer matrix. One of the factors to control
the dispersibility is the affinity of the interface be-
tween PMMA matrix and the surface of PMMA-graft-
ed imogolite.
Finally, the mechanical properties of PMMA/imo-

golite hybrid film were investigated by dynamic vis-
coelasticity measurements and the tensile test. The
temperature dependence of dynamic viscoelasticity
measurements was carried out using the rectangle
shape samples in the tensile mode at 11Hz under
nitrogen atmosphere with a heating rate of 1K/min.
The tensile test was carried out at a stretching rate
of 1mm/min. Figure 11 shows the temperature de-
pendence of the storage modulus (E0) and loss tangent

Figure 10. Light transmittance of PMMA, PMMA/imogolite

hybrid, and PMMA/imogolite blend films in the visible light

region. Imogolite content was 1.0wt%. Reprinted with permission

from K. Yamamoto et al., Polymer, 46, 12386 (2005).31 # 2005,

Elsevier B.V.

Table II. Haze value and transmittance of PMMA, PMMA/

imogolite hybrid, and PMMA/imogolite blend filmsa

Sample Haze value Transmittance/%b

PMMA 0:59� 0:11 88.6

PMMA/imogolite (hybrid) 1:18� 0:07 88.0

PMMA/imogolite (blend) 3:37� 0:56 78.4

aThe content of imogolite in polymer matrix was 1.0wt%.
bDetermined by light transmission measurement at � ¼ 500

nm.
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Figure 11. Temperature dependence of dynamic storage
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contents. Reprinted with permission from K. Yamamoto et al.,

Polymer, 46, 12386 (2005).31 # 2005, Elsevier B.V.
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(tan �) for PMMA, PMMA/imogolite hybrid, and
PMMA/imogolite blend films. The PMMA/imogolite
hybrid or blend film contained 1wt% of modified or
unmodified imogolite content, respectively. The dy-
namic storage modulus of PMMA/imogolite hybrid
film was approximately 1.5 times higher than that of
PMMA film at all temperatures. In addition, the �a-
absorption temperature of the hybrid film was higher
than that of PMMA film. Table III summarizes the
tensile modulus, tensile strength, and elongation of
PMMA, PMMA/imogolite hybrid, and PMMA/imo-
golite blend films evaluated by tensile test. The tensile
modulus and the ultimate strength of PMMA/imogo-
lite hybrid were approximately 1.4 times higher than
those of PMMA film. On the other hand, the tensile
modulus and strength of PMMA/imogolite blend film
were similar to those of PMMA film. As the dispersi-
bility of imogolite in the PMMA matrix was im-
proved, the reinforcement effect of imogolite became
remarkable in the case of PMMA/imogolite hybrid
film. The elongation at the break of PMMA/imogolite
hybrid and then blend film was smaller than that of
the matrix polymer film, but, the hybrid film clearly
showed a greater elongation at the break than the
blend film. The reason for the difference in elongation
between these films seems due to the lack in the inter-
facial defect between PMMA-grafted imogolite and
matrix PMMA.

(IMOGOLITE NANOFIBER/ENZYME)
HYBRID HYDROGEL

Since imogolite is a natural hydrogel, it can be uti-
lized for the immobilization of biological compo-
nents. This section introduces the hybrid of imogolite
and enzyme having phosphoric acid groups interact-
ing with the imogolite surface.36 By utilizing the im-
mobilization of the enzyme which has a phosphoric
acid group on the nanofiber, it is possible to achieve
high loading of enzyme immobilization by immobiliz-
ing enzymes with a phosphoric acid group onto the
nanofiber. Furthermore, enzyme activity can be ex-
pected to be maintained by formation of a hybrid hy-
drogel immobilized with enzyme because imogolite
can form a 3-dimensional network structure in aque-
ous solution.37 The authors introduce herein prepara-

tion of a hybrid hydrogel via the immobilization of
pepsin as a model enzyme with a phosphoric acid
group and evaluation of its aggregation structure and
enzyme activity.
The (imogolite/pepsin) hybrid hydrogel was pre-

pared by adding 10mL of pH ¼ 3:1 pepsin solution
(1mg/mL) to 10mL of pH ¼ 3:1 imogolite solution
(0.5mg/mL). The mixture was incubated at 310K by
shaking at 120 rpm for 4 h. After that, it was centri-
fuged at 3000 rpm for 15min and rinsed 3 times with
pH ¼ 3:1 acetic acid solution to obtain the hybrid hy-
drogel. Figure 12 shows a photograph and schematic
representation of the structure of the hybrid hydrogel.
Pepsin has a phosphoric group at the serine of the 68th
residue.38,39 The Al–OH groups of imogolite are posi-
tively charged and dispersed under acidic conditions
(pH below 5) in aqueous solution by the electrostatic
repulsion among them, and pepsin is negatively charg-
ed under pH ¼ 3:1 because its isoelectric point is 1.0.40

This hybrid hydrogel was formed due to the electro-
static interaction between imogolite and pepsin as well
as the interaction between Al–OH groups of the imo-
golite surface and the phosphoric group of pepsin.
To the best of our knowledge, this is the first report
of a hybrid hydrogel prepared via the immobilization
of enzyme onto inorganic nanofibers.
The immobilization of pepsin was confirmed by IR

measurement using the KBr method. Figure 13 shows
IR spectra of imogolite, pepsin, and hybrid hydrogel
immobilized with pepsin. The absorption peaks at
995 and 940 cm�1 can be attributed to the stretch-

Table III. Tensile modulus, strength, and elongation of PMMA, PMMA/imogolite hybrid,

and PMMA/imogolite blend films evaluated by tensile testa

Sample Modulus/GPa Strength/MPa Elongation/%

PMMA 1:13� 0:05 27:6� 0:6 38:0� 13:7

PMMA/imogolite (hybrid) 1:55� 0:05 38:5� 0:8 21:0� 8:9

PMMA/imogolite (blend) 1:20� 0:08 27:7� 1:2 5:0� 1:2

aThe content of imogolite in polymer matrix was 1.0wt%.

a)a) b)b)

Figure 12. a) Photograph and b) schematic representation of

(imogolite/pepsin) hybrid hydrogel. Reprinted with permission

from N. Inoue, et al., Chem. Lett., 35, 194 (2006).36 # 2006,

The Chemical Society of Japan.
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ing vibration of Si–O–Al in imogolite, and those at
1647 and 1537 cm�1 to amide I and II bands in pepsin,
respectively.41 The immobilization of pepsin by the
interaction between pepsin and imogolite was indi-
cated, since the absorption peaks of pepsin and imogo-
lite were observed simultaneously and the intensity
ratio of absorption peaks from imogolite at 995 and
940 cm�1 was changed before and after immobiliza-
tion. Furthermore, the same absorption peaks from
amide I and II bands before and after immobilization
suggest that pepsin was not denatured. The amount of
immobilized pepsin was estimated by TGA measure-
ment. The sample for TGA was prepared by heating
the freeze-dried hybrid hydrogel in toluene at 357K,
which is the azeotropic temperature between H2O
and toluene mixture, and residual toluene was re-
moved by vacuum drying. The maximum value was
approximately 1.8mg of pepsin per 1mg of imogolite.
Assuming a single-fiber dispersion of imogolite, this
maximum value indicates that ca. 71% of the surface
of imogolite is covered with pepsin molecules.
Confocal laser scanning microscopy (CLSM) and

field-emission scanning electron microscopy (FE-
SEM) were used to evaluate the dispersion state of
pepsin in the hybrid hydrogel and the network struc-
ture of hybrid hydrogel. The sample for CLSM obser-
vation was prepared with hybrid hydrogel composed
of pre labeled imogolite and pepsin. Imogolite and
pepsin were labeled with fluorescein 5-isothiocyanate
and adenosine 50-triphosphate, Alexa Fluor� 647 20-
(or-30)-O-(N-(2-aminoethyl)-urethane), and hexa(trie-
thylammonium) salt, respectively. For FE-SEM obser-
vation, hybrid hydrogel was dehydrated by freeze-dry-
ing and the specimen was prepared by pre coating
dehydrated hybrid hydrogel with OsO4. Pepsin was
found to be finely dispersed in the hybrid hydrogel,
and the fluorescent images of pepsin and imogolite

showed a similar morphology (figure not shown)
due to the immobilization of pepsin onto the imogolite
surface. Figure 14 shows the FE-SEM image of the
hybrid hydrogel with 99.7% water content. The 3-di-
mensional network structure of the hybrid hydrogel
composed of imogolite could be directly observed.
The average pore size of the hybrid hydrogel in this
image was 108 nm.
The enzyme activity of immobilized pepsin in the

hybrid hydrogel was evaluated based on hydrolysis
of hemoglobin at pH ¼ 3:1. Each sample of hybrid
hydrogel and free pepsin solution was mixed with
2.5mL of 2.5wt% hemoglobin solution and incubated
at 310K for 10min. Next, 5mL of 5wt% trichloro-
acetic acid was added to the mixture and the reaction
mixture was incubated at 310K for 1 h. After centrifu-
gation and filtration, the filtrate products were meas-
ured by UV-vis spectroscopy to estimate the reaction
rate, �A280/min. �A280/min shows the change in ab-
sorbance at 280 nm. �A280/min of free pepsin was
0.183, and that of immobilized pepsin in the hybrid
hydrogel was 0.048. Therefore, immobilized pepsin
in the hybrid hydrogel retained ca. 26% of its enzyme
activity compared with free pepsin in aqueous solu-
tion. The enzyme activity of immobilized pepsin
was apparently decreased. Similar behavior has been
observed for the enzyme immobilized at the inner sur-
face of halloysite.42 This decrease could be ascribed to
the slow diffusion of substrate into the network struc-
ture of the hybrid hydrogel shown in Figure 14 as well
as to inhibition of the diffusion of substrate to the
active site of immobilized pepsin due to the steric
hindrance of the imogolite network. In the case of
pepsin immobilized in the hybrid hydrogel, it can be
easily recovered from the reaction system and can re-
peatedly react with the substrate. The change in en-
zyme activity was investigated in the repeated reac-
tion. Figure 15 shows the change in enzyme activity
of immobilized pepsin in the hybrid hydrogel. In fact,
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the enzyme activity of immobilized pepsin was re-
tained after four reactions, with a slight decrease in
activity as the number of reactions increased.

(IMOGOLITE NANOFIBER/PVA) HYBRID
PREPARED BY IN SITU METHODS

Imogolite also has the advantage of being able to
be prepared artificially like a CNT,43 making it poten-
tially useful in various commercial applications. A
synthetic pathway of imogolite was first described in
1977 from dilute solutions of aluminium chloride
and monomeric orthosilicic acid,44 and several inves-
tigations concerning synthetic methods for imogolite
have been reported.45,46 However, the preparation of
a polymer–nanofiber hybrid utilizing in situ synthe-
sized imogolite has not been achieved thus far. The
authors introduce here the synthetic method for an
aluminosilicate nanofiber in polymer solution toward
the preparation of a nanohybrid, and characterization
of the imogolite/polymer hybrid prepared by in situ
synthesis.47

Imogolite was synthesized essentially by the meth-
od described by Farmer et al.44 An aqueous solution
of aluminum chloride [AlCl3.6H2O] was mixed with
an aqueous solution of tetraethoxysilane [Si(OEt)4].
The final concentration of the solution was 2.4
mmol L�1 with respect to Al and 1.4mmol L�1 for
Si. The solution was stirred for an hour in order to hy-
drolyze tetraethoxysilane. Aqueous sodium hydroxide
(0.1mol L�1) was then slowly added until the aqueous
solution reached pH 5, with a slightly cloudy appear-
ance. Furthermore, the solution was reacidified by the
addition of 1mL of hydrochloric acid (1mol L�1) and
2mL of acetic acid (1mol L�1) per liter of solution.
The solution was then stirred at 369K for various pe-
riods. After being cooled to room temperature, the
suspended material was gelated by sodium chloride
solution (8.6mmol L�1) and rinsed with distilled wa-
ter using a 100 nm Millipore filter. The rinsed imogo-

lite gel in the low acidic aqueous solution was redis-
persed by sonication. The white solid obtained by
freeze-drying of the dispersed solution was light and
fluffy, similar to natural imogolite. The yield of the
freeze-dried products was 67.3%.
The freeze-dried synthetic imogolite sample was

characterized by IR measurement with KBr method.
Figure 16 (Curve 4) shows the IR spectrum of synthe-
sized imogolite reacted for 96 h. This spectrum shows
two sharp absorptions at 995 and 935 cm�1, which
were assigned to the Si–O–Al stretching vibration,
and a large absorption at 3440 cm�1 corresponding
to the OH stretching vibration. The IR spectra in this
region were not sufficiently distinctive to allow for the
presence of other aluminosilicates such as allophane
(spherical structure). A previous paper regarding the
synthesis of imogolite48 has indicated that the appro-
priate reaction time for the formation of imogolite is
4–5 days. Actually, the IR spectra of synthesized imo-
golite heated for 12–72 h showed adsorption peaks at-
tributed to the by products, because of the remaining
imogolite precursor (not shown). Consequently, the
reaction time of the in situ synthesis in the polymer
solution was set at 96 h.
The polymer nanohybrid was prepared by in situ

synthesis of imogolite in the presence of poly (vinyl
alcohol): PVA in solution. PVA having hydroxyl
groups can be expected to interaction with the surface
of imogolite. PVA with a degree of polymerization of
630 was used. The dilute Al and Si solution adjusted
pH was mixed with PVA aqueous solution and stirred
at 369K for 96 h. The mixed solution was prepared
with different mass-fraction ratios of 1:1, 1:5, 1:10,
1;20, and 1:50, respectively. After cooling, the mixed
solution of imogolite and PVA was reprecipitated
with ethanol, and the precipitate was filtered using a
450 nm Millipore filter and then rinsed with water
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and ethanol. The white product of in situ synthesized
imogolite/PVA hybrid was then obtained. Further-
more, the cast film was prepared from in situ synthe-
sized imogolite/PVA solution in order to measure the
optical and mechanical properties of the films. The
hybrid films used in this method were prepared by
the cast method from imogolite/PVA solution. The
concentration of imogolite/PVA aqueous solution
was 5wt%. This solution was kept in a glass petri dish
hydrophobical surface-treated at 323K for 12 h. After
drying, the film was peeled from the glass petri dish
and dried in vacuum for 12 h. As reference samples,
the PVA homo polymer and freeze-dried imogolite/
PVA blend films were also prepared in the same
way. The thickness of these cast films were ca.
100 mm.
To characterize the imogolite hybrid by the in situ

synthetic method, IR measurement was carried out.
Figure 16 (Curves 1–3) shows the IR spectra of
PVA and the imogolite/PVA hybrid samples prepared
by two different methods. One was prepared by the
in situ method and the other by the blending of
PVA powder and freeze-dried natural imogolite. The
weight ratio of the imogolite to PVA was 1:1 for each
sample. The characteristic absorption peaks of PVA
were appeared at 2945 cm�1: �a(CH2), 2915 cm�1:
�s(CH2), 1430 cm�1: �(CH2), and 1095 cm�1: �(C–
O).49 In addition, the IR spectra of the hybrid with im-
ogolite showed two sharp peaks corresponding to the
Si–O–Al stretching vibration, which were the same as
those shown by the synthesized imogolite. (Curve 4)
The IR spectra of the natural imogolite/PVA and syn-
thetic imogolite/PVA hybrid materials are quite sim-
ilar to that of the PVA powder, except for the charac-
teristic imogolite absorptions at 995 and 930 cm�1.
These results suggest that imogolite was successfully
formed in the polymer solution.
The molecular aggregation state of synthesized

imogolite/PVA hybrid was confirmed by wide angle
X-ray diffraction (WAXD) measurements. WAXD
measurement was carried out at the BL02B2 beam
line of SPring-8 using white powder products packed
in a quartz glass capillary. WAXD used incident X-
rays with a wavelength � of 0.10 nm. Figure 17 shows
WAXD profiles of natural and synthetic imogolite
and the imogolite/PVA hybrid. The imogolite:PVA
weight ratio was 1:1 for the hybrid. Scattering vector
q [nm�1] is defined as q ¼ ð4�=�Þ sin �, where � and
� are the wavelengths of the X-ray and scattering
angle, respectively. The d-spacing was calculated by
d [nm] = 2�=q. The WAXD pattern of imogolite con-
sists of a number of broad reflections. The reflections
at 1.83–1.36 and 0.79 nm for natural imogolite,2 and
at 2.30–1.50 and 0.95 nm for synthetic imogolite,48

originated from the planes of hexagonally packed

nanotube and the scattering of individual nanotubes.
Similar diffractions corresponding to the hexagonally
packed nanotube have also been observed for a single
wall carbon nanotube.50 In addition, the PVA crystal-
line diffraction corresponding to (101) was observed
at 0.45 nm. The diffraction peaks for the synthetic im-
ogolite was observed at a lower q value than that for
natural imogolite, indicating that the diameter of the
synthetic imogolite is slightly larger than that of the
natural imogolite.51 In the imogolite/PVA hybrid sys-
tem, the characteristic reflections at 2.0, 0.98, 0.33 and
PVA’s peak showed the presence of imogolite nano-
fiber and PVA. The absence of diffraction peaks from
by-products suggests that imogolite can be in situ syn-
thesized in PVA aqueous solution.
To observe the morphology of in situ synthesized

imogolite in the polymer matrix, the cyclic contact
mode atomic force microscopy (AFM) was carried
out. The sample for AFM observation was prepared
by the spin-coating of a 1% dispersed solution of im-
ogolite/PVA hybrid at 3000 rpm for 1min on a silicon
wafer, and the obtained film was then vacuum-dried
for 12 h. The AFM observations were carried out at
room temperature using a Si3N4 rectangular cantilever
with a spring constant of 15Nm�1, and the resonant
frequency of the cantilever was around 160 kHz.
The setpoint amplitude was �30%. Figure 18 shows
the cyclic contact mode AFM images of the in situ
synthesized imogolite/PVA hybrid prepared with var-
ious weight ratios of the imogolite/PVA, in a range
from 1:1 to 1:50. The brighter areas in the cyclic con-
tact mode AFM image correspond to the higher height
region. The AFM images, except for the weight ratio
of 1:50 for imogolite/PVA, showed the fiber morphol-
ogy. This morphology indicates formation of the bun-
dle of imogolite nanofiber. The average length of the
synthesized imogolite fiber observed for the films

Figure 17. WAXD profiles of natural and synthesized imogo-

lite, PVA and in situ synthesized imogolite/PVA, respectively.

Reprinted with permission from K. Yamamoto, et al., Soft Matter,

1, 372 (2005).47 # 2005, Royal Society of Chemistry.
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prepared by the in situ method was several hundred
nanometers. This value is smaller than that of typical
natural and synthesized imogolite nanofibers. Further-
more, the AFM image of the imogolite/PVA weight
ratio of 1:50 (Figure 18e) showed no evidence of im-
ogolite fiber formation. The reason for the inhibition
of the formation of the imogolite structure in the
PVA matrix is the influence of PVA concentration
in the solution. Previous papers have indicated that
the important factors governing the formation of imo-
golite are the pH, OH/Al, Si/Al molar ratio, temper-
ature, and additives in the solution.48,52 In particular,
additives such as organic ligands, which can interact
with the aluminum ion, play a decisive role in the
formation and nature of short-range ordered alumino-
silicate.52 The length of the imogolite nanofibers
estimated from the AFM images were 689� 47 nm
(imogolite:PVA = 1:1), 271� 21 nm (1:5), 224� 18
nm (1:10), and 178� 9:3 nm (1:20), respectively. In
contrast, the length of natural imogolite nanofiber
was several micrometers, as reported.52 These results
obtained from the AFM images have revealed that
the growth of imogolite nanofibers in the axial direc-
tion might be impeded by the presence of PVA due to
the interaction between imogolite and PVA. This in-
termolecular interaction was maintained by the forma-
tion of lyotropic mesophase in an imogolite and PVA
mixed system.7 These results suggest that the higher
PVA concentration inhibited the formation of the syn-
thetic imogolite nanofiber. It therefore seems that
there is a critical concentration of PVA for the forma-
tion of synthesized imogolite.
Optical properties of hybrid films were measured

by light transmission and haze value measurements.

Figure 19 shows the light transmittance through the
imogolite/PVA and PVA films. Two kinds of imogo-
lite/PVA films prepared by different procedures were
used for the measurement. One was prepared by the in
situ method with various weight ratios of imogolite/
PVA, and the other by the blending of PVA and
freeze-dried imogolite powder.8 Imogolite/PVA hy-
brid film from the in situ method was optically trans-
parent, and thus comparable to imogolite/PVA blend
film with the same quantity of freeze-dried imogolite
powder at a high fraction of imogolite. It appears to be
difficult to redisperse the freeze-dried imogolite pow-
der, since imogolite fibers aggregate during the proc-
ess of air-drying or freeze-drying. However, imogolite
formed via in situ synthesis in a polymer solution ex-
hibited fine dispersion because adsorbed PVA chains
on imogolite nanofibers during the synthetic process

Figure 18. Cyclic contact mode AFM height images of in situ synthesized imogolite/PVA hybrid. Imogolite:PVA (w/w) = (a) 1:1,

(b) 1:5, (c) 1:10, (d) 1:20 and (e) 1:50. Reprinted with permission from K. Yamamoto, et al., Soft Matter, 1, 372 (2005).47 # 2005, Royal

Society of Chemistry.

Figure 19. Light transmittance of in situ synthesized imogo-

lite/PVA hybrid, imogolite/PVA blend, and PVA films. The mag-

nitude of transmittance was corrected by the film thickness. Re-

printed with permission from K. Yamamoto, et al., Soft Matter,

1, 372 (2005).47 # 2005, Royal Society of Chemistry.
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inhibited their aggregation. In addition, the PVA hy-
brid film that contained large amounts of imogolite,
up to a weight ratio of 1:5 (imogolite/PVA), could
maintain high optical transparency, not only because
of the dispersibility of synthetic imogolite in the
PVA matrix, but also because of the decrease in the
crystallinity and crystallite size of PVA through the
strong interaction between imogolite and PVA.
Table IV summarizes the haze value of imogolite/

PVA hybrid films and Figure 20 shows the transpar-
ency of in situ hybrid and blend films with the same
imogolite contents, which was imogolite:PVA =
1:20. The haze value of the synthesized imogolite/
PVA hybrid and PVA film was low; in contrast, that
of the imogolite/PVA blend film was high. The high
haze value means that there was a scattering of inci-
dent light that passed through the imogolite/PVA
blend film due to the presence of aggregated imogolite
nanofibers in the polymer matrix. Light transmittance
and haze measurements revealed that synthetic imo-
golite nanofibers prepared by in situ synthesis were
finely dispersed in the PVA matrix compared with

the film prepared by the simple blending of freeze-
dried imogolite and PVA.
The temperature dependence of dynamic viscoelas-

ticity was measured for each sample in order to esti-
mate the mechanical properties of in situ synthesized
imogolite/PVA hybrid film. The temperature rage
of dynamic viscoelasticity measurement was from
123K to 473K. The upper portion of Figure 21 shows
the temperature dependence of the dynamic storage
modulus, E0, of PVA, imogolite/PVA hybrid, and
blend films. Table V summarizes the modulus at room
temperature and the heat distortion temperature
(HDT) of hybrid and blend films. The HDT value
from the dynamic viscoelasticity measurement, which
has been proposed by DeVries et al.,53 was used. HDT
values can be estimated within a sample set from
storage modulus data by determining the temperature

Table IV. Haze value of in situ synthesized imogolite/PVA

hybrid, imogolite/PVA blend and PVA films

Sample(weight raito) Haze value/%

PVA 1:59� 0:19

Imogolite:PVA 1:20 1:00� 0:08

Imogolite:PVA 1:10 0:57� 0:02

Imogolite:PVA 1:5 2:55� 0:08

Imogolite:PVA 1:20a 29:94� 3:60

aBlend film.

Figure 20. Transparency of in situ hybrid (upper) and blend

(lower) films with imogolite:PVA = 1:20. The thickness of films

is ca. 100 mm Reprinted with permission from K. Yamamoto,

et al., Soft Matter, 1, 372 (2005).47 # 2005, Royal Society of

Chemistry.
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Table V. Room temperature modulus and heat distortion

temperature of in situ synthesized imogolite–PVA hybrid,

imogolite–PVA blend and PVA films estimated

from dynamic viscoelasticity measurement

Sample E0/GPab HDT/K

PVA 4.2 374

Imogolite:PVA 1:20 5.8 383

Imogolite:PVA 1:10 5.8 388

Imogolite:PVA 1:5 6.6 402

Imogolite:PVA 1:20a 4.3 379

aBlend film. bEvaluated at 298K.
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at which the storage modulus drops to 25% of its
room temperature value. The downward arrows in
Figure 21 indicate the HDT temperature of prepared
films. E0 at room temperature and HDT of in situ syn-
thesized imogolite/PVA hybrid films were found to
be higher than that of the PVA film. Furthermore, E0

and HDT values increased with imogolite content
in the polymer matrix. In contrast, no change in E0

curves between the imogolite/PVA blend film and
the PVA film could be observed. The lower portion
of Figure 21 shows the temperature dependence of
the mechanical loss tangent, tan �, of imogolite/PVA
hybrid films. Compared with the PVA film, changes
in the �c and �c absorption peaks of in situ imogo-
lite/PVA hybrid films and imogolite/PVA blend film
were observed. Both the �c and �c peaks can be attrib-
uted to motions within the crystalline phase of PVA,
with the �c peak being assigned to translational modes
of chain segments along the chain axis.54 In contrast,
the �c peak can be ascribed to an anharmonic twisting
vibration around the chain axis. We therefore attribute
this change to the change in the molecular aggregation
state in crystalline phase of PVA.54 The change in
crystalline aggregation states was also observed as a
change in crystallinity.
Figure 22 shows the DSC curves of PVA and imo-

golite/PVA hybrid films. DSC was performed un-
der nitrogen gas flow (50mLmin�1), from 313K to
523K, at a heating rate of 10Kmin�1. As shown in
Figure 22, DSC curves revealed the decrease in the
heat of fusion and the melting point of the PVA crys-
tal in the hybrid film. Table VI summarizes the melt-
ing point and crystallinity, calculated from the exper-
imentally obtained heat of fusion, which was esti-
mated from the literature value of pure PVA crystal
as a standard.55 The magnitude of the heat of fusion
of PVA ideal crystal was reported as 156 J g�1. The

crystallinity was evaluated under consideration of
the mass fraction of PVA in the hybrids. A decrease
in PVA crystallinity was observed in the imogolite/
PVA hybrid film compared with the PVA film. Gener-
ally, the lower the crystallinity of polymer materials,
the higher the intensity of �a-absorption in tan �
curves (�a-absorption was assigned to micro-Browni-
an motions of long chain segments in the amorphous
regions of the polymer).54 On the other hand, even
though the PVA crystallinity of the in situ imogo-
lite–PVA hybrid film decreased, the �a-absorption of
hybrid films was observed as being similar to that of
PVA film (Figure 21). The reason for this behavior
is thought to be the growth of unstable PVA crystals
that do not contribute to the �a-absorption process be-
cause of the strong interaction between the hydroxyl
groups of PVA and the hydrophilic imogolite surface.
The in situ imogolite/PVA hybrid prepared by the in
situ method exhibited excellent mechanical properties
due to the fine dispersion of imogolite in the polymer
matrix. The improvement of mechanical properties of
crystalline polymer despite the decrease in crystallin-
ity suggests the efficient reinforcing effect of imogo-
lite nanofiber against the PVA matrix.

CONCLUSION

In this review, some procedures for the preparation
of polymer hybrid with imogolite were described. By
using surface modifier with both polymerizable units
and phosphoric acid groups, PMMA/imogolite hybrid
was successfully prepared. Pepsin/imogolite hybrid
gel was prepared and well-characterized. Furthermore,
in situ synthesis of imogolite in PVA solution gave
mechanically improved hybrid materials that main-
tained their optical properties. Because imogolite is
a naturally produced nanofiber and can also be artifi-
cially prepared, it appears to be a promising candidate
for use as a-next generation environmentally benign
nanofiller.
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