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Abstract

Micro-sized in the cross section aluminum oxide fibres, have been obtained by the sol-gel method with
cotton cellulose as a template. The effect of the supramolecular structure of cellulose on the properties of
ceramic fibres has been studied. It has been demonstrated that the initial morphology and supramolecular
structure of cellulose have a significant impact on the template synthesis process.
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INTRODUCTION

At the present stage of the development of
chemical technology, ceramic fibres are of a
special interest. On their basis, one could make
the materials of a new generation, viz., light,
durable, wear-resistant, and suitable for using
at high temperature values and in aggressive
environments. As a promising material for the
preparation thereof one could consider alumi-
num oxide. Its use would extend the scope of
ceramic fibres and substantially reduce the cost
thereof. In addition, aluminum oxide is produced
from common naturally occurring minerals
(bauxites, nepheline, and kaolinites). A high
chemical and thermal stability and hardness
inherent in the aluminum oxide are caused by
its crystalline structure. Aluminum oxide can
be crystallized in several modifications; the most
stable among those is presented by α-Al2O3 (co-
rundum). Industrial methods for forming such

high-temperature fibres usually, as a rule, in-
clude the preparation of metal oxide sols [1�3].

Ceramic fibres are made, in particular, by
the method of template synthesis [4�7], that
is based on the ability of polymeric fibres to
swell in salt solutions or sols of hydrated metal
oxides and absorb inorganic compounds or form
complexes with them followed by burning the
organic component [8]. After the sorption of the
salts from solutions or nanoscale particles of
sols of the fibres are dried and treat thermally
to remove crystallization, hydrated water and
template [9]. Oxide fibrous materials obtained
in such a way remain the texture of the initial
polymeric fibre.

Ceramic fibres obtained by the method of
template synthesis, are characterized by a high
reactivity in the adsorption interaction with gas
and liquid environments, as well as by a chem-
ical inertness with respect to the excited envi-
ronment. Because of this, they could be used
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as catalyst carriers, filtering media, thermal in-
sulating layers and filling agents, means for cap-
illary transportation. In addition, the ceramic fi-
bres are characterized by a high dispersity level
and mono-fractional composition of  aluminum
oxide, and therefore, they are promising for the
development of high-strength ceramics, vari-
ous composite materials for structural and func-
tional purposes,  having both improved and spe-
cial properties [8]. In this context, the studies
concerning the development of physicochemical
and technological principles of  the preparation
of aluminum oxide fibres are relevant.

The authors of [4�8] obtained metal oxide
fibres with transverse sizes from 4 to 10 µm
using cellulose as a template; and demonstrat-
ed that in case of this method of synthesis the
structure thereof depends on the morphology
of cellulose fibres. However, the influence of
the supramolecular structure of the template
upon the morphology of metal oxides is poorly
studied at the present time.

The purpose of this work consisted in study-
ing the influence of the supramolecular struc-
ture of cellulose (template) that changes in the
course of mercerization, upon the morphology
of aluminum oxide.

EXPERIMENTAL

Materials

Sol of hydrated aluminum oxide. As a start-
ing reagent we used chemical purity grade alu-
minum chloride hexahydrate AlCl3 ⋅ 6H2O,
whereas as the hydrolyzing agent an ammonia
solution was used with the concentration of
7 mol/dm3. The synthesis of the sol of hydrat-
ed aluminum oxide was performed using a con-
trolled hydrolysis technique under permanent
stirring and at a room temperature; the pro-
cess was finished when the final pH  value
ranged within 5�5.5. Low molecular mass sub-
stances were removed from the sol via dialysis
through a semipermeable polymeric membrane
(CelluSep 1230-45); the completion of the re-
action was monitored basing on a qualitative
analytical reaction of  chloride ions [10]. The
resulting sol represented an opalescent aggre-
gation-stable system; it was characterized by

the value of  the dynamic viscosity,  the con-
tent of dispersed phase, and by particle size.

Cotton cellulose and mercerized cotton cel-
lulose. As the starting material we used
bleached cotton cellulose (SP-1400). The mer-
cerized cellulose was obtained via treating the
original cotton cellulose by sodium hydroxide
solution with the concentration of 5.2 mol/dm3

with further washing and drying [11]. The mer-
cerized cellulose is characterized by a high con-
tent of the α-form of cellulose (properly
poly(1→4)-β-D-anhydroglucopyranose), a very
low content of hemicellulose and other related
substances, a high polymerization level and a
greater fibre length as compared with other
cellulosic materials.

Aluminum oxide fibres.  Ceramic fibres were
obtained via impregnating the naturally occur-
ring or mercerized cellulose fibres in the sol of
hydrated aluminum oxide [8, 12] at a mass ratio
m(Al2O3)/m(C6H10O5)n = 1 : 25. After the impreg-
nation by the sol the fibres were dried in air at
room temperature for 1 day, with further cal-
cining. The calcination was performed stepwise
through isothermal stages whose temperature
corresponded to water desorption processes and
the destruction of cellulose fibres. We chose the
following mode of  calcinations: heating rate from
20 to 600 °C equal to 2 °C/min, that from 600 to
1300 °C being equal to 5 °C/min, holding for 1 h
at 200, 450, 600 and 1300 °C.

Methods

The density of sols was determined using
the pycnometric method. The value of the
dynamic viscosity was determined with the help
of a VPZh-3 capillary viscometer (capillary
diameter amounting to 0.56 mm). The mass
fraction of the dispersed phase in the system
was determined by gravimetric method. Particle
size was measured using a Malvern
ZetasizerNano ZS measuring unit basing on
dynamic light scattering.

The X-ray phase analysis (XPA) of  the sam-
ples was performed using a Shimadzu XRD-
6000 X-ray diffractometer with CuKα radiation
within the range of reflection angles 2θ = 5�
70°. The index of cellulose crystallinity Icr was
determined using a method by Segal [14]:
Icr = I002 � Isc/I002
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TABLE 1

Degree of ordering and crystallinity indices of the initial and mercerized cotton cellulose

Cellulose samples Degree of ordering Crystallinity index (Icr)

K1 K2

Original 1.5 1.0 0.82

Mercerized 1.3 1.0 0.53

Fig. 1. X-ray patterns of  original (1) and mercerized (2)
cotton cellulose.

Fig. 2. IR spectra of  the fibres of  original (1) and
mercerized (2) cotton cellulose.

where I002 is the intensity of reflex 002; Isc is
the scattering intensity at the angle 2θ ≈ 19°.

The IR spectra of the samples studied were
registered using a Shimadzu IRPrestige-21 FTIR
spectrometer within the mid-infrared region of
4000�400 cm�1 with pressing-in the samples in
KBr pellets. The level of ordering the cellulose
K1 and K2 were calculated by means of the
Nelson and O�Connor method [15]:
K1 = A1429/A897

K2 = A1372/A2900

where A is the intensity.
The selection of the thermal treatment mode

and evaluation of thermal effects were per-
formed on the basis of the differential scan-
ning calorimetry (DSC) data, that were obtained
within the temperature range of 25�1250 °Ñ  at
the heating rate of 5 °Ñ/min (a Netzsch STA
409 PC/PG devise).

The morphology of the cellulose and alumi-
num oxide fibres was studied by means of scan-
ning electron microscopy (SEM) using a VEGA3
TESCAN electron microscope in a BSE mode
(backscattered electron mode).

RESULTS AND DISCUSSION

In the course of the mercerization, there
occurs cellulose transition from structural mod-
ification I to structural modification II. The
mercerized cellulose has a lower index of crys-
tallinity, exhibits a higher degree of X-ray
amorphism, has a less ordered packing of mac-
romolecules as well as changed parameters of
the crystal lattice. One of the measures of
changing in the course of mercerizing is pre-
sented by crystallinity index that can be de-
termined by means of XPA (Fig. 1) [13].

From Table 1 it follows that after the mer-
cerization the crystallinity of cellulose decreases,
i. e. the cellulose partially is transformed into the
amorphous state. This is consistent with published
data concerning the mercerization of cellulose [14].

Data concerning the level of cellulose or-
dering calculated from the IR spectra by means
of the Nelson and O�Connor method, also in-
dicate a significant reduction of the crystallin-
ity index, which correlates with the XPA data
(see Table 1).
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Fig. 4. Micrographs of the fibres of mercerized cotton cellulose.

Fig. 3. Micrographs of  the fibres of  original cotton cellulose.

According to Fig. 2, the IR spectra of the
original and mercerized cotton cellulose exhibit
the absorption maxima to be almost coinciding.
The broad absorption band at 3700�3100 cm�1

in the IR spectrum of cellulose is connected
with the stretching vibrations of hydroxyl
groups involved in the hydrogen bonding. It
should be noted that there is a slight shift of

the band maximum of the sample of mercer-
ized cellulose, the stretching vibrations of OH
groups toward a high frequency range. Chang-
ing the contour of the band with shifting the
maximum toward higher frequencies indicates
a decrease in the fraction of groups included
in a stronger hydrogen bonding, i. e. a loosen-
ing of the structure of mercerized cellulose as
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Fig. 6. TG and DSC curves for the sample of mercerized
cotton cellulose impregnated with a sol of  hydrated
aluminum oxide.

Fig. 5. TG and DSC curves for the sample of mercerized
cotton cellulose.

compared to the original cotton cellulose. The
ratio between the intensities of the bands at
1429 and 897 cm�1 as a measure of the order-
ing level to a better extent reflects the changes
those occur in the cellulose under mercerizing
and correlates with the index of crystallinity.

The mercerized cellulose, despite of pro-
found swelling in alkaline solution exhibit the
original geometric dimensions of  cotton cellu-
lose fibres to be conserved after subsequent
washing and drying (Figs. 3 and 4). The surface
of the mercerized fibre is more smooth and flat.

Figures 5 and 6 demonstrate the curves of
TG and DSC in the course of heating the cel-
lulose in an atmosphere of air. The DSC curves
for the sample of  the original cotton cellulose
are not presented because they are generally
similar to the data for the samples of mercer-
ized cotton cellulose. Upon heating the cellulose
in the oxygen environment the DSC curve (see

Fig. 5) exhibits endothermic effects. Within the
temperature range of 90�100 °Ñ there occurs
a desorption of water absorbed earlier; at 200�
250 °Ñ there occurs dehydration, beginning the
destruction of cellulose glycoside bonds is ob-
served (i. e. depolymerisation); at 300�350 °Ñ
one can observe developing the processes of
profound thermal cellulose destruction, as well
as the formation and volatilization of levoglu-
cosan accompanied by a significant loss of the
mass. Within the range of 420�450 °Ñ the exo-
thermic effect is associated with the condensa-
tion of volatile products, the formation of new
bonds, with appearing the aromatic structures.
The highest rate of mass loss is observed within
the temperature range of 380�540 °Ñ, which
is connected with the oxidation of the organic
matrix and with the formation of volatile com-
pounds. This process corresponds to exoeffects
exhibited by the DSC curve.

For the sample of cotton cellulose impreg-
nated with the sol,  the DSC curves demon-
strate similar effects within the mentioned in-
tervals, which effects are inherent in the cellu-
lose proper (see Fig. 6). However, the character
of the DSC curve for this sample is different.
At 320�350 °Ñ there appears an endothermic
effect associated with the decomposition of the
residual amounts of ammonium chloride (a prod-
uct of aluminum chloride hydrolysis). When the
temperature increases from 540 to 600 °Ñ, the
rate of mass loss is markedly reduced, the car-
bon burnout is stopped and metal oxide begins
to form with a fibrous texture. Further increas-
ing the temperature of heat treatment up to
1300 °Ñ does not lead to changing the sample
mass. In the course of the thermal oxidation of
cellulose impregnated with the sol of  hydrated
aluminum oxide there occurs nucleation and
growth of the grains of aluminum oxide. They
form a linear chain structure that reproduces
the shape of  the original cellulose fibre.

As the impregnating system we used a sol
of hydrated aluminum oxide having the fol-
lowing characteristics: the mass fraction of alu-
minum oxide (5.8±0.3) %,  the dynamic viscosi-
ty (5.9±0.7) mPa ⋅ s, particle size (76.5±1.2) nm.

The reflexes on the XRD pattern of alumi-
num oxide fibres indicate the formation of a
stable α-aluminum oxide phase. The formation
of crystalline aluminum oxide starts at the cal-
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Fig. 8. Photomicrographs of  aluminum oxide obtained via calcining the mercerized cotton cellulose impregnated
with a sol of hydrated aluminum oxide.

Fig. 7. Photomicrographs of  aluminum oxide obtained via calcining the cotton cellulose impregnated with a sol
of hydrated aluminum oxide.

cination temperature of  ~600 °Ñ in the form
of γ-phase, at a higher temperature than
1100 °Ñ a diffusion-free transformation of γ-
alumina into α-Àl2Î3 (corundum) that remains
unchanged in the course of the further heat-
ing-cooling cycles occurs.

Figure 7 demonstrates that the initial shape
of cellulose, remains unchanged, however,
when using non-mercerized cellulose as a template,
the corundum fibre consists of poorly sintered crys-
tallites. On the contrary, in case of mercerized cot-
ton cellulose, well-sintered aluminum oxide fibres
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with a diameter of 2�5 µm, preserving the shape
of template, are formed (Fig. 8). This makes it
possible to set the texture of the oxide fibres at
the early stages of template synthesis with the
use of cellulosic materials.

CONCLUSION

The method of the template synthesis of
ceramic fibres has been developed, the essence
of  which consists in the impregnation of  cel-
lulose fibres by the sol of hydrated aluminum
oxide followed by a thermal treatment. This al-
lows to synthesize aluminum oxide fibres with
a wide spectrum of applications.

It is demonstrated that the mercerization
crucially affects the supramolecular structure
of cellulose. As the result, the inner surface
of cellulose increases, which, in turn, affects
processes of filling capillaries, pores and sorp-
tion of  cellulose nanosized sol particles by.

It has been found that the mercerization
improves properties of the resulting corundum
fibre. When using the mercerized cellulose as a
template aluminum oxide with a well-formed
fibrous structure, is formed, what is caused
by template properties. The fibres have the di-
ameter from 2 to 5 µm. In case of non-mercer-

ized cotton cellulose poorly sintered loose Al2O3

fibres are formed, which, undoubtedly, impairs
their physicomechanical indicators.
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