
Abstract In plants such as grasses, rice, and sugar

cane, biomineralizatin occurs such that amorphous sil-

ica is drawn from soil, transferred and deposited on

polysaccharide matrix. In this study, by mimicking

natural biomineralization in plants, a cellulose/silica

hybrid was produced using bacterial cellulose (BC). BC

hydro-gel was immersed in an aqueous solution of sil-

anol derived from tetraethoxysilane (TEOS), and sila-

nol was then converted into silica in the BC hydro-gel

matrix. By pressing the BC hydro-gels and hybrids at

120 �C and 1–2 MPa, water-free translucent sheets

were obtained. In the leaves of rice plants, large silica

bodies (lm order) were embedded in the polysaccha-

ride matrix, whereas in the BC/silica hybrids, nano scale

silica was embedded between the micro fibrils of the BC

matrix. Reflecting this structure, the modulus of elas-

ticity and tensile strength of dry BC/silica hybrid im-

proved to 17 GPa at 25 �C and 185 MPa, respectively.

In the case of rice plants, the modulus was 3.5 GPa at

25 �C and the tensile strength was 25–88 MPa, sug-

gesting a weaker structure than in BC hybrid.

Introduction

Composite materials are fabricated by combining more

than two materials, i.e. polymer/polymer, polymer/fiber,

and polymer/mineral filler, and have excellent mechan-

ical, thermal and chemical properties. Such composite

materials have been successfully used as structural or

packaging materials.

Composite materials having excellent performance,

however, are frequently found in natural biological

materials, which are produced by natural biomineral-

ization. Bones, teeth, shells, eggs, grasses, and diatoms

are typical examples of biocomposites. In biocompos-

ites, minerals are deposited and grow in situ in natural

polymer matrices under mild conditions, which control

the biomineralization steps of nucleation, polymorph

selection, crystal growth direction and crystallographic

orientation of minerals [1].

These sophisticated biomineralization processes are

difficult to realize in artificial systems. However, the

recent interest in nanotechnology has stimulated much

research in this area and various efforts have been

made to prepare functional materials mimicking the

structure, composition, process, and in situ deposition

of biocomposites. Mann and his co-workers [2] inves-

tigated the concept of biomineralization of the nacre-

ous inner surface of shell through the use of stearic acid

monolayers during the controlled crystallization of

CaCO3 from supersaturated solutions. The presence of

an organized monolayer gives rise to oriented vaterite

formation, whereas in the absence of a monolayer,

rhombohedral calcite crystals were formed.

The teeth of marine crustacea contain iron oxide

and magnetotactic bacteria living in lake beds contain

chains of magnetic iron oxide particles. In these cases,

the oxide is formed from soluble precursors within a

soft-tissue matrix. Using a similar method, Sobon et al.

[3] produced polymethylmethacrylate (PMMA)/ferric

oxide and PMMA/magnetite composites. They
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dissolved iron (III) chloride or iron (III) acetylaceto-

nate with polymer in a solvent and cast sheets. These

sheets were then treated with base to produce hydrated

iron oxide, which was then converted into ferric oxide

by heat treatment, or to magnetite by reduction or

treatment with a ferrous salt solution.

Mimicking the biosynthetic mechanisms, Bianconi

et al. [4] obtained poly(ethyleneoxide)(PEO)/CdS in

situ composite. Crystal size, morphology, and orienta-

tion of CdS were controlled by a polymer matrix.

Moyle [5] produced a composite containing non-linear

optical crystals. Calvert and Broad [6] also produced

composites with potassium dihydrogen phosphate in

PEO by casting a sheet from aqueous solution. Particle

size, shape, orientation and high particle loading were

studied. Nucleation and growth of calcium carbonate

crystals on surface-modified polyethylene and poly-

styrene were studied from the view point of biomin-

eralization [7].

In the nacreos layer of abalone shell, the micro-

structure is highly ordered as CaCO3 (aragonite)

crystals, with a thickness of 250 nm, separated by a

layer of organic matter 30–50 nm thick. Mimicking this

biomineralization, Yasreb et al. [8] processed lami-

nated B4C/Al cermets. This cermets displayed a 40%

increase in both fracture toughness and strength over

monolithic B4C/Al cermets. A dense, uniform and

highly biologically active bone-like apatite layer could

be formed in arbitrary thickness on any type and shape

of solid substrate surface using biomimetic methods at

ordinary temperature and pressure [9]. Biomineral-

ization and biomimetic synthesis are reviewed else-

where [1, 10–13].

In the present study, by mimicking the biomineral-

ization in rice plants, cellulose/silica hybrid is produced.

Generally, cellulose does not readily form composite

materials, as it is insoluble in most solvents and also

does not melt at elevated temperatures. In this study,

bacterial cellulose (BC) hydro-gel is used as a matrix

and BC gel/silica hybrids are fabricated. This process is

distinguished from designing of other cellulosic com-

posites. For example, solvent soluble cellulose deriva-

tives such as hydroxypropyl cellulose (HPC) can be

hybridized by the sol–gel process mixing HPC together

with TEOS in solvent [14, 15]. Evaluation of the

mechanical properties of BC hydro-gel and BC/silica

hybrid was performed by compression creep in water.

Furthermore, if BC hydro-gels and hybrids are pressed,

dry BC and BC/silica hybrid sheets can be processed.

The mechanical properties of these sheets were also

evaluated and compared with those of rice plants.

Experimental

Preparation of BC

Culture medium was prepared by dissolving 15 g of

glucose, 2.5 g of polypeptone, 0.5 g of MgSO4Æ7H2O,

2.5 g of yeast-extract, and a small amount of vitamins

(NEO M.V.I-9, SSP Co. Ltd.) in 500 cm3 of water.

After sterilizing this solution by heating at 120 �C for

9 min in an autoclave, 0.5% ethanol and 0.5 g of

mannitol were added. Culture was carried out under

static conditions in a glass vessel (100 mm diame-

ter · 600 mm depth) at 30 �C for 25 days by adding

activated seed broth. First, the solution became tur-

bid, a pellicle appeared on the surface of the liquid

and pellicle thickness increased gradually, reaching

20–30 mm after 25 days. The species of bacteria was

Gluconacetobacter xylinus (IFO 13772). For purifica-

tion, after washing the obtained BC hydro-gel in

water, it was immersed in 1% aqueous NaOH for

1 day, followed by 1% aqueous NaClOÆ5H2O for

1 day.

Preparation of BC/SiO2 hybrid

Tetraethoxysilane (TEOS) was mixed with 100 g of

water together with 0.1 N acetic acid and was allowed

to stand for about 1 h with stirring. TEOS was con-

verted into aqueous silanol sol. In order to control the

silica content in BC gel, TEOS concentration in water

was varied, i.e. 10 or 20%. BC gels of 30 · 30 mm

(thickness, about 20–30 mm) were immersed in

100 cm3 aqueous silanol solution and allowed to stand

for 2–3 days. Absorbed silanol ( ” SiOH) in BC gels

were converted to silica by polycondensation reaction,

and BC gel/silica hybrid was prepared, as shown in

Fig. 1. This process mimicked biomineralization in rice

plants, absorbed silica was deposited in situ into a BC

gel matrix.

In order to obtain dry BC/silica hybrids, BC hydro-

gel were immersed in various concentrations of

aqueous silanol solutions changing TEOS content as

0.05–0.3 wt%. At high concentration of TEOS more

than 10 wt%, very brittle dry BC/silica hybrids are

obtained. Dry BC or BC/silica hybrid sheets were ob-

tained by pressing BC or BC/silica hydro gels at 120 �C

and 1–2 MPa. In this manner, dry BC/silica hybrid

sheets containing 4.1, 5.3, and 7.1 wt% of silica were

produced, and were named as BC/S-1, BC/S-2, and BC/

S-3, respectively.
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Measurements

Creep

The mechanical properties of BC gel and BC gel/silica

hybrids were evaluated by compression creep in water.

Figure 2 shows a creep apparatus. BC gels

(20 · 20 · 20 mm) were placed in vessels together

with water. A constant load of 50 g, including the

weight of the device, was applied to the sample, as

shown in Fig. 2. Deformation c [ = (l0 ) l)/l0] was

determined as a function of time using a cathetometer,

where l0 is the initial thickness of sample and l is the

thickness at time t. Water in the vessel was regulated

by circulating water at constant temperature.

Dynamic viscoelasticity

The dynamic viscoelastic properties of rice plant, dried

BC and BC/silica hybrid samples were measured using

a dynamic viscoelastic analyzer (IT Keisoku Co.

DVA-200) at a frequency of 10 Hz. The storage

modulus, E¢, and loss tangent, tan d, were measured as

a function of temperature at a heating rate of 2 �C/min.

Stress–strain measurement

The tensile properties of rice plant, dried BC and BC/

silica hybrid samples were measured using a IM-20

(INTESCO Co., Ltd.). The cross-head speed was

- H2O

Culture medium

Press

Steel mesh 
Non-woven fabric

Weight

SiO2Si(OH)4

Si(OH)4 + H2O

Bacterial cellulose 

Gluconacetobacter xylinus

Bacterial cellulose 

Dry BC/silica hybrid sheet 

BC hydro-gel/silica hybrid 

Fig. 1 Preparation of BC
hydro-gel/silica hybrid and
dry BC/silica hybrid sheet

Weight

BC gel in water

Cathetometer

Petri dish

Fig. 2 Compression creep measurement of BC hydro-gel and its
hybrid in water
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10 mm/min and the gauge length was 20 mm. Rectan-

gular specimens of 30 · 50 mm were used.

X-ray diffractometry

X-ray diffractometry was performed using an X’Pert

PRO MPD (Panalytical). The X-ray generator was

operated at 40 kV and 40 mA, and a Ni filtered Cu Ka
beam with a wave length of 0.154 nm was used.

Scanning electron microscopy (SEM)

SEM observation was carried out by using an Akashi

ALPHA-30A at 25 kV. Samples were mounted on an

aluminum stub and coated with a thin layer of gold by

using an ion-coater model 1B-3 (Eiko-Engineering Co.,

Ltd.).

Results and discussion

Biomineralization of rice plant

In grasses such as rice plant, silica is supplied by soil in

the form of hydrated silica, transferred and accumu-

lated as amorphous silica (opal) on the polysaccharide

matrix in shoots. In the case of diatoms, cell walls and

cell contents are constituted of polysaccharide and

protein. Hecky et al. [16] hypothesized that the protein

served as a template for silica mineralization. Serine

and threonine, having hydroxyl-containing side chains,

undergo condensation reactions with silicic acid

(Si(OH)4 or SiO2Æ2H2O), and are fixed to the protein

template, as shown in Fig. 3. It is believed that the

structure of silica is controlled by the arrangement of

amino acids.

In the shoot epidermal system, silica becomes local-

ized in stomata, silica cells, trichomes and long cells [17].

Accumulated silica in the shoots functions to provide

support to the shoot system, to deter predators and to

conserve water during moisture stress [17]. It is also

reported that silica cells, filled with silica gel, provide

windows in the epidermal system, allowing more light to

be transmitted to photosynthetic mesophyll and cortical

tissue below the epidermis in the leaves and stems,

respectively [18]. Silica in rice plants is considered to be

an essential element, although the beneficial effects of

silica on growth and yield are partly attributed to the

effects of the element on protecting plant from fungal

diseases and insects [18, 19].

Figure 4 shows SEM micrographs of rice plant

leaves, which were harvested in autumn 2003 in Tsu-

kuba-shi, Ibaraki, Japan. (a) and (b) are SEM images

of the leaves before sintering. Silica embedded in

polysaccharide matrix are observed. Branches of silica

protrude beyond the surface. Micrographs (c) and (d)

are sintered samples of (a) and (b), respectively.

Branched silica rods of about 4 lm in diameter, with

small branches of about 2 lm, can be seen. This type of

branched silica was also observed in the adaxial epi-

dermis of Nardus stricta (Gramineae) [20].

Rice plants contain 40.3% cellulose, 26.2% pento-

sans, 21.2% lignin and 13–16% ash (silica) [21]. Cel-

lulose in rice plants may be amorphous, as can be seen

in the X-ray diffraction pattern (Fig. 5). The X-ray

diffractogram of rice plant did not show the pattern of

cellulose I, which is usually observed in natural poly-

saccharides, such as bacterial, Valonia, cotton, wooden

and ramie celluloses.

The mechanical properties of the rice plant were

evaluated. Figure 6 shows the dynamic viscoelastic

properties of the lower and upper parts of stalks, and

the ears of the rice plant. The storage modulus E¢ of

rice plant in the glassy state were rather low when

compared with those of cellulose I (BC), because cel-

lulose in rice plants is amorphous, as shown in Fig. 5.

E¢ was 5 GP at )145 �C and 2 GPa at 280 �C, and the

temperature dependence of E¢ was very small over the

wide temperature range from )145 to 280 �C. E¢
decreased sharply above 280 �C due to glass transition

and/or thermal degradation. E¢ of the lower part of

stalk was higher than that of the upper part of stalk and

ears. This may be due to the silica content of the rice

plant. The lower part of stalk contains 14.7 wt% silica,

which is higher than the upper part (13.0 wt%) and

ears (13.5 wt%). The lower part of stalk, which is close

to the roots, may be reinforced by higher silica content.

In the tan d curves, peaks appeared at about )100, 100,

 - H2O 
Asp Gly Asp

O         O 

Si+4

OH OH

Si+4

OH OH

Ser Ser GlySer Ser 

OH OH

+ 

OH OH

H

Fig. 3 Reaction between
silica acid and protein
template [16]
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and 250 �C. The peak at )100 �C is caused by local

mode motion of glucose units [22] that at about 100 �C

may be due to evaporation of adsorbed water. Because

the glass transition temperature of cellulose is reported

to be about 250 �C, but degradation also occurs at

250 �C [22], the peak at 250 �C is associated with both

glass transition and thermal degradation.

Figure 7 shows the stress–strain curves of the lower

and upper parts of stalks and ears of the rice plant. The

ultimate strength of the lower part of stalk was higher

when compared with the upper part of stalk and ears,

largely due to silica content. However, the strength of

ears was very poor, despite containing 13 wt% silica.

This may be caused by the complex shape of the ear,

where stress concentration occurs. The mechanical

properties of the rice plant at room temperature are

almost the same as polystyrene, polymethyl methac-

rylate and poly(vinyl chloride).

Fig. 4 SEM images of rice
plant leaves. (a) Before
sintering, magnification
1,000·, scale bar 10.0 lm; (b)
before sintering,
magnification 5,000·, scale
bar 2.0 lm; (c) after sintering,
magnification 1,000·, scale
bar 10.0 lm; and (d) after
sintering, magnification
5,000·, scale bar 2.0 lm
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Fig. 5 X-ray diffraction patterns of BC/TEOS hybrid, BC and
rice plant (leaves)
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Structure of BC and BC/Silica hybrid

When culture is carried out using Gluconacetobacter

xylinus, cellulose hydro-gel is obtained. Figure 8

shows scanning electron micrographs of pressed and

dried BC sheet. Three-dimensional networks of fine

micro-fibrils of about 10 nm develop, forming a por-

ous structure of about 100 nm–1 lm. When processed

into dried sheets, this structure reflects the structure

of BC hydro-gel. Because spaces between micro-fibrils

in BC hydro-gel are filled with water and because BC

swells, the net content of cellulose in the hydro-gel is

less than 1 wt%.

The X-ray diffractograms of pressed and dried BC

sheets are given in Fig. 5. Dried BC sheet shows a

typical cellulose I pattern with peaks appearing at

2h = 12, 15 and 22� reflected from the (1�10), (110) and

(200) planes, respectively. In the case of BC, diffraction

intensity at 2h = 12� is strong and the (1�10) plane of

BC crystallite shows selective and strong plane orien-

tation to the surface of micro-fibrils [23].

In order to produce the BC hydro-gel/silica hybrid,

BC hydro-gel was immersed in a silanol sol prepared

from TEOS dispersed in water using acetic acid as a

catalyst. The process of preparation of the BC hydro-

gel/silica hybrid, and dried and pressed sheets, is shown

in Fig. 9. Silanol sol is diffused and penetrates into the

spaces between cellulose micro-fibrils. It is known that

silanol is reactive and reacts with hydroxyl groups on

organic polymers such as poly(vinyl alcohol) [24], or

polydimethylsiloxane having hydroxyl groups on both

chain ends [25] in organic–inorganic hybrids, and also

in biocomposite such as diatoms [16]. Therefore,

cellulose micro-fibrils having hydroxyl groups may

undergo condensation reactions with supplied silanol,

which becomes fixed to micro-fibrils, as in the case of

diatoms (Fig. 3). Silanol itself also condenses forming

silica, and is deposited on cellulose micro-fibrils

through hydrogen bonding or condensation reactions

with cellulose. Figure 8 shows SEM images of the

cross-sectional surface of pressed and dried BC/silica

hybrid sheets after sintering at 500 �C in air. Silica

converted from TEOS may be embedded in the spaces

between micro-fibrils during hybridization, and wrin-

kling patterns of about 5–10 lm can be seen. This

pattern reflects the spaces between micro-fibrils. Silic-

ification occurs in situ on cellulose micro-fibrils simi-

larly as biomineralization in rice plants.

In the present study, BC hydro-gel was immersed

into 10 and 20% aqueous TEOS dispersions and silica

was finally deposited on BC micro-fibrils via silanol. In

order to determine the amount of silica in BC sheets,

TG measurement was carried out in air. Figure 10

shows the TG curves of BC and BC/silica hybrids pre-

pared by immersing the BC hydro-gels into 10 and 20%
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Fig. 7 Stress–strain curves of various parts of rice plant

Fig. 8 SEM images of BC and hybrids. (a) Dry BC sheets
(magnification 2,000·); (b) after sintering BC/silica hybrid at
500 �C in air (cross-sectional surface, magnification 2,000·)
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of TEOS. In both samples the thermal degradation of

BC occurs at about 320 �C. Residual weight above

500 �C was determined as silica content of the hybrids.

Hybrids prepared from 10 and 20% TEOS contained

about 39 and 43 wt% silica, respectively.

The X-ray diffractogram of BC processed into

sheets is shown in Fig. 5. BC/silica hybrid from 20%

TEOS shows a cellulose I pattern and strong planer

orientation of the (1�10) plane is observed. The crystal

structure of BC micro-fibrils is not affected by

hybridization.

Compression creep

The mechanical properties of BC hydro-gels and silica

hybrids were evaluated by simple compression creep

measurement in water. Figure 11 shows the compres-

sion creep of BC hydro-gel in water as a function of

temperature. A weight of 50 g, including the device, was

loaded onto the BC hydro-gel sample and deformation

was read as a function of time using a cathetometer, as

shown in Fig. 2. The strain cðtÞ ¼ ðl0 � lÞ=l0 was plotted

against time t. It is known that the creep behavior of

polymers can be expressed by a Voigt model. In the

present case of BC hydro-gel, the creep behavior during

the experiment can be approximated by two Voigt

models combined in series, as is given in Fig. 12. The

compression strain c(t) can be given by the following

equation

cðtÞ ¼ c1½1� expð�t=k1Þ� þ c2½1� expð�t=k2Þ�: ð1Þ

Equation 1 can be rewritten as Eq. 2

cðtÞ ¼ cð1Þ � c1 expð�t=k1Þ � c2 expð�t=k2Þ; ð2Þ

where, cð1Þ ¼ c1 þ c2 is the equilibrium value at t = ¥
and k1 and k2 are the retardation times. Retardation

times k1 and k2 are calculated as follows, if k1 is the

Micro-fibrils
Silica dispersed 

in waterMicro-fibrilsWater

Dried and pressed BC 

hydro gel/silica hybrid
BC hydro gel/silica hybrid BC hydro gel  

Fig. 9 Preparation process of
dry and pressed BC/silica
hybrids from BC hydro-gels
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short retardation time and k2 is the long retardation

time, k1 is negligible at longer times, and Eq. 2 can be

approximated by Eq. 3.

cð1Þ � cðtÞ ¼ c2 expð�t=k2Þ: ð3Þ

As shown in Fig. 13, when ln½cð1Þ � cðtÞ� is plotted

against t, a straight line is obtained in the longer time

region. From the slope and intercept of the straight

line, 1/k2 and c2 are obtained, respectively. Then, 1/k2

and c2 are substituted in Eq. 2, and if ln½cð1Þ�
cðtÞ � c2 expð�t=k2Þ� is plotted against t, another

straight line is obtained at the short time region

(Fig. 13). From the slope and intercept of the straight

line, 1/k1 and c1 are obtained, respectively. Tempera-

ture dependence of the retardation times is shown in

Table 1. Solid lines in Fig. 11 are calculated values of

c(t) substituting c1, c2, k1 and k2 in Eq. 1. Calculated

values correlate well with experimental values.

The Arrhenius equation for temperature depen-

dence of k is given by Eq. 4.

1=k ¼ A expð�Ea=RTÞ; ð4Þ

where A is constant, Ea is the activation energy and R is

the gas constant. Figure 14 shows the Arrhenius plots of

the retardation times of BC, calculated based on Eq. (4),

against the reciprocal of absolute temperature. The

retardation times and the apparent activation energies

are summarized in Table 1.

The apparent activation energies are obtained as

19.3 kJ/mol for k1 and 18.0 kJ/mol for k2, as shown in

Table 1. These values agree with the activation energy

for hydrogen bond formation [26]. The rate of defor-

mation of BC hydro-gel is determined by hydrogen

bonding between cellulose micro-fibrils. When force is

applied to BC gel, micro-fibrils are directed toward the

stable position, forming hydrogen bonds. The rate of

deformation of fibrils changes with elapsed time. Creep

deformation occurs as a two-stage process during

E1

E2

λ2 = η2/ E2

λ1= η1/ E1

η1

η2

Fig. 12 Voigt model for creep behavior of BC hydro-gel
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Fig. 13 Analysis of creep behavior of BC at 20 �C based on
Eq. 1

Table 1 Temperature dependence of k1 and k2

40 �C 30 �C 20 �C 10 �C Ea (kJ/mol)

k1 (s) 86 163 299 399 19.3
k2 (s) 478 1,113 1,856 1,934 18.0

0.0001

0.001

0.01

0.1

0.0032 0.0033 0.0034 0.0035

1 /
λ,

 s
-1

1/T, K-1

λ1

λ2

19.3 kJ/mol

18.0 kJ/mol

Fig. 14 Arrhenius plots for creep data of BC in water
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observation. At the initial stage of loading, deformation

occurs rapidly (corresponding to k1). Hydrogen bonds

are gradually formed during loading, and the defor-

mation rate slows (corresponding to k2), as the formed

hydrogen bonds restrict the motion of fibrils.

Figure 15 shows the creep curves of BC gels and BC

gel/ silica hybrids in water at 20 �C as a function of

initial TEOS content. Deformation of BC gel/silica

hybrids decreases with increasing initial TEOS content.

Deposited silica in situ in BC gels reinforced the BC

gel hybrids and suppressed deformation of the BC gels.

As listed in Table 2, the retardation times of the BC

gel/silica hybrids are longer than those of BC gels, as

deformation of the micro-fibrils may be restricted by

silica deposited between fibrils and more time is nee-

ded to reach equilibrium.

Dynamic viscoelastic properties of dry BC and BC/

silica hybrids

BC hydro-gel contains 99.8% of water, and by pressing

BC gels at 120 �C for 10 min, water-free translucent

BC sheet was obtained. BC/silica hybrid sheets could

also be obtained by pressing BC gel/silica hybrids.

When the BC hydro-gels were immersed in 10 and

20% aqueous TEOS solutions, 39 and 43% silica was

deposited in dry BC hybrids, respectively as is seen in

Fig. 10. A suitable amount of silica in hybrids for

reinforcement is about 5–20 wt% [27, 28]. Large

amounts of silica lead the hybrid becoming very brittle.

In this study, to prepare BC hybrids with low concen-

trations of silica, BC hydro-gel was immersed in

0.05–0.3 wt% aqueous solutions of TEOS, and the

hybrids containing 4.3–7.1 wt% of silica were obtained

as can be seen in Table 3. However, it is very difficult

to control precisely the loading amount of silica in the

BC hydro-gel hybrids, because the concentration of the

cellulose component in the hydro-gel varies depending

on preparation conditions. BC/silica hybrid samples

containing 4.3–7.1 wt% of silica were used for

mechanical evaluation.

Figure 16 shows the dynamic viscoelastic properties

of dry BC/silica hybrid sheets as a function of silica

content. From )125 to 240 �C, E¢ decreased gradually

and remained 10 GPa order, even at 240 �C showing

good dimensional stability. In tan d curves, small peaks

appears at )80 and 100 �C due to local mode motion of

glucose units and evaporation of water, respectively. At

about 250 �C, no peak due to glass transition, which

appeared clearly in rice plants (Fig. 6), was observed in

BC samples. The intensities of these peaks decreased

with silica content. The modulus of the hybrids almost

systematically increased with SiO2 content. The order

of modulus at 200 �C was BC < BC/S-1 (SiO2 con-

tent = 4.1%) < BC/S-2 (SiO2 content = 5.3%) < BC/

S-3 (SiO2 content = 7.1%). While in the glassy state at

25 �C, the hybrids had the same E¢ value (17 GPa). The

modulus of the BC/silica hybrid sheets was much higher

when compared with rice plants, as shown in Table 3.

Figure 17 shows the stress–strain curves of dry BC/

silica hybrid sheets as a function of silica content. The

tensile strength of dry BC sheet was about 147 MPa,

but that of the hybrids were increased by loading silica,

i.e. 161 MPa at 5.3% silica and 185 MPa at 7.1% silica.

The tensile strength of dry BC/silica hybrid sheets was

stronger than that of rice plant as shown in Table 3.

Conclusions

Mimicking biomineralization in rice plants, cellulose/

silica hybrids were produced by the sol–gel process. BC

hydro-gel was immersed in an aqueous solution of

silanol derived from aqueous TEOS, which is con-

verted to silica in situ in BC hydro-gels. BC hydro-gel/

silica hybrids were thus produced. The mechanical

properties of the BC hydro-gels and BC hydro-gel/sil-
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Fig. 15 Compression creep of BC hydro-gel and BC hydro-gel/
silica hybrids in water at 20 �C

Table 2 Retardation times of BC gel/silica hybrids

k1 (s) k2 (s)

BC gel 299 1,856
BC gel/TEOS 10% 460 2,136
BC gel/TEOS 20% 483 2,234
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ica hybrids were evaluated by the compression creep in

water. The creep behavior of BC and its hybrids was

approximated by two Voigt models having two retar-

dation times, k1 and k2. Activation energies were cal-

culated as 19.3 and 18.0 kJ/mol for k1 and k2,

respectively.

Dry BC sheets were obtained by pressing BC hydro-

gels at 120 �C and 1–2 MPa for 10 min. The modulus

of dry BC was 11.8 GPa at 25 �C and increased to

17 GPa by loading silica. The modulus of the hybrid

was higher than that of dry rice plant stalk. The tensile

strength of BC was 147 MPa and this increased to

160–185 MPa with increasing silica content. The tensile

strength of rice plant was 25–88 MPa, which was lower

than that of BC hybrids. It was found that deposited

silica between BC micro-fibrils reinforced the hybrids.
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