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Abstract

Lignocellulosics represent the organic matter produced by trees. Biopolymers such as cellulose, hemicellulose and lignin are the
major macromolecular constituents of ligneous cell walls which are distinguished by a hierarchical ®brilar composite micro struc-
ture. Fundamental aspects of anatomy of wood and molecular structure of wood cell wall a�ecting the bioorganic±inorganic con-

version process are reviewed. Basic approaches to convert the native biopolymeric materials into non-oxide as well as oxide ceramic
products include: (i) pyrolytic decomposition resulting in a porous carbon replica (template) which may subsequently be reacted to
form carbide phases or may be in®ltrated with non-reacting sols or salts which can further be processed to yield oxide reaction

products; (ii) in®ltration of chemically preprocessed native lignocellulosic products with gaseous or liquid organometallic and
metalorganic precursors and subsequent oxidation to remove the free carbon phase. Conversion of native (wood tissue) lig-
nocellulosics into ceramics with a microstructure pseudomorphous to the bioorganic template anatomy o�ers a great potential for

designing novel ceramics with anisotropic cellular morphologies. These might be of interest for applications as high temperature
resistant exhaust gas ®lters and catalyst carriers in energy, environmental and automotive industries, bioinert and corrosion resis-
tant immobilization supports for living cells, microbes, or enzymes in biotechnology and medicine. # 2001 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Lignocellulosics from the class of organic matter pro-
duced by land-growing plants in the form of trees,
shrubs, and agricultural crops. It is the essential carbon
sink on the planet which is formed by catalytic conver-
sion of carbon dioxide to an organic mass mainly con-
sisting of the elements C±O(±N)±H. Lignocellulosic
biocomposites are intricate materials with great biodi-
versity, but with chemical compositions that make use
of only minor variations of principally two di�erent
monomeric repeat units: mono-saccharides (pentoses
and hexoses) forming celluloses and hemicelluloses, and
p-OH phenylpropanes present in lignin. Cellulose-rich
®bers are separated, isolated, and puri®ed by aqueous
deligni®cation and mild hydrolysis in an acidic or alka-
line medium which is the only large scale chemical
technology dealing with lignocellulosics.1 Major pro-
ducts are paper and pulp and only a minor part of iso-
lated cellulose is dedicated for ®ber and cellulose

derivatives (carboxymethylcellulose, cellulose acetate)
production. Future activities are expected to make use
of lignocellulosics as an alternative source of biobased
polymers for use in structural materials. Biopolymers are
abundant, renewable, biodegradable, and recycleable.
Design of novel ceramic structures by mimicking the

cellular tissue anatomy of native lignocellulosic struc-
tures such as wood, ®bers, surfaces of leafs, etc. has
recently attained increasing interest.2ÿ5 For example,
anti-adhesive plant surfaces caused by di�erent cuti-
cular microstructures (trichomes, cuticular folds, wax
crystals) were analyzed6 in order to generate self-clean-
ing, water-repellent surfaces (Lotus e�ect). Another
example is the formation of Al2O3,

7 TiO2,
8 SiC and

Si3N4 ®bers9 from natural ®bers such as sisal, jute,
hemp, or cotton, and SiC whiskers from rice husks and
coconut shells.10ÿ12 The highly anisotropic cellular
structure of wood may serve as a hierarchical template
to generate novel cellular ceramics with a micro-, meso-
and macro-structure pseudomorphous to the initial
porous tissue skeleton ranging from nanometers (cell
wall ®brils) to milimeters (growth ring patterns).3ÿ5,13
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Wood typically contains 10±20 wt.% of hemicellulose,
10±30 wt.% of lignin, and 30±55 wt.% of cellulose (and
less than 2 wt.% of ash including minerals).14 Previous
work on converting wood into ceramic focused on
liquid in®ltration of the pyrolysed carbon template with
sols of tetraethylorthosilicate (TEOS) at low tempera-
ture3 or silicon melt at high temperatures.14,15 Subse-
quently, the in®ltrant was converted into SiC by
pyrolysis in inert atmosphere (TEOS) or reaction with
carbon (silicon). A variety of di�erent kinds of wood
such as oak (Quercus robur), maple (Acer pseudoplata-
nus), beech (Fagus sylvatica), ebony (Diospyros cel-
ebica), balsa (Ochroma pyramidale), and pine (Pinus
sylvestris) were converted to isomorphous cellular sili-
con carbide ceramics.4,13 Due to the uniaxial pore
channel orientation pronounced anisotropic di�erences
of mechanical properties e.g. strength, elastic modulus,
failure strain, fracture patterns were found. Generally,
the mechanical properties scale by a power law of 2nd
or 3rd order with fractional density.15 Properties in axial
direction (parallel to the trunk axis) of SiC ceramics
pseudomorphous to wood were found to attain sig-
ni®cantly higher values compared to the tangential and
radial loading directions.13

Biomophous ceramics with the cellular structure of
the native or preprocessed lignocellulosics precursor but
consisting of high temperature and corrosion resistant
ceramic compounds such as carbides, nitrides, oxides,
etc. are of particular interest because:

. native tissue is supposed to be in a mechanical
state of equilibrium optimally adopted to the
external loading situation during growth;

. native tissue exhibits unique structural features
such as hierarchy, selectivity and anisotropy com-
bined in the cellular anatomy;

. native tissue is available in an almost in®nite
diversity and variety of structures;

. growth of natural plants can be manipulated by
chemical and physical methods in order to tailor
tissue structures with optimized functionality e.g.
pore size distribution, strut thickness, etc.;

. preprocessing of lignocellulosics by deligni®cation
and surface treatment of cellulose ®bers o�ers a
versatile pool of cellulose ®ber macrostructures to
be used for manufacturing of light weight ceramic
structures.

Cellular ceramics with homogeneous (monomodal) or
heterogenous (multimodal or fractal) anisotropic pore
structures might be of interest for high temperature
resistant exhaust gas ®lters and catalyst carriers in
energy and environmental technology, bioinert and
corrosion resistant immobilization supports for living
cells, microbes, or enzymes in medicine and biotechnol-
ogy, etc.

While previous work on ``ceramic wood'' was focused
on converting native wood or a pyrolyzed carbon tem-
plate primarily into SiC3ÿ5 fundamental questions
remain to be addressed for future development of pro-
ducts. For example, conversion processes have to be
developed which allow manufacturing of oxide ceramics
of variable composition. An adequate chemical pre-
treatment of lignocellulosics is necessary to reduce
shrinkage and to achieve net shape conversion of com-
plex structures. Structural limitations with respect to
size and shape of pores and cell wall structures have to
be identi®ed and the e�ects of non-uniformity of native
cellular structures on property variations have to be
examined.
In the following, basic principles of conversion of lig-

nocellulosics into ceramic structures mimicking the
initial precursor structure at various hierarchical micro-
and macro structural levels, will be discussed. Funda-
mental aspects of the anatomy of wood and the mole-
cular structure of wood cell wall a�ecting the
bioorganic±inorganic conversion process are reviewed.
Basic approaches to convert the native biopolymeric

materials into non-oxide as well as oxide ceramic pro-
ducts include:

(i) pyrolytic decomposition resulting in a porous car-
bon replica (template) which may subsequently be
reacted to form carbide phases or may be in®l-
trated with non- reacting sols or salts which can
further be processed to yield oxide reaction pro-
ducts;

(ii) in®ltration of chemically preprocessed native or
technical lignocellulosic products with gaseous or
liquid organometallic and metalorganic precursors
and subsequent oxidation to remove free carbon
phase.

Conversion of native (wood tissue) lignocellulosics
into ceramics with a microstructure pseudomorphous to
the bioorganic template anatomy o�ers a great potential
for designing novel ceramics with anisotropic cellular
morphologies.

2. Anatomy of wood

Wood is a naturally grown composite material of
complex hierarchical cellular structure.16 Both hard-
woods (deciduous wood which is botanically classi®ed
as dicotlyedonous angiosperms) and softwoods (coniferous
wood or gymnosperms) are comprised of elongated
tubular cells (sclerenchyma cells) aligned with the axis
of the tree trunk. Fig. 1 shows some examples of native
wood tissue with di�erent pore structures in the axial
direction (axial cross section). Vessel elements (tra-
cheas), also called ``pores'', are typical for hardwoods
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and may be distributed in cross-sections in either ring
porous, semi-ring porous, or di�usive porous patterns.
Other cell types are present, notably ®bers (thick-walled
mechanical support cells), ray parenchyma (small, thin-
walled food transport and storage cells), and axial par-
enchyma (food storage cells which are vertically elon-
gated in a standing tree stem). The size of these cells and
their distribution varies considerably among di�erent
species of wood as well as among trees of a given species
and within a single tree.17 Softwoods are less compli-
cated anatomically than hard-woods because they con-
tain fewer cell types with less variation in the size and
arrangement of those cell types in the wood structure.
They do not have the vessel elements and a single cell
type, the longitudinal tracheid, constitutes more than
90% of the volume of most types of softwood. These
longitudinal tracheids (known as ``®bers'' in industry
and commerce) are considerably longer (3±5 mm) and
have a larger diameter (30±45 mm) than their counter-
part in hard-woods which show a shorter extension of
0.1±0.8 mm but larger diameters of 10±400 mm. Soft-
woods can be categorized by the presence or absence of
resin canals and the distinctivness of the latewood por-
tion of a growth ring (abrupt or gradual transition of
lumen diameter and cell wall thickness). Fig. 2 shows
the major structural features of wood tissue resulting
from cambial growth process.
Hard wood such as oak has an average composition

of cellulose (40±50 wt.%), hemicellulose (20±35 wt.%),
and lignin (15±35 wt.%). The molecular structures and
compositions of the major biopolymers cellulose, hemi-
cellulose and lignin are complex and may vary for dif-
ferent kinds of wood. Chemically the major constituents
of wood are C (50 wt.%), O (44 wt.%) and H (6 wt.%)
and trace elements (1 wt.%). On the micro scale wood
tracheid vessels are hollow tubes made up of several
concentric layers each layer being reinforced by helical
macro®brils of cellulose. The ®ber orientation in the cell
wall exerts a strong in¯uence on the shrinkage behavior
and its mechanical properties of wood.16,18 Tensile
modulus of hard woods may vary between 30 and 250
MPa.
From an application point of view, native cellular

structures may be divided into homogenous and het-
erogenous structures characterized by a monomodal or
a multimodal cell size distribution, respectively. Fig. 3
shows the pore channel diameter distribution of oak
and pine as derived from mercury intrusion experiments
and stereological analysis of cross sectional images.
Interconnectivity is another feature to di�erentiate tis-
sue anatomy with respect to permeability for ¯uid
media. The ®ber volume in hard wood like oak may
average 50 vol.% of the biomass volume and the large
diameter vessel elements are joined endwise to form
tubes along the trunk or branch. The interconnective
pore system of native wood provides an excellent acces-

sibility for in®ltration ¯uids via the inherent vascular
transportation system (xylem).19

For native wood a model for the cellular micro-
structure was derived by Gibson and Ashby15 which
relates the fractional density with the anatomical features
of prismatic pore edge length, l, and strut thickness, t,
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Using the microstructure model, the mechanical
behavior of cellular materials like wood tissue was
described by a power law function of �rel

E� � Eporous

Edense
� C�nrel �2�

where E� represents the fractional property with respect
to the fully dense material (Young's modulus, shear
modulus, tensile modulus, Poisson constant, fracture
toughness, etc.), C is a constant and n depends on the
property and the loading direction and may typically
attain values between 1 and 5.15

Cellular anatomy of the woody tissue can be in¯u-
enced by changing the cambial activity and xylogenesis
during growth. In the presence of speci®c phyto-
hormones for example auxine, abscisin acid, gibberilin,
cell di�erentiation during growth can be modi®ed.
Thus, cell dimensions e.g. diameter of lumen and cell
wall thickness may be altered as well as the seasonal
variations e.g. early to late wood growth ring pat-
terns.20,21 Applying mechanical stress during growth is
another method to stimulate formation of reaction tis-
sue which may di�er signi®cantly from the regular tis-
sue. For example growth of beech under compression
resulted in a cellular anatomy where no vessels were
formed whereas in unconstrained grown beech large
vessels are present.22

3. Molecular structure of wood cell wall

While the anatomical di�erences in gross cellular
structure between di�erent kinds of wood (both hard-
and softwoods) can be very large, the general structure
of the cell wall is relatively consistent. A single long-
itudinal tracheid exhibits a layered wall structure, a thin
primary (®rst-formed) wall and a thicker secondary wall
composed of three sublayers known as S1, S2, and S3
layers, Fig. 4. The basic framework of each secondary
wall layer (S1±S3) consists of cellulose with varying
amounts of hemicellulose, pectin and lignin. Adjacent
tracheids are joined together by a highly ligni®ed layer
(middle lamella). The composition of the multiphase cell
wall can be likened to a ®ber reinforced organic glass
where cellulose serves as lightweight ®ber, lignin serves
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as a continous (glassy) matrix, and hemicelluloses and
pectin serve as coupling agents. Fig. 5 shows the basic
features of the molecular structures of the major biopo-
lymers forming the native cell wall.
Cellulose is the key polymeric component in the

structure of the cell wall. It is a long-chain linear con-

densation polymer (chain length up to 1 mm for native
plant cellulose) of b-d-glucose with three free hydroxyl
groups on each monomeric unit, resulting in strong
inter- and intramolecular hydrogen bonds. Because of
the hydrogen bond network, and also due to the
restricted rotation around the polymeric 1,4-b-linkage,
cellulose is a rigid and sti� chain providing mechanical
stability to the cell wall. Due to the intermolecular
hydrogen bonds in cellulose coupled with the inherent
sti�ness of the polymeric chains, high levels of crystal-
linity are found.23,24 The cellulose molecules aggregate
into micro®brils, whose orientation angle between ®ber
elongation and axial cell direction varies in the di�er-
ent cell wall layers: primary layer with a random inter-
woven network; secondary layers S1 :0.1±0.2 mm with
#=50±70�, S2: several mm with #=5±20� and S3:
#=60±90�.25

Hemicellulose is a generic term for the various poly-
saccharides other than cellulose found in native plants.
The chemical composition of hemicelluloses is extra-
ordinarily similar to cellulose (polyanhydro-pyranoside
e.g. polymers of various pentoses such as xylose, arabi-
nose, and hexoses like glucose, mannose, galactose,
etc.), but their morphological structure is vastly di�er-
ent.26 The degree of polymerization of hemicellulose is
about an order of magnitude less than that of cellulose.
Pectin is a generic term for a group of polysaccharides

characterized by high uronic acid content, the presence
of methyl esther groups, and frequently a measurable

Fig. 3. Pore size distribution of a coniferous (pine) and a deciduous

(oak) wood showing multimodal and monomodal nature of axial cel-

lular porosity.

Fig. 2. Basic features of cell di�erentiation resulting from growth processes in native wood.
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quantity of acetyl esters. The most common uronic acid
is d-galacturonic acid which is found in combination with
d-galactose, l-arabinose, and l-rhamnose. Pectin is
believed to have a higher degree of polymerization than
hemicellulose, but still considerably below that of cellulose.
Lignin is an amorphous polymeric substance of high

aromatic character but lack of regular periodic struc-
tural pattern characteristic of polymers in general. Lig-
nin is a polymer of p-OH phenylpropanol that is linked
in other repeat units in two dozen ways or more. Among
intermonomer bonds are ether, ester, and carbon-to-car-
bon bonds, some fragile enough to allow the depolymer-
ization of lignin to low-molecular-weight, alkali-soluble
phenolic components (manufacturing of paper pulps).
The structure of lignin has not been unequivovally estab-
lished. The most prevalent concept considers it to be a
three-dimensional highly branched polymer of unsatu-
rated phenylpropane derivatives such as coniferyl- and
sinapinal-alcohols with a variety of alkyl, hydroxyl, car-
boxyl, carboxymethyl, and methoxyl functional groups.
It permeates cell walls and intercellular regions giving
wood its relatively high hardness and rigidity. Lignin
acts as a glue which bonds together all wood cells.

4. Conversion of lignocellulosics into ceramics

Conversion of lignocellulosics into ceramic products
may start from native plant tissue or from preprocessed
technical structures, e.g. deligni®ed cellulose precursor

Fig. 4. Hierarchical anatomy of a wood cell and its major biopolymer constituents.

Fig. 5. Basic molecular structures of the major biopolymers forming

the cell wall of wood: cellulose, hemicellulose, pectin and lignin.
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materials. Direct tissue reproduction generally deals with
the problem of heterogeneity on the macro-, meso- and
microscale levels of the naturally grown biostructure.
Using preprocessed technical products such as paper,
cardboards, matchwood, etc. may provide precursors
which are homogeneous on the macroscale level, though
the wood ®bers are preferentially oriented perpendicular
to the pressing or ®ltration direction applied during
processing.
Converting native biopolymeric materials into non-

oxide as well as oxide ceramic products includes: (i) high
temperature pyrolytic decomposition resulting in a por-
ous carbon replica (template) which may subsequently
be reacted to form carbide phases or may be in®ltrated
with non-reacting sols or salts which can further be
processed to yield oxide reaction products; (ii) low tem-
perature in®ltration with organometallic and metalor-
ganic precursors followed by subsequent oxidation to
remove free carbon phase. Fig. 6 shows a simpli®ed
road map of possible conversion reactions.

4.1. Carbon template formation

It has been demonstrated that net-shape ceramic
composites can be produced using wood as a precursor.
This was accomplished by controlled thermal decom-
position to form a monolithic carbon template which
retains the anatomical features of the precursor. Kinet-
ics of thermally induced decomposition during pyrolysis
are strongly a�ected by transport of gaseous decom-
position products (H2O, CO2, and a variety of addi-
tional species) via the open pore channel system. The

carbon template was shown to be easily machined to net
shape prior to conversion to a ceramic composite.25

Mechanisms involved in conversion of cellulose to
carbon are: (a) desorption of adsorbed water up to
150�C, (b) splitting o� of cellulose structure water
between 150 and 240�C, (c) chain scissions, or depoly-
merization, and breaking of C±O and C±C bonds within
ring units evolving water, CO and CO2 between 240 and
400�C, and (d) aromatization forming graphitic layers
above 400�C. Heating of wood in inert atmosphere
gives rise to the same products as would be given by the
sum of its three major components pyrolyzed sepa-
rately. Pyrolysis occurs in a stepwise manner with
hemicellulose breaking down ®rst at 200±260�C, cellu-
lose next at 240±350�C and lignin at 280±500�C.25

Between 200 and 400�C almost 80% of the total weight
loss occurs which may vary between 40% (lignin) to
about 80% (cellulose).
H2O, CO2, acids, carbonyl groups and alcohols are

the volatile species whereas clusters and free radicals of
carbon species are present in the residue. Simulta-
neously a pronounced anisotropic shrinkage was
observed with 15±22% in axial and 22±40% in tangen-
tial (and radial) directions.13 Between 400 and 800�C
aromatic reactions occur and the carbon network
shrinks to accommodate the excessive volume (vacan-
cies) left by the evolving gases. Above 800�C thermal
induced decomposition and rearrangement (condensa-
tion polymerisation) reactions are almost terminated
leaving a carbon template structure. Residual hydrogen
is released, defects are healed and the degree of crystal-
linity of the carbon units increases with temperature.

Fig. 6. Scheme of possible conversion reactions for ceramic manufacturing from wood.
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Due to the high amount of oxygen present in cellulose
no melt phase is formed upon pyrolysis and hence bio-
carbon residues derived from cellulose rich precursor
tissues may not attain the full crystalline order (and
density) of graphite. Only at temperatures above 1400�C
small clusters of basic structural units (BSU).27 were
observed by TEM with average cluster sizes below 15
nm and stacking dimensions less than 4 nm at 1800�C.13

Fig. 7 shows the basic molecular features of biopolymer
to carbon conversion giving rise to a particular aniso-
tropic structure of the carbon phase with a low degree
of crystalline order.
Weight loss as well as linear shrinkage may vary tre-

mendously depending on the composition and mole-
cular structure of the wood tissue. Axial shrinkage
increases with increasing misorientation angle of the
cellulose macro®brils in the cell wall segments. While in
the pure cellulose ®ber, formation of graphite-like
planes parallel to the (101) plane of cellulose according
to the longitudinal polymerisation model involving four
carbon atoms (4-C-model) is expected to result in a
theoretical shrinkage of 17% in ®ber axis direction28

higher shrinkage occurs when the ®ber orientation
deviates from the cell axis. Weight loss as well as
shrinkage may be signi®cantly reduced by triggering
aromatisation reactions of the biopolymers via con-
trolled oxidation,29 adding (NH4)H2PO4, (NH4)2HPO4,
Na2B4O7�10H2O, NaCl30 and applying slower heating
rates which increases the char yield. If the four carbon
residue theory, and the proposed theory of micro®bril

dominance are correct,28 then a preferred orientation of
graphitic crystallites should result from the highly
oriented micro®bril orientation particularly in cell wall
layer S2. A simple relationship between density of pre-
cursor wood and that of carbonized wood is given.25

�C � 	�wood �10�

where the constant 	 depends on the particular carbo-
nization conditions (T, P, t, A), and may attain values
around 0.8.

4.2. In®ltration kinetics

The carbon template serves as a host for a ¯uid med-
ium which either reacts with carbon to form a carbide
phase or remains unreacted in the pore space. In any
case in®ltration of the porous precursor structure with
the ¯uid medium is necessary. Based on Navier±Stokes
relations for hydrodynamic systems capillary ¯ow for a
stationary current of an incompressible ¯uid with con-
stant viscosity � may be expressed by31

!2h
: � 1

�
!p �3�

where h
:
is the in®ltration rate (e.g. height h after time t,

h
: � dh=dt) and !p denotes the e�ective pressure gra-
dient driving the in®ltration process. In the absence of
an external pressure in®ltration dynamics of liquids into

Fig. 7. Model of structural transition during pyrolysis from wood to carbon.
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porous compacts is driven by capillary forces which are
balanced by frictional and inertia forces. In a system of
cylindrical capillaries of initial diameter dc0 time depen-
dent height of in®ltration perpendicular to gravity g
follows the fundamental relations of Hagen and Poi-
seuille32 which are expressed by a non-linear di�erential
equation

32�

d2c0

h t� �h: t� � � �lgh t� � ÿ 4
cos'

de0
� 0 �4�

where ' is the contact angle of liquid on solid and �l is
the liquid density. Integrating Eq. (4) gives33

t � 32�

d2c0�l=g
hmaxln

hmax

hmax ÿ h
ÿ h

� �
�5�

with the maximum in®ltration height hmax limited by

hmax � 4
cos'

dc0�lg
�6�

For the case of silicon carbide formation via liquid
silicon in®ltration (�l at 1420

�C is 2.53±2.55 g/cm3 sur-
face tension g is 0.72±0.75 N/m at 1550�C; wetting angle
' is 0±22� on carbon in vacuum and 30±40� on SiC;
viscosity � is 5.1±7.65�10ÿ4 Pas at 1440�C) into the
biocarbon template, in®ltration time is in the range of
seconds to minutes for reasonable template geometries,
Fig. 8.

Taking into account an interface reaction between the
liquid and the carbon, the e�ective ¯ow diameter is
changed according to34

dce � dc0 ÿ 0:64

�����������������
2DM�lt

Ml

r
�7�

where M and M1 are the molecular weights of SiC and
Si (l), respectively, and D is the e�ective di�usion coef-
®cient governing the SiC growth rate [D � D0exp
ÿE=RT� � with D0 � 2� 10ÿ10 (m2/s) and E � 132 [kJ/
mol]].35 Estimation of in®ltration times versus reaction
times suggests the in®ltration to be several order of
magnitudes faster than the reaction and hence the reac-
tion is supposed to be the time limiting step in the liquid
in®ltration process. For the case of capillary wetting
without applying an additional external pressure a
maximum capillary diameter, dcmax limits spontaneous
in®ltration perpendicular to the ¯uid surface

dcmax � 4
cos'

�gh
�8�

For liquid Si in®ltration a dcmax of 120±80 mm was
found.4

Instead of liquid media gaseous in®ltrants can be used
to convert the lignocellulosics precursor into ceramic
phases. The attainable impregnation depth is one of the
most important criteria for massive in-pore deposition
and reaction. Penetration depth h for cylindrical pores is

Fig. 8. In®ltration time as a function of pore channel diameter and in®ltration height for liquid silicon in®ltration calculated according to Eq. (5).
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given as a function of the temperature dependent rate
constant � by36

h � �
�������������
dcDeff

4�

r
�9�

where � is the Thiele modulus, which typically is used to
describe the relative rates of reaction and di�usion in a
porous body. For the case that di�usion is fast and
hence adsorption and reaction at the carbon-in®ltrant
interface is rate controlling � < 0:1. The e�ective di�u-
sion coe�cient Deff is given by

1

Deff
� �
"

1

Dmol
� 1

DKnu

� �
�10�

" is the porosity of the template (0.5±0.8) and �
represents the tortuosity (3 for cylindrically shaped
pores). While for unconstrained molecular gas transport
Dmol of a gas species of molecular size 
 and molecular
mass M is independent of pore size

Dmol � kT

�

� �3=2

O2
�����
M
p

p
h iÿ1

�11�

Knudsen di�usion at small pore sizes depends on pore
channel diameter

DKnu � 2dp

3

� � ���������
2kT

�M

r
�12�

resulting in signi®cantly reduced penetration rates.
Thus, a lower critical pore channel diameter may be
derived from the condition Dmol � DKnu

dcmin � 6kT

�O2p
�13�

below which no e�ective gas phase transport can occur
within reasonable time. Estimation of dcmin for gas
phase in®ltration with Si and SiO at 1400±1600�C, Fig.
9, suggested a critical pore channel diameter in the
range of 1 mm.13 Thus for both kinds of in®ltration via
liquid or gaseous media, pore diameters larger than 1
mm are required to obtain reasonable in®ltration rates.

4.3. Conversion of the carbon template into ceramic

In®ltration and reaction with liquid Si or gaseous Si
and SiO were used to form b-SiC pesudomorphous to
wood tissue4,37

CBio � Si l� � ! b-SiC �14�
CBio � Si g� � ! b-SiC �15�

2 CBio � SiO g� � ! b-SiC� CO �16�

3 CBio � 2 SiO g� � ! b-SiC� CO2 �17�

Reaction (14) results in SiC/Si composite ceramics
with a residual Si content in cellular pores smaller than
approximately 30 mm.4 SiC formation using gaseous
reactants according to Eqs. (15)±(17) results in a single
phase SiC material. While reactions (15) and (17)
involve a speci®c volume increase of +108 and +39%,
respectively, reaction (16) is associated with a volume
change of only +4%. In the presence of oxygen reac-
tion (17) dominates at lower temperatures whereas
reaction (16) prevails at temperatures above 1400±
1500�C. Fig. 10 shows the cellular pore structure of oak
converted to b-SiC by gas phase reaction (16).
Correlation of ®nal pore size in SiC with the initial

cell wall thickness t and cell diameter dc of the wood
tissue may serve as a guideline for selection of suitable
kinds of wood which allow the fabrication of cellular
ceramics with tailored pore microstructure. Fig. 11
shows a pore size selection map taking into account the
speci®c volume changes upon pyrolysis and reaction. As
may be seen, average pore sizes of most cellular SiC
ceramics manufactured from the majority of woods by
gas phase reaction (16) should lie in the range of 10±100
mm. Increasing cell wall thickness may account for SiC
struts of corresponding thickness which are expected to
exhibit higher strength compared to cellular ceramics of
smaller strut thickness.
Alternatively, the porous carbon template can be

in®ltrated with oxide precursor solutions such as TEOS
(Si(OC2H5)4), metal salts of organic acids such as acet-
ates, oxalates, etc. and subsequently converted to the
carbidic reaction product. The residual carbon network
is removed by oxidation in air leaving an inverted metal
oxide structure of the initial tissue anatomy. Upon
in®ltration with a sodium chloride melt at 800�C and
subsequent removal of the carbon template by oxida-
tion at 600�C, the pore space may be re®lled by an oxi-
dic precursor sol. After leaching of the salt and ®nal
calcination in air an oxidic reproduction of the initial
tissue may be obtained.

4.4. Direct in®ltration and conversion reaction

It has been stated that the matrix of the woody cell
wall e.g. hemicellulose and lignin, is the major con-
tributor of sorption capacity to the cell wall. Although
the chemical structure of cellulose contains many
hydroxyl groups, the crystalline nature of cellulose may
render the groups largely unavailable for either sorption
of water or reaction with chemicals such as acetic
anhydride or isocyanate.37 Low temperature processing
avoiding formation of a carbon template by pyrolysis
treatment involves in®ltration of the native tissue with
monomeric, oligomeric or polymeric precursor com-
pounds based on Si(OR)4, R

0
xSi(OR00)4ÿx, or [R2SiX]n

with X=O (siloxanes), NH (silazanes), CH2, (carbosi-
lanes), etc. Due to the chemical coupling with the
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hydroxyl groups of the glucose units, weight loss and
shrinkage upon subsequent heat treatment may be
reduced. After pyrolysis, ®nal oxidation in air results in
a silicon containing Si±O(±X) material of high porosity.
Using in®ltrants loaded with metallic ®ller particles reac-
tion of the carbon network to form a carbide phase may

be used to form interpenetrating network composite
materials. Impregnation of the surface of dried wood
with low viscous preceramic polymer solutions and sub-
sequent conversion to a ceramic residue by local heating
(e.g. laser pyrolysis) of the surface ®nally results in novel
kinds of ceramic-wood gradient materials. While the bulk

Fig. 9. E�ective di�usion coe�cient of SiO (g) as a function of the

pore channel diameter for gas phase in®ltration.

Fig. 10. Porosity microstructure of gas phase reacted b-SiC pseudomorphous to oak.

Fig. 11. Pore size selection map showing the resulting pore diameter

of gas phase reacted b-SiC ceramic as a function of initial pore

microstructure in wood.
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still remains as native wood, the ceramic surface o�ers a
signi®cantly improved wear resistance and strength.

5. Applications of biomorphous ceramics

Fig. 12 shows principal cellular structures which may
be derived from native plants. Ceramics with a homo-
genous porosity structure are possible candidates for ®l-
ter, catalyst carrier, aerator structures, etc. Filter
structures require a well de®ned monomodal pore size
to provide a cut o� dimensional limit necessary for ®lter
selectivity. Due to the speci®c cell microstructure of
naturally grown traeidal tissue, small pores in the cell
walls o�er the possibility to provide gas ¯ow between
the large cellular pores e.g. a high permeability perpen-
dicular to the major ®ltering direction. Porous devices
with permeable struts can be used as irrigators in the
agriculture industry. Multifunctional ceramic mem-
brane reactors (CMRs) is another ®eld of potential
application. Perm- and non-perm-selective catalytically
active membranes surrounded by a bed of catalyst par-
ticles have become of importance for gas separation (H2

from CO and CO, formed by steam reforming of CH4),
O2±N2 separation for pure O2-production from air,
dehydrogenation and dehydration reactions (of ethane,
propane, cylohexane, ethylbenzene), catalytic partial
oxidation of CH4 to syn-gas for methanol production,
etc. While tubular membranes provide a surface to
volume ratio of <4000 l/m, surface to volume ratio in
cellular ceramics manufactured by gas phase reaction of
oak attains more than 106 l/m.
Ceramics derived from parenchymal tissue could ®nd

applications as catalyst carrier and ¯uid/gas reservoir

devices. Due to the irregular star-like strut anatomy,
turbulent ¯ow is favoured in these structures which may
cause prolonged reaction time for surface-coated cata-
lysts. Thus, design of appropriate catalyst structures
may be improved with respect to ¯uid dynamics, size,
pressure drop, etc. This could be interesting for minia-
turized reactor devices to be used in chemical reaction
technology (pharmaceutical production biotechnology).
Cellular ceramics from heterogeneous tissue are

interesting materials for the design of multifunctional
cell carrier and biocatalyst support structures. Multi-
modal pore size structures as biocatalyst supports
could ®nd applications in the food industry, fermenta-
tion or waste water treatment. Fig. 12 shows a possible
lay-out of an advanced microreactor substrate with
large tubular pores for transport of media and small
pores where the catalytically active bio-organisms are
®xed. Immobilization of microbes of enzymes requires
accessible pore sizes of 10±500 mm. Cell carriers with an
open pore structure may become interesting for ex vivo
molecular biological cell reactor systems as well as arti-
®cal organs in medicine. Large pores with a diameter in
the range of 100±500 mm provide the transportation
system for nutrients and metabolisms whereas the cells
are located in the pores smaller than 100 mm. Use of
multimodal pore sizes or fractal pore distributions o�er
the possibility of simultaneous operation of di�erent
kinds of cells which di�er signi®cantly in the required
pore space.
Recently, the power-law behavior of transport prop-

erties at low wetting phase saturations has been related
to the thin-®lm physics of the wetting phase and the
fractal character of the pore space of natural porous
media.38 The power law deduced for the electrical

Fig. 12. Potential ®elds of application for biomorphous ceramics with uniform and non-uniform porosity micro structures.
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conductivity � as a function of the degree of saturation
Sw, for example, is given by

� � CS
1

m 2ÿD� �
ÿ �
w �18�

C is a constant and D is the fractal dimension. m is an
exponent which represents the speci®c interaction
mechanism (e.g. m � 1 for short range structural forces,
m � 2 for electrostatic interaction and m � 3 for van
der Waals forces). Fractal porosity may, therefore, be of
interest for design of novel kinds of sensor structures.
At low saturation levels (e.g. Sw, <10%), electrical
conductivity varies with the degree of saturation with a
signi®cantly higher sensitivity (D=2 ...3) compared to
monomodal porosity distribution (D � 1).

6. Conclusions

Native or preprocessed lignocellulosics may be suc-
cessfully used as a template for generating ceramic
materials pseudomorphous to the initial cellular struc-
ture. Depending on the wide variety of native wood
structures ceramics with a uniform as well as non-uni-
form (hierarchical) pore structure can be processed. The
resulting cellular ceramics, which might be called ``lig-
nocers'', are generally characterized by a highly aniso-
tropic microstructure giving rise to anisotropic material
properties. Based on rapid ¯uid in®ltration into the
accessible cellular template structure a variety of che-
mical processing routes o�er a wide range of chemical
compositions and structural modi®cations in the cera-
mic reaction products. Making use of the unique
®brillar cell wall architecture and the hierarchical por-
osity structure novel cellular ceramics derived from
readily available lignocellulosics might be of interest
for high temperature resistant exhaust gas cleaning
devices, advanced microreactor systems, immobilization
supports for medical and biotechnological processes,
etc..
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