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TECHNICAL SILICIFICATION OF WOOD MATERIALS

TexHHYeCKOe CHIMKAaTUPOBAaHHE JPEBECHUHBI ObLIIO MPOBEACHO JUIsl YIY4IICHHS €e CBOWCTB
(corpoTHBIIEHHE UCTHPAHUIO, BIATONOINIOIIEHNE, TPOYHOCTh U JIp.) DKCIEpUMEHTAIBHEBIE UCCIIe-
JIOBaHHMSI ITPOBOAMIIMCH C MCIIOIb30BAaHHEM JIBYX COPTOB JIpeBECHHBI (1y0 W ellb) M TPeX UCTOUHH-
KOB KpeMHUsI, BKJItoYas MetaciiukaT HaTtpus (Na,Si0s), komwtounayro cycrensuto kpemuus (CSS)
u Terpadtokcmwiad (TEOS). DkcriepuMeHTHl MPOBOAWINCH B TEMIIEpaTypHOM auana3one ot 40
10 80 °C mpu HOPMAaJbHOM [JaBJICHWH B CTEKISIHHBIX COCYJaX W HPHU BBICOKUX TEMIIEpaTypax
(mo 138 °C) u naBnenun (o 12 6ap) B aBToKIaBax. KpoMe MHKPOCKOITMYECKOTO MCCIEAOBAHUS
(OuHOKYJIsIpHOE, MOJAPU3AIIMOHHAST MUKPOCKOIHSI, PACTPOBasi SIEKTPOHHAS MUKPOCKOIHS, KaTo/I0-
JIIOMUHECIIEHTHAs: MUKPOCKOIIHSI) ObLIH MPOU3BENICHbI H3MEPEHHS BJIATOIIOTIIOMICHHUS M TIPOYHOCTH.
KaTonmoiroMuHeceHTHas: MUKPOCKOIUS OKa3aliack Haubolnee 3(pQEeKTHBHBIM METOIOM OOHapy»xe-
Hus pacnpenenenns SiO, BHYTpY U Ha IOBEPXHOCTH 00pa3IioB ApeBECHHBL. MaTepuall, CHIINKaTupo-
BaHHBIN C MPUMEHEHHEM KOJUTOWIHOM cycnen3uu kpemHus 1 TEOS, mornoman Ha 40 % MeHbIe
BJIary, 4eM HeoOpaboTaHHbIe 00pa3ipl. TBepaocTs mo bpuHennro MmoxeT ObITh yBenmmyeHa Ha 100 %
0 CpPaBHEHHIO ¢ 00pa3laMu M3 CBEXKEH JPEeBECHHBI, Oiaroiapsi CTEKIOBUIHBIM CJIOSIM KPEMHHS Ha
TIOBEPXHOCTH 00pa31ioB, 00pa30BaBIIMMCS B PE3YJIbTaTe IPEBPALICHUS 30151 B TEllb.

Technical silicification of wood was performed to improve the properties (e.g. wear resis-
tance, water absorption, hardness) of the material. Experimental studies were carried out using two
types of wood (oak and spruce) and three different sources of silica including sodium metasilicate
(Na,Si03), a colloidal suspension of silica (CSS), and tetracthoxysilane (TEOS). Experiments
were done in the temperature range between 40 °C and 80 °C under normal pressure in glass beak-
ers and at higher temperatures (up to 138 °C) and pressures (up to 12 bar) in autoclaves. Besides
microscopic investigations (binocular, polarizing microscopy, SEM, cathodoluminescence micros-
copy), measurements of water absorption and hardness were performed. CL microscopy proved to
be the most effective method to reveal the distribution of SiO, within and on the surface of the
wood samples. Material silicified with colloidal silica and TEOS, respectively absorbed about
40 % less water than untreated specimens. Likewise, the Brinell hardness of treated samples could
be increased by nearly 100 % compared to fresh wood samples, which is mainly caused by vitre-
ous silica coatings (generated by sol-gel transformation) at the sample surface.

Introduction

Recently, different chemical und physical
methods are being used to improve the struc-
ture of industrially used wood and to avoid
damages caused by weathering. Most of these
procedures use rather toxic chemicals such as
chromated copper arsenate leading to certain
environmental problems (Tanno et al. 1998).
An appropriate silicification procedure would
provide a new and harmless way to prevent
the mechanical and chemical decay of wood
materials.

In nature many examples are known where
silica bearing solutions cause the perminerali-
zation of wood. Vitreous and crystalline silica
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minerals (opal, chalcedony, quartz) increase the
hardness (up to Mohs 7) and improve the resis-
tance against chemical, biological and weather-
ing processes. The density of silicified wood is
approaching 2,6 Mg/m®. This fact leads to the
conclusion that surface coating of wood may be
suitable to obtain a new composite with moder-
ate density.

Previous studies concerning the artificial
silicification of wood were reported by Drum
(1968 a, b), Leo & Barghoorn (1976), McCaf-
ferty (1992), Oehler & Schopf (1971), Saka &
Tanno (1996) and Tanno et al. (1998). Their
results show the general possibility of technical
silicification. Drum (1968 a, b) for example
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generated siliceous replicas of birch twigs and
small pieces of plants by placing them in so-
dium metasilicate solutions. Saka & Tanno
(1996) and Tanno et al. (1998) tried to «pet-
rify» wood in a different way by using silicon-
alkoxides (e.g. tetraethoxysilane TEOS). Dur-
ing sol-gel transformation these compounds
hydrolyze to silicic acid Si(OH). They found
that the resistance against fungal attacks in-
creases, and that treated samples absorbed sig-
nificantly less water than untreated ones.

In this study more than 100 experiments
with different silica sources (sodium metasili-
cate, colloidal silica suspension, tetraethoxysi-
lane) were performed to silicify samples of oak
and spruce wood by hydrothermal treatment,
vacuum impregnation and by soaking with sil-
ica-containing solutions. Different analytical
methods were used to estimate the degree of
property enhancement.

Materials and methods

Cube-shaped samples (1 cm®) were pre-
pared from oak and spruce woods containing
about 4 % moisture (25 °C) and volatile sub-
stances. Three distinct silicification methods
were applied. Hydrothermal experiments at
higher temperatures (100-138 °C) and pressures
(1-12 bar) were realized in a PTFE-lined steel
autoclave. In all experiments the degree of fill-
ing was 25 % and the reaction time about
3 hours. Sodium metasilicate solutions contain-
ing up to 2.5 wt % SiO, were used for this aim.
The second method tested was vacuum impreg-
nation of the specimens. The wood samples
were penetrated by solutions under reduced
pressure (= 100 mbar) at room temperature for
about 10 minutes. In the third method the wood
samples were placed in glass beakers contain-
ing silica-bearing solutions. These experiments
were run in the temperature range between
40 °C and 80 °C at normal pressure.

The solutions were stirred (3h) and subse-
quently kept overnight to allow sol-gel trans-
formation and diffusion processes. For the last
two methods, TEOS solutions and a colloidal
colloidal suspension of silica (only for impreg-
nation tests) were prepared. TEOS contains
about 30 wt% and CSS 40 wt % silica. All
treated specimens were dried in an oven at

50 °C for at least 48 h. To evaluate the water
absorption of the material, the samples were
placed in distilled water for 6 days (at 25 °C
and normal pressure). The Brinell hardness of
selected samples was determined and the
changes of mass through silicification meas-
ured. Microscopic methods (binocular and po-
larizing microscopy, SEM, CL) were applied to
characterize the sample material.

Results and discussion

Aqueous solutions of sodium metasilicate
solutions (Na,SiO3;) have a high pH value
(> 10) that causes damage and dissolution of
the wood material, especially under high pres-
sure and temperatures. Particularly, oak sam-
ples showed large loss of mass (up to 30 %)and
spruce wood specimens decreased in mass by
about 7 %. Additionally, water absorption and
Brinell hardness of treated specimens were
lower than those of fresh samples. These facts
considerably avoid the further use of sodium
metasilicate as silicification agent. Although
the colloidal suspension of silica (CSS) behaves
similar to Na,SiO; solutions (pH value of
about 10), the former contains much more silica
(=40 wt %). Nevertheless, wood samples
placed for longer time (> 20 min) in CSS began
to disintegrate. Therefore, only short time vac-
uum experiments were made with colloidal sil-
ica. On the other hand, organic TEOS solutions
with alcohol and less diluted acetic acid caused
no damage in wood.

Figure 1 illustrates comparable results of
experiments in glass beakers (TEOS solution,
80 °C, normal pressure) and with the vacuum
impregnation technique. In particular, the mass

:
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Figure 1. Increase of weight during silicification by
TEOS in glass beakers and colloidal silica under vacuum
(black = oak wood, white = spruce wood)
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Figure 2. Water absorption of untreated and silicified
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Figure 3. Brinell hardness of untreated and Silicified wood
samples (black = oak wood, white = spruce wood)

of spruce wood increases during silicification
up to 45 %. Less porous oak wood shows sub-
stantially lower mass gain (10-20 %). Signifi-
cant differences could be detected for the for-
mation of vitreous silica. The experiments in
glass beakers (40-80 °C) lead to the deposition
of silica coatings at the surface of the wood
samples. In contrast to this, vacuum impregna-
tion caused a deeper penetration of the silica-
bearing solutions into the wood resulting in
silicification of inner parts of the wood mate-
rial. Visible cracks and mechanical damage of
the solid silica coatings resulted presumably
from drying and preparation of the samples for
microscopic examinations. Tetraethoxysilane
(TEOS) hydrolyses during sol-gel transforma-
tion, followed by the formation of monosilicic
acid which subsequently polymerizes. Hydro-
gen bonds can be formed between silicic acid
and hydroxyl groups of cellulose (Tanno et al.
1998, Schultze-Lam et al. 1995). Several ex-
periments with TEOS (80 °C, glass beaker) re-
sulted in silica deposition not only in cell cavi-
ties but also in cell walls. Both wood samples
of vacuum and glass beakers experiments with
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TEOS and CSS showed significantly decreased
water absorption (up to 40 mass %) than un-
treated specimens (Figure 2).

The precipitated solid silica in the interior
of the wood samples partially prevents the
penetration of water. The silica coatings of
samples produced in glass beakers show similar
effects. Only cracks in the silica coatings en-
able the water to penetrate. The evaluation of
the Brinell hardness shows significant differ-
ences. The evaluation of the Brinell hardness
shows significant differences between samples
from vacuum experiments and those treated in
glass beakers (Figure 3). An increased hardness
is likely caused by silica surface coatings. The
experiments in glass beakers result in an in-
crease of hardness of spruce wood of 100 %, in
oak samples of about 60 %. In contrast, in sam-
ples impregnated under vacuum conditions
nearly all silica was precipitated in the inner
part. Therefore, no protecting coating with in-
creased hardness develops at the wood surface.

Conclusions

The present study evaluated colloidal sil-
ica and TEOS as suitable sources for technical
silicification. Wood samples of oak and spruce
were impregnated under vacuum conditions
and soaked in glass beakers containing TEOS
solution.

The treatment at moderate temperature (40
to 80 °C and ambient pressure) in glass beakers
and vacuum impregnation improve the weath-
ering resistance by lowering water absorption.
Furthermore, an increase of surface hardness of
both oak and spruce wood (nearly 100 %) was
observed for samples treated in glass beakers.
On the surface of these specimens vitreous sil-
ica coatings (thickness up to 100 um) could be
detected resulting from sol-gel transformation
processes. Methods that combine high alkaline
solutions (pH > 10, e.g. sodium metasilicate
solutions) with low silica content and tempera-
tures above 100 °C are unable to silicify wood
materials in short-time experiments (several
days). Further studies are required to optimise
experimental technique, chemical composition,
drying procedures and other variables in order
to generate a silica coating without cracks or
other defects.
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