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Silicification of wood was performed in the laboratory to improve the physical properties (e.g. wear resistance, water absorp-
tion, hardness) of the material. Experimental studies were carried out using two types of wood (oak and spruce) and five dif-
ferent sources of silica including sodium metasilicate (Na,SiO;), a colloidal suspension of silica, tetraethoxysilane (TEOS), a
mixture of TEOS with methyltriethoxysilane (MTEOS), and silica sol with three different particle sizes. Additionally, TEOS
mixed with the alkoxides tetrapropyl zirconate (TPOZ) and tetrabutyl orthotitanate (TBOT), respectively was tested. Experi-
ments were performed in the temperature between 20°C and 80°C under normal pressure in glass beakers and at higher tem-
peratures (up to 138°C) and pressures (up to 12 bar) in autoclaves. A special experimental setup with vacuum impregnation
was developed to increase the penetration depth of the silica into the wood material. The properties of the impregnated wood
were investigated using different analytical techniques. Besides microscopic investigations (binocular, polarizing microscopy,
SEM, cathodoluminescence), XRD analysis, FTIR spectroscopy and measurements of water absorption and hardness were
performed. XRD studies revealed that the silica coatings completely consist entirely of X-ray amorphous silica (opal-A simi-
lar to hyalite). CL microscopy proved to be the most effective method to reveal the distribution of SiO, within and on the sur-
face of the wood samples. FTIR studies showed that deposited silica may contain organic residues of the source materials.
The technical properties of wood could significantly be improved by the silicification. Material silicified with colloidal silica
and TEOS, respectively absorbed up to 40% less water than untreated specimens. Likewise, the Brinell hardness of treated
samples could be increased by nearly 100% compared to untreated samples. This is mainly caused by vitreous silica coatings
(generated by sol-gel transformation) at the sample surface.

INTRODUCTION

Wood materials are widely used in various industri-
al applications because of their excellent physical,
chemical and visual properties. The disadvantages of
utilizing wood in many applications relate to its low
hardness and high water uptake. Therefore, several
attempts have been made to improve the structure of
industrially used wood and to reduce damage caused by
weathering. Unfortunately, many of these physical and
chemical procedures use rather toxic chemicals such as
chromated copper arsenate leading to certain environ-
mental problems [1]. An appropriate silicification pro-
cedure could provide a new and environmentally less
harmfull way to prevent the mechanical and chemical
decay of wood materials and allow preservation of its
visual appearance.

In nature, permineralization of wood by silica-bear-
ing solutions as well as by other mineral substances
(e.g. fluorite, carbonate) is well known. Silicification by
vitreous and crystalline silica minerals (opal, chal-
cedony, quartz) increases wood hardness (up to MOHS
hardness 7) and improves resistance against chemical,

biological and weathering processes. Therefore, per-
mineralized wood can persist for millions of years in the
environment without damage [2]. The density of com-
pletely silicified wood, however, approaches 2.6 g/cm’.
This fact leads to the conclusion that surface coating of
wood may be a more suitable process allowing the crea-
tion of a new composite material with moderate density.

Several authors investigated the general possibility
of artificial silicification of wood (e.g. [3, 4, 5, 6, 7]).
Drum [3, 4] generated siliceous replicas of birch twigs
and small pieces of plants by placing them in sodium
metasilicate solutions. Oehler & Schopf [5] examined
the artificial permineralization of blue-green algae in
silica gel at 165°C and 3000 bar. This appears to be a
relevant experiment since the chemical surface structure
of algae and wood are comparable in terms of terminat-
ing OH-groups. Hydrogen bondings between silica and
the OH-groups are considered to cause the preservation
of these algae filaments [8]. McCaferty [7] impregnated
wood by soaking in a solution containing silicon and
aluminium compounds. However, no conclusions about
the properties of the wood-ceramic were drawn except
an increase of hardness (up to 120%).
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Most researchers since the 1990s kept focus on
coating wood surfaces in different ways by using multi-
functional silicon-alkoxides like tetracthoxysilane
(TEOS, e.g. [9, 10]), methyltrimethoxysilane (MTMOS,
e.g. [9, 11]), methyltriethoxysilane (MTEOS, e.g. [10,
12]) and others. These compounds hydrolyze to silicic
acid Si(OH), during sol-gel transformation, a common
form of silica source in nature. Tanno et al. [1] and Saka
& Tanno [13] examined only a few properties of silici-
fied specimens. They found that the resistance against
fungal attacks increases, and that treated samples
absorbed significantly less water than untreated ones.
The absorption of water is an excellent index for the
quality of the coating, since it represents the coating's
impermeability. Water repulsion, and therefore limited
weathering effects, is one of the main targets of coating
wooden materials [9, 11, 12, 14].

There has been increased interest in the topic in the
last recent years. Sol-gel processes have proved to be an
effective method to impregnate wooden material. Saka
& Ueno [9] added fire-resistant agents to SiO, compos-
ites and additionally conducted experiments with
MTMOS silica precursor and compared results to those
of TEOS. MTMOS was also used by Tshabalala et al.
[14]. They carried out extensive investigations concern-
ing the coating structure by using AFM, ATR-FTIR,
XPS and SEM/EDX. De Vetter et al. [15] combined
SEM/EDX analysis with micro-CT investigation and
found these methods to be a useful tool to characterize
silicon coatings on wooden substrates. Donath et al. [12,
16] tried additional types of precursors, but the method
of sol-gel-process still remained the same. Investigation
on both artificial [11] and natural [16] weathering
revealed that the resistance of impregnated wood is
largely increased, although some problems occurred
concerning the colour stability. To prevent these prob-
lems, UV light stabilizing agents have to be added to the
coating [16]. A review about modifications of wood by
treatment with silicon compounds was given by Mai
and Militz [17].

The present study aimed to investigate the technical
silicification of wood materials (oak and spruce) using
different sol-gel precursors as well as sodium metasili-
cate solutions and colloidal suspensions, mainly to in-
crease hardness of wooden surfaces in addition to
weathering resistance. The experiments were conducted
under varying conditions and included hydrothermal
treatment, vacuum impregnation and soaking with sili-
ca-containing solutions. A combination of different ana-
lytical methods (XRD, CL microscopy and spectro-
scopy, FTIR spectroscopy) were used afterwards to
characterize the treated materials, especially the spatial
distribution and structural state of the silica.

EXPERIMENTAL
Sample material

Cube-shaped samples (1 cm?®) of oak and spruce
wood were prepared for the experiments (Figure 1). The
raw material contained about 4% moisture (25°C) and
volatile substances. Therefore, most of the samples
were immersed in acetone for 24 h and afterwards oven-
dried (50°C, 24 h). Some experiments were run with
untreated samples to compare the results. In Table 1,
density and hardness of spruce and oak wood are com-
pared. Considering the lower density (higher porosity)
of spruce wood, a faster and probably better silicifica-
tion could be expected. On the other hand, the inter-con-
nectivity of open spaces (e.g. connection of gym-
nosperm tracheids by bordered pits) has also to be taken
into account for the experiments.

Table 1. Selected properties of spruce and oak wood (hardness
after [22]).

Kind Density Brinell hardness
of wood (g/em?) (N/mm?)
Spruce 0.45 <35

Oak 0.65 60-65

Silica sources

In a first step, three different sources of silica were
used. Sodium metasilicate solutions containing up to
2.5 wt.% SiO, (ALDRICH) were prepared for hydro-
thermal experiments and soaking experiments in glass
beakers. Colloidal suspensions of silica (LUDOX,
~40 wt.% SiO,, pH ~10, particle size 1-1000 nm) were
applied during vacuum impregnation and in glass
beaker experiments. Furthermore, tetraecthoxysilane
(TEOS, FLUKA and LUDOX, other used alkoxysilanes
supplied by FLUKA) was tested as silica source, which
was initially treated with isopropanol to set up the
favoured concentration, and therefore, control the speed
of the following reaction. TEOS and a suspension of
colloidal silica (SCS) contain about 30 and 40 wt.% si-
lica, respectively. Their solutions were applied in glass
beakers (only TEOS) and under vacuum conditions
(both silica sources).

In a second step, 0.8 mol TEOS were combined
with 0.2 mol methyltriethoxysilane (MTEOS) to com-
pensate strain within the prepared silica coatings and
increase their thickness. Commercial silica sols
Kostrosol 0730, 1530, 3530 distributed by CWK BAD
KOSTRITZ with three different particle sizes (average
particle size of 7 nm, 15 nm and 35 nm, respectively)
were added. The TEOS/MTEOS (60 % SiO,) was pre-
pared with each silica sol (40 % SiO,) under different
experimental parameters according to [18].
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Furthermore, TEOS was combined with tetrapropyl
zirconate (TPOZ) and/or tetrabutyl orthotitanate
(TBOT) to increase the surface resistance of the coat-
ings. The last two experiments (TEOS/MTEOS/silica
sol and TEOS/TPOZ/TBOT) were performed under dif-
fering conditions to those with pure TEOS with lower
oxide contents (about 5 wt.%) of the precursor solutions.

During the experiments the general applicability of
these different silica precursors should be tested, includ-
ing handling and quality of the resulting coatings.

Silicification experiments

Three distinct silicification methods were applied.
In most of the experiments the wood samples were
placed in glass beakers containing silica-bearing solu-
tions. These experiments were run in the temperature
range between 20°C and 80°C at normal pressure. The
solutions were stirred (3 h) and subsequently kept
overnight to allow sol-gel transformation and diffusion
processes. Hydrothermal experiments at higher tempe-

Figure 1. Cubes of oak (left) and spruce wood (right) with surface cuts transversely (a,b) and parallel (c,d) to the long axis of
vessels and tracheids, respectively. The sample of oak wood shows deformation and cracking (a) due to treatment with Na;SiO;
solution; a thin layer of silica is developed at the surface of the spruce sample after silicification with TEOS (b,d).
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ratures (100-138°C) and pressures (1-12 bar) were con-
ducted in a PTFE-lined steel autoclave. In all experi-
ments the degree of filling was 25 % and the reaction
time about 3 hours. The third method used was vacuum
impregnation of the specimens. For these experiments,
a modified equipment for the impregnation of thin sec-
tions with epoxy resin was designed. The wood samples
were penetrated by solutions under reduced pressure
(~100 mbar) at room temperature for about 10 minutes.
Treated specimens were dried for 1-2 days on air and
afterwards in an oven at 50°C (48 h). Preliminary tests
with 1 cm’ raw wood samples using different tempera-
tures (30-105°C) and times (48-72 h) have shown the
best results under these conditions.

Analytical methods

Different analytical methods were used to charac-
terize the silica-coated wood samples. After initial
macroscopic investigation of samples with a binocular
microscope (ZEISS Stemi 2000-C), samples were
selected for preparation of polished thin sections (30
pum thick). These were first analyzed in polarized trans-
mitted light using a ZEISS Axio Imager Alm. Details of
the samples were additionally studied by SEM (JEOL
6400 with EDX detector).

Cathodoluminescence (CL) investigations were
performed on carbon-coated, polished thin sections
using a "hot cathode" CL microscope HCI-LM (see
[19]). The system was operated at 14 kV accelerating
voltage and a current density of about 10 pA/mm’
Luminescence images were captured "on-line" during
CL operations using a peltier cooled digital video-came-

ra (KAPPA 961-1138 CF 20 DXC). CL spectra in the
wavelength range 380 to 900 nm were recorded with an
Acton Research SP-2356 digital triple-grating spectro-
graph with a Princeton Spec-10 CCD detector that was
attached to the CL microscope by a silica-glass fibre
guide.

Infrared (IR) absorbance measurements were
undertaken by using a FTS 40A (fourier-transform spec-
trometer) by BioRad with data range of 400-4000 cm™
and 2 cm’ resolution. KBr tablets including 1 wt.%
ground sample material were pressed under pressure of
8 bar for measurements.

To evaluate the water absorption of the material,
the samples were placed in distilled water for 6 days
(at 25°C and normal pressure) or in the second experi-
mental series in tap water (20°C, 48h). Mass gain was
determined by weighing the samples before and after
coating experiments. The Brinell hardness of selected
samples was determined with a HP 250 (WPM Leipzig)
device.

RESULTS AND DISCUSSION
Sodium metasilicate solutions

First silicification experiments were run with aque-
ous solutions of Na,SiO; with varying concentrations
(8-410 mmol/l) and at different temperatures (Table 2).
The high pH value (>11) caused damage and dissolution
of the wood material, especially under elevated tempe-
rature and pressure. A significant loss of mass (up to
30 %) was especially observed for oak samples, where-
as the mass of spruce wood decreased only ca. 7 %.

Figure 2. Transmitted light (left) and cathodoluminescence (right) image pairs of silicified wood samples. The SiO, is clearly
visible under CL because of its characteristic blue luminescence colour. Micrographs of oak (a) and spruce (b) after vacuum
impregnation with colloidal silica solution; the oak sample shows silicification of large tracheides, whereas the spruce is almost
completely silicified. Micrographs of oak (c) and spruce (d) after treatment with TEOS in glass beakers; both samples show a
remarkable silica coating at the wood surface.
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Additionally, water absorption and Brinell hardness of
the treated specimens were lower compared to those of
fresh samples. These facts considerably limited the fur-
ther use of sodium metasilicate as a silicification agent.

Table 2. Parameters of silicification experiments with sodium
metasilicate solution.

T time SiO, pH
Method (°O) (h) (wt.%) at 25°C
Hydrothermal 1 138 3 0.5 11.0
Hydrothermal 2 138 3 2.5 11.8
Glass beaker 1 25 3 0.05 11.6
Glass beaker 2 50 3 0.05 11.6
Glass beaker 3 70 3 0.05 11.6
Glass beaker 4 90 3 0.05 11.6

Suspension of colloidal silica (SCS)

Experiments dipping the wood samples into a glass
beaker containing commercial SCS (~ 40 wt.% SiO,)
resulted in similar effects as those with Na,SiO; solu-
tions. The relatively high pH value (about 10) caused
again disintegration and decolourization of the wood
samples after longer immersion times (>20 min). There-
fore, only short-time vacuum experiments were made
with colloidal silica.

The advantages of vacuum impregnation are a
deeper penetration of the silica bearing suspension into
the wood structure and therefore, a higher degree of sili-
cification. The results illustrate, that the samples treated
with acetone before silicification, showed the highest
mass gain (oak: +13 %, spruce: +43 %). The pre-treat-
ment probably opens the void space for the penetrating
silica. The differences in the degree of silicification
between oak and spruce wood are clearly visible under
CL. In oak wood, mostly large vessels are filled with
Si0,, whereas the spruce wood is almost completely
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Figure 3. Comparison of water uptake between untreated wood
with samples silicified with colloidal silica and TEOS, respec-
tively (black = oak wood, grey = spruce wood).

filled (Figure 2a,b). This is due to the more or less
homogeneous tracheid-size distribution of spruce and
connectivity between vessels (oak).

Measurements of the water uptake confirm these
results. The water uptake of oak wood is ca. 18% less
than that of untreated samples, whereas the decrease in
water uptake of spruce wood is ca. 30% (Figure 3).
However, the hardness of the wood surface could not be
improved because of the lacking silica layer on the
wood surface (Figure 4).

In nearly all experiments that were performed with
dipping the wooden cubes into solutions, we observed
that the coatings are much thicker on the surface areas
cut transversely to the vessels and tracheids than on sur-
face areas cut parallel to the long axis (see Figure 2c,d).
This may be due to the filter cake effect or to the fact
that the transversely cut surface is rougher and therefore
more material will be deposited here.

Tetraethoxysilane (TEOS)

Most silicification experiments were realized with
organic TEOS solutions in alcohol and diluted acetic
acid (Table 3), since no damage of the wood material
was observed. Tetraethoxysilane (TEOS) hydrolyses
during sol-gel transformation, followed by the forma-
tion of monosilicic acid, which subsequently polymeri-
zes (formula 1). Hydrogen bonds can be formed
between silicic acid and hydroxyl groups of cellulose
([1, 8]). By heating these hydrogen-bonded polysi-
lanols, they release water and produce covalent bonds
with the wooden surface and build up a three-dimen-
sional SiO,-network (simplified in formula 2, in this
case R-OH represents cellulose on the wood surface).

Si(OC,Hs), + 4H,0 — Si(OH), + 4C,H.0H (1)
R-OH + Si(OH), » R-O-Si(OH), + H,O  (2)
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Figure 4. Comparison of Brinell hardness of untreated wood
with samples silicified with colloidal silica and TEOS, respec-
tively (black = oak wood, grey = spruce wood).
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Table 3. Parameters of silicification experiments with TEOS.

T time TEOS C;H,OH CH,;COOH NH; Si0O,
Method °O) (min) (mol/l) (mol/l) (mol/l) (mol/l) (wt.%)
Glass beaker 1 25 180 0.41 10.07 - 3.73 3.07"
Glass beaker 2 25 180 2.71 3.54 0.32 - 17.75
Glass beaker 3 80 180 2.71 3.54 0.32 - 17.75
Vacuum 25 5 2.71 3.54 0.32 - 17.75
*pH 10.9 at 25°C

The treatment with TEOS (80°C, glass beaker)
resulted in silica deposition not only in cell cavities but
also on the wood surface (Figures 1 and 2c,d). Similar
to the experiments with SCS, vacuum impregnation
caused a deeper penetration of the silica-bearing solu-
tions into the wood resulting in silicification of inner
parts of the wood material. Visible cracks and mechan-
ical damage of the solid silica coatings are probably
caused by drying and preparation of the samples for
microscopic examinations.

Figure 5. SEM micrograph of a silica coating on spruce wood
prepared by a mixture of TEOS, MTEOS and silica sol (15 nm).

Both vacuum impregnation and glass beaker exper-
iments with TEOS showed significantly decreased
water uptake (up to 40 wt.%) compared to untreated
specimens (Figure 3). The precipitated silica in the inte-
rior of the wood material prevents the penetration of
water. Similar effects are caused by the silica surface
coatings prepared in glass beakers. Only cracks in the
silica coatings enable the water to penetrate.

The measurements of the Brinell hardness revealed
significant differences between samples from vacuum
experiments and those silicified in glass beakers
(Figure 4). Only silica surface coatings improve the
hardness of the wood material. The experiments in glass
beakers result in an increase of hardness of spruce wood
of 100%, in oak samples of about 60%. In contrast, no
protecting surface coating with increased hardness was
observed during vacuum impregnation.

TEOS combined with methyltriethoxysilane
(MTEOS) and silica sols

Silicification experiments of wood with a mixture of
TEOS, MTEOS and different silica sols were exclusive-
ly run in glass beaker experiments in order to develop
silica coatings on the wood surface. Investigations by
binocular and polarization microscopy revealed that the
coatings are transparent and colourless. SEM studies
showed that the coatings have a thickness of 10-100 um
and often contain numerous micro-cracks (Figure 5).

—> Mass gain (%)

silica sol
35 nm

silica sol
15 nm

silica sol
7 nm

without Zr Ti
silica sol

Zr +Ti

Figure 6. Mass gain of wood samples after silicification in a glass beaker with a mixture of TEOS and MTEOS and silica sols of
different particle size as well as mixtures of TEOS/TPOZ/TBOT (black = oak wood, grey = spruce wood).
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Figure 6 shows the increase of weight after coating
with TEOS and MTEOS as well as different sized silica
sols. It can be concluded that the mass gain by com-
bined coating with TEOS/MTEOS and silica sol is
much less than with the former experiments. This can
probably be related to the lower oxide content (5 wt.%)
in the solutions. It is noticeable that there are no signif-
icant differences between the various coatings.

Comparison of raw and silicified samples illus-
trates that only the treatment of spruce wood resulted
in a significant decrease of water uptake (Figure 7).
Curiously, there is virtually no significant effect by
coating oak wood, whereas impregnating of spruce
wood with the same precursors was successful. The par-
ticle size of the silica sols did not influence the results.
Hardness measurements were not possible due to the
low thickness of the silica coatings. It is assumed that
the values are similar to those detected for the pure
TEOS treatment.

TEOS combined with tetrapropyl zirconate (TPOZ)
and/or tetrabutyl orthotitanate (TBOT)

The experiments with the Zr- and Ti-bearing alk-
oxides tetrapropyl zirconate Zr(OC;H;), and tetrabutyl
orthotitanate Ti(OC,H,), were performed as attempts to
increase the hardness of the coatings (Table 4). The
coatings, especially those containing Ti, have light
yellow colours, which might be disadvantageous in
many applications.

Optical examinations of the coated samples by
binocular microscopy revealed structurally quite intact
coatings, although some cracks appeared. Investigations
by polarizing and CL microscopy (Figure 8) however,
show large unsilicified parts on the surface of the coat-
ing prepared by combined TEOS, TPOZ and TBOT on
spruce wood. This may be due to problems occurring
during preparation of thin sections because of the dif-
ferences in hardness of the weak wood substrate and the
surface layer. On the other hand, the micrograph reveals
that the solution was able to penetrate deeply into cells
(up to 300 um) and silicify inner parts of the wood as
well.

Table 4. Experimental parameters for wood silicification
in glass beakers using mixtures of TEOS and Ti- and Zr-alk-
oxides.

Mixture H,O T pH at
(mol:mol) (mol) °C) 25°C
TEOS =1.0 2.0 25 1-2
TEOS:TBOT = 0.5:0.5 1.5 25 3-5
TEOS:TPOZ = 0.5:0.5 1.5 25 5-7

TEOS:TBOT:TPOZ = 0.5:0.25:0.25 1.5 25 4-6

Figure 6 illustrates that the mass gain after impreg-
nation with TEOS and alkoxides is rather low due to the
low oxide content. The more porous structure of spruce
wood results in higher material uptake, and the coating
prepared with TEOS and both alkoxides reaches the
highest value and seems to be the most effective way.
The water uptake for oak wood is lowered from 61 wt.%
of the raw material to 41 wt.% of the impregnated
samples. In spruce samples, the value decreases from
46 wt.% to 43, 38 and 37 wt.% for TEOS/TPOZ,
TEOS/TBOT and the mixture of both, respectively.
Because of the rather thin coatings, hardness measure-
ments were carried out on remaining material from the
glass beakers, which was treated in the same way as the
coated samples. The MOHS hardness was around 4,
which is higher than that of untreated samples, but
much lower than in naturally silicified wood. This may
be due to incompletely hydrolized parts of the coating
(see below).
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silica sol
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Figure 7. Comparison of water uptake of untreated wood

samples with those of wood silicified with different TEOS/
/MTEOS-silica sol mixtures (black = oak wood, grey = spruce
wood).

Figure 8. CL micrograph of silicified spruce wood (TEOS +
TPOZ + TBOT) with massive cracks and partly missing
coating on the surface (arrows indicate the deposited silica).
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Characterization of the deposited silica

Additional analyses by XRD, CL spectroscopy and
FTIR measurements were performed to obtain more
information about the phase composition and structural
state of the silica coatings. Analyses of different coat-
ings by XRD revealed that the coatings exclusively con-
sist of X-ray amorphous silica, similar to opal-A. Figu-
re 9 presents a comparison of three layers prepared by
TEOS and a mixture of TEOS with two different silica
sols (particle size of 35 and 7 nm), respectively. The
coatings show identical patterns, which are very similar
to a sample of hyalite (opal-A) that was analysed for
comparison.

These results were confirmed by CL spectroscopic
analyses of the silica coatings. All investigated samples
show a broad emission band with a maximum around
500 nm (Figure 10). This emission band was also found
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Figure 9. X-ray diffractogramms of certain silica coatings pro-
duced by TEOS and mixtures of TEOS with silica sols of dif-
ferent particle size; the material exclusively consists of X-ray
amorphous silica similar to hyalite (grey curve, the sharp peak
is due to a carbonate impurity).
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in amorphous silica of natural origin [20]. Only one
sample (spruce, TEOS treatment in glass beaker) has an
additional emission band around 580 nm. This CL emis-
sion was reported from microcrystalline quartz with
high defect density [20]. Probably, we can find here a
first step of crystallization from a complete non-crys-
talline precursor to a low crystalline SiO, structure.
The infrared spectroscopic studies additionally
revealed that some organics and water from the silica
precursors remained in the oven-dried samples. The
absorption bands of Si—-C bonds at around 840 and
1280 cm™ in the IR spectra of MTEOS (Figure 11) are
characteristic, because of a direct bonding between Si
and CH; groups. Peaks at ca. 1300-1400 cm™ can be
related to some organic end groups with similar range of
wave numbers [21]. Figure 12 shows infrared spectra of
coating material indicating lots of infrared active organ-
ic end groups remaining within the layers. These derive
from organic solvents (e.g. the peaks between 1350-
1500 cm™ belong to ethylacetoacetate), which were only
used in coatings containing TPOZ and TBOT, and thus
could be identified very easily. Therefore, we assume
that the process of hardening of the layers was not com-
pletely performed and has to be improved. Neverthe-
less, the peaks between 800 and 1250 cm™ indicate the
formation of a well-developed three-dimensional net-
work of SiO,, ZrO, and TiO, (for line 1, Figure 12) and
moreover, a good combination of the precursors.

CONCLUSION

In the present laboratory study, different methods
were tested to impregnate wood samples by coating
with siliceous material. These were performed to
improve several properties of the wood including

700
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= 600 1 breaker
< TEOS
S 500 1
8
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g impregnation
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£
200 A
T 100 -
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Figure 10. CL spectra of silica coatings on spruce and oak wood prepared by TEOS; the spectra show a broad band with a maxi-

mum at ca. 500 nm, which is similar to the spectra of opal.
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mechanical and chemical resistance, reduced water
uptake and increased surface hardness. The results
demonstrate that precursors, especially those with high
silica contents (at least 30 wt% SiO,), such as TEOS
and/or colloidal silica are suitable sources for an artifi-
cial silicification in the laboratory. Precursors with alka-
line pH (sodium metasilicate) or low silica contents did
not provide successful results. The use of additional sil-
ica sol, TPOZ, TBOT to precursor solutions caused dif-
fering results but might be a worthwhile alternative in
future investigations.

The silicification experiments with spruce wood
often yielded better results than those with oak wood
due to the higher amount of large tracheids and the asso-
ciated higher uptake of silica into the internal structure.
The comparison of different silicification procedures
showed that the high temperatures and pressures during

2.5

water and combinations

— Absorbance

Si-C
0 T T T T T T T T
400 800 1200 1600 2000 2400 2800 3200 3600 4000

——  Wavenumber (cm™)

Figure 11. Infrared spectra of silica coatings produced by
TEOS (1) and TEOS/MTEOS (2), respectively. Several absorp-
tion bands can be assigned to residual organic compounds;
the absorption bands related to either SiO, or water are not indi-
cated.
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Figure 12. IR spectra of different coatings prepared with pre-
cursors of TEOS (2), TEOS/MTEOS (5), TEOS/TPOZ (4),
TEOS/TBOT (3) and TEOS/TPOZ/TBOT (1), respectively:
several absorption peaks are indicated, which can be related
to the different precursors.

hydrothermal experiments damage the wood material.
In contrast, treatment at moderate temperatures (20 to
80°C and ambient pressure) in glass beakers and vacu-
um impregnation improve the weathering resistance by
lowering water uptake. Furthermore, an increase of sur-
face hardness could be observed for samples treated
with solutions of high SiO, contents.

A significant difference was detected for the forma-
tion of silica during the experiments in glass beakers or
with vacuum impregnation. Whereas the latter one
resulted in an impregnation of the wood material with-
out the development of a surface layer, dipping caused
the formation of dense silica coatings (thickness up to
100um) resulting from sol-gel transformation process-
es. Further studies should combine experiments in glass
beakers with the vacuum impregnation technique to use
the advantages of the two methods.

XRD measurements and CL spectroscopy indicate
that deposited silica is X-ray amorphous. However, IR
measurements revealed that there are still some residues
of solvents remaining in the layers after drying, indicat-
ing that the process of drying and hardening was incom-
plete. Therefore, further studies are required to optimize
variables like chemical composition, drying procedures
and different additives to precursors in order to generate
a silica coating without cracks or other defects and to
increase the hardness of the protecting layers.
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KREMIKOVAN{ DREVA V LABORATORI

JENS GOTZE, ROBERT MOCKEL, NICO LANGHOF,
MARGITTA HENGST, MATHIAS KLINGER

Department of Mineralogy, TU Bergakademie Freiberg,
Brennhausgasse 14, 09596 Freiberg, Germany

V laboratofi bylo provedeno kiemikovani dieva pro zlep-
Seni fyzikalnich vlastnosti materidlu (napf. odolnost proti otéru,
nasakavost vodou, tvrdost). Experimentalni studie byly prove-
deny na dvou druzich dfeva (dub a smrk) s péti riznymi zdroji
oxidu kfemicitého véetné metakiemicitanu sodného (Na,SiO;),
koloidni suspenze oxidu kiemicitého, tetracthoxysilanu
(TEOS), smési TEOS s methyltriethoxysilanem (MTEOS) a
koloidniho roztoku kyseliny kiemicité se tfemi rtuznymi
velikostmi Castic. Kromé toho byl zkousen TEOS ve smési s
alkoxidy tetrapropylzirkonic¢itanem (TPOZ) a tetrabutylortoti-
tani¢itanem (TBOT). Pokusy probihaly v teplotnim rozmezi od
20°C do 80°C za normdlniho tlaku ve sklenénych kadinkach a
za zvySenych teplot (az 138°C) a tlakl (az 12 bar) v autok-
lavech. Bylo navrzeno zvlastni uspofadani pokusu s vakuovou
impregnaci pro zvySeni hloubky penetrace oxidu kfemicitého
do hmoty dfeva. Vlastnosti impregnovaného dieva byly zkou-
many pomoci ruznych analytickych technik. Kromé mikro-
skopického zkoumdni (binokuldrni, polariza¢ni mikroskopie,
SEM, katodoluminiscence) byla provedena i analyza XRD
(rentgenovou difrakei), spektroskopie FTIR (Fourierova trans-
formace v IR oblasti) a méfeni absorpce vody a tvrdosti. Studie
XRD odhalily, ze kfemicité povlaky se skladaji zcela vyhradné
z rentgenamorfniho oxidu kiemicitého (opalu A podobného
hyalitu). Nejefektivnéj$i metodou odhaleni distribuce SiO,
uvnitf a na povrchu vzorkd dfeva se ukazala byt katodolu-
miniscenéni (CL) mikroskopie. Studie FTIR prokazaly, ze
nanos oxidu kiemicitého miize obsahovat organické zbytky z
vychozich surovin. Technické vlastnosti dfeva mohou byt
kfemikovanim vyrazné vylepSeny. Material osetfeny koloidnim
oxidem kfemicitym nebo TEOS absorboval az o 40 % méné
vody nez neoSetfené vzorky. Podobné lze u oSetfenych vzorki
zvysit tvrdost podle Brinella o téméf 100 % v porovnani se
vzorky neoSetfenymi. To je zpisobeno hlavné nanosem kiemi-
tého skla (vznikajicim sol-gelovou transformaci) na povrch
vzorku.

Ceramics — Silikaty 52 (4) 267-277 (2008)

277




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002000d>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CZE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


