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ABSTRACT
In this study, the effect of two different silica (SiO2) based solutions on water absorption, anti-shrink
efficiency and decay resistance of Scots pine wood was studied. Sol-gel process was used in order to prepare
SiO2 based solutions. One of the SiO2 based solutions (Sol-gel 1) was prepared by using tetraethoxysilane
(TEOS) and de-ionized water (TEOS:H2O=1:1/2). The same precursors was used for preparing the other
solution (Sol-gel 2) but with a different molar ratio of TEOS:H2O=1:4. Scots pine wood specimens were first
vacuum impregnated with the solutions and then cured. The level of water absorption and anti-shrink
efficiency were determined with cyclical wetting tests, total of 14 days. Specimens were exposed to brown rot
fungus, Coniophora puteana attack according to modified EN 113 standard to determine the best SiO 2 based
solution for sufficient decay resistance. Leached specimens were also suspected to decay test in order to
evaluate any loss in effectiveness in decay resistance due to possibility of silica leaching. Both solutions had
similar weight percent gains in wood, around 25%. SiO2 treated specimens decreased water absorption of
wood as 20% in comparison with un-treated controls. Anti-shrink efficiency of wood was found as 26% for
Sol-gel 1 solution and 35% for Sol-gel 2 solution at the end of the test. Decay resistance of treated specimens
was in the range of 63-91% in comparison with controls. Sol-gel 2 solution were found efficacious in
suppressing Coniophora puteana attack when no leaching prior the decay test was used, however, Sol-gel 1
solution seemed to be ineffective against fungus attack that exhibited more than 3% weight loss. Leached
specimens had higher weight loss than un-leached specimens. The silica in leached wood supposed to be not
sufficient to prevent brown rot fungus attack on wood. Results clearly showed that Sol-gel 2 solution had
better water absorption and anti-shrink efficiency rates, and decay resistance than Sol-gel 1 solution.
Keywords: Scots pine, sol-gel, decay resistance, anti-shrink efficiency, water absorption.

1. INTRODUCTION
Wood has been used as an environmentally friendly material in indoor and outdoor
applications. However, it has disadvantages such as biodegradability, dimensional instability,
flammability and photo-degradation. To overcome those disadvantages, appropriate preservation
methods are needed. Due to increasing environmental concerns, new methods and chemicals are
still being investigated to be an alternative to traditional ones [1-6].
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One of the strategies of the recent studies is to protect wood with using inorganic silicon
compounds. Actually, silanes are known as modifying agents in the plastic, textile, construction
and paper industries. They are used for hydrophobization of ceramics, scratch resistant surfaces,
soil proofing and anti-graffiti coatings, or as an adhesion promoter between organic and inorganic
materials [7]. Wood treated with tetraalkoxysilanes showed improved dimensional stability,
durability and fire resistance to a certain degree [8]. In addition, wood treatment with
tetraethoxysilane and alkyltriethoxysilanes provide strong hydrophobicity and partial fungal
resistance [7-9]. Donath et al. [7] compared performance properties of wood specimens
impregnated with three different sol-gel precursors, namely: TEOS, methyl triethoxysilane, and
propyl triethoxysilane. They observed that wood properties – such as cell wall bulking, antiswelling efficiency, moisture uptake, and durability – improved significantly in wood specimens
treated with the monomeric sol-gel precursors compared to those specimens that were treated with
oligomeric sol-gel particles. Sebe et al. [10] showed that n-propyl-trimethoxysilane reacted by
alcoholysis with hydroxyl groups present in the wood substrate. This study showed that despite
the sensitivity of the C-O-Si bond to hydrolysis, a significant amount of silane remained in the
wood even after 14 days in water. Tanno et al. [11] investigated the application of sol-gel
formulations to wood to increase its dimensional stability and resistance to termites and fire, and
also developed a sol-gel system that increases the fungal resistance of wood. In that study, the solgel system consists of tetraethoxysilane (TEOS) precursor mixed with small amounts of 2heptadecafluorooctyl trimethoxysilane and 3- (trimethoxysilyl) -propyl- (carboxymethyl) desylmethyl ammonium hydroxide. In the study of Saka and Tanno [12], TEOS as a silane
component was compared with methyltrimethoxysilane (MTMOS). The weight percent gain
(WPG) of wood treated with MTMOS and TEOS was similar, but MTMOS resulted in a higher
volume although the concentration in the impregnation solution was lower.
The sol-gels in the study were developed for a coating of glass to prevent migration of alkalis
from the surfaces in a previous study by Sam et al. [13]. The researchers found that glass coatings
that have a SiO2 barrier layer exhibited better performance by giving higher photoactivity
constants. This study was conducted to determine whether a similar barrier layer could be formed
in the wood with the same sol-gels. For this purpose, wood was impregnated with two different
SiO2 based solutions, and then water absorption, anti-shrink efficiency and decay resistance
against C. puteana attacks were investigated.
2. MATERIALS AND METHODS
2.1. MATERIALS
Wood specimens from sapwood of Scots pine (Pinus sylvestris L.) with dimensions of 15 mm
(radial) x 5 mm (tangential) x 30 mm (longitudinal) were prepared for the study. Specimens
without any visible defects such as cracks, strain and knots were selected for the experiments, and
then oven-dried prior the treatments. Tetraethoxysilane (TEOS) was sourced from Sigma Aldrich
(St. Louis, MO, USA). Two SiO2 based solutions were prepared. One of the SiO2 based solutions
(Sol-gel 1) was prepared by using TEOS and de-ionized water (TEOS:H2O=1:1/2). The same
precursors was used for preparing the other solution (Sol-gel 2) but with a different molar ratio of
TEOS:H2O=1:4.
2.2. METHOD
The specimens were first vacuum impregnated with solutions at 700 mmHg for 45 min, and
were then immersed in the solutions for 60 min at atmospheric pressure. The specimens were
cured at 100°C for 24h. Weight percent gain of the specimens (WPG, %) was calculated on the
basis of the oven dry weight of specimens before and after impregnation. Then, specimens were
conditioned at 20°C and 65% RH for 2 weeks.
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Six replicates of treated and untreated wood specimens were placed into beakers filled with
deionised water. After defined times (24h, 48h, 72h, 96h, 120h, 144h, 168h and 336h), the
specimens were removed from the water, dabbed of with tissue and weighed. The dimensions of
the specimens were measured. This procedure continued for a total of 14 days. Relative water
uptake (WA, %) (Eq. 1) and anti-shrink efficiency (ASE, %) (Eq. 2) were determined.
WA = [(W2- W1) / W1] × 100

(1)

ASE = [(Su- S) / Su] × 100

(2)

Where,
W2 = wet weight of wood specimens after wetting with water
W1 = initial dry weight
Su = volumetric swelling of untreated wood
S = volumetric swelling of treated wood
Decay test was performed according to principles of EN 113 [14] with some modifications
both for leached (L) and unleached (UL) specimens with 6 replicates for each group. Water
immersed specimens were used as leached specimens. Brown rot fungus, Coniophora puteana
(Schumach.) P. Karst. (Mad-515) was used in the test. Malt extract agar of 4.8% concentration
and specimens were sterilized in an autoclave at pressure of about 0.1 MPa at 120°C for 25
minutes. Fungi cultures were inoculated to sterile malt extract agar medium in the petri dishes.
After incubation period of inoculated petri dishes, one impregnated and one control specimens
were placed on the growing mycelium in each petri dish. The petri dishes were then incubated at
20ºC and 70% RH for 8 weeks. After the test, all wood specimens were removed from the petri
dishes and cleaned from the surface mycelium. Then, they were dried at a temperature of
103±2°C, weighed, and the weight loss (WL, %) was calculated on the basis of oven dry weight
before the test. Decay resistance of impregnated specimens defined as a percentage change was
calculated based on the weight loss of control specimens.
3. RESULTS AND DISCUSSION
3.1. WEIGHT GAIN (WPG), WATER ABSORPTION RATE (WA) AND ANTI-SHRINK
EFFICACY (ASE)
The weight percentage gain (calculation based on the weight difference between untreated
and treated wood specimens) is a good indicator of an efficient impregnation (i.e., chemical
bonding or interaction between the introduced chemical and wood cell wall polymers) [15].
Weight percent gain of specimens was found to be 25.02 (±1.99) and 26.29 (±2.53)% for sol-gel 1
and sol-gel 2, respectively. Both solutions had similar weight percent gains in wood. The WPGs
were consistent with the previous studies by Donath et al. [7, 16]. Donath et al. [16] found WPG
value of approximately 22.3% after impregnation with three monomeric silanes in pine sapwood,
and Donath et al. [7] found WPG value between 25-30% after impregnation with alkoxysilanes in
beech.
The average values of water absorption and anti-shrink efficiency of specimens are shown in
Figs. 1 and 2. Water absorption of the control specimens increased from 69.48% to 155.04%
during immersion in water. All treated specimens had lower water absorption than that of the
controls after 14 days. Impregnated specimens had water absorption rate from 93.11 to 124.65%.
At the end of the water immersion test, treated specimens decreased water absorption of wood as
20% in comparison with controls. In the beginning periods of the test, up to 120h, treated
specimens absorbed more water than controls. A continuous increase was observed on absorbed
water by controls while a slight increase on WA values was observed with treated specimens
along with water immersion periods. A remarkable difference on WA was not observed between
two solutions. Donath et al. [16] found that water repellence of specimens treated with three types
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of silanes strongly diminished after a longer submersion time (24 h). It was reported that the
reduction in hydrophobicity after longer submersion time was not caused by removal of silanes
during submersion. This was explained by continued condensation of unreacted silanol groups in
the aqueous functional silanes during the wetting-drying cycles.
Anti-shrink efficiency of Sol-gel 1 was found to be 32.12% for 24h and 25.90% for 336h. In
the case of Sol-gel 2, it was found as 40.56 and 35.04% for 24h and 336h, respectively. The ASE
values decreased during 72h but then they tend to increase slightly until the end of the test. The
reduction of ASE from beginning to end of the test was 19% for Sol-gel 1 and 14% for Sol-gel 2.
This could be due to Si–O–C-bonds are susceptible to hydrolysis [17]. Sol-gel 2 exhibited better
dimensional stability than Sol-gel 1. Sol-gel 2 might penetrate and polymerize in the wood better
than Sol-gel 1 since it was prepared with less molar ratio of TEOS to H 2O (1:4). High rate of unreacted silanol groups might presence on wood impregnated with Sol- gel 1.
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Figure 1. Water absorption of specimens during 14 days of water immersion
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Figure 2. Anti-shrink efficiency of specimens during 14 days of water immersion
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3.2. DECAY RESISTANCE OF SPECIMENS
Fig. 3 summarizes the average values and standard deviations of the weight loss caused by C.
puteana attack. The control specimens were severely degraded by the fungus. The weight loss of
the control specimens was found to be greater than 25%. All treated specimens exhibited better
decay resistance than controls. Weight loss of specimens treated with Sol-gel 1 was higher than
required a maximum weight loss (3%) for a candidate wood preservative according to EN 113
[14]. Anti-fungal effect could not be proven by Sol-gel 1. Only the slightly improved decay
resistance was probably achieved by water repellency. Sol-gel 2 was found efficacious in
suppressing C. puteana attacks when no leaching prior the decay test was used, however, it
seemed to be ineffective after leaching. Goethals and Stevens [18] reported that poor activity was
observed with a silylation reaction for pine and beech against C. versicolor and C. puteana
attacks. The poor decay resistance of the sol-gels may also probably caused by the fact that not all
of the silanol groups present react with the hydroxyl groups of wood [18]. Hydrolysis and
condensation reaction of silanes was also reported [16, 17]. This finding is also compatible with
ASE results.
35

Weight Loss (%)

30
25
20
15
10
3%

5

0
UL

L

UL

L

UL

Sol-gel 1 Sol-gel 1 Sol-gel 2 Sol-gel 2 Control

L
Control

Figure 3. Weight loss of decayed specimens by C. puteana
4. CONCLUSIONS
In this study, two different silica based solutions were evaluated in order to investigate their
water absorption and anti-shrink efficiency rate, and decay resistance against C. puteana attacks.
Results showed that solutions increased water repellency and dimensional stability of wood.
However the efficiency tended to decrease after longer water immersion periods, probably related
with hydrolysis of silanes. Sol-gel 2 gives a promising result on preventing attack of C. puteana.
However after leaching, sufficient decay resistance was not obtained with Sol-gel 2. As a
consequently, the performance of the solutions were far poorer than that of the commercially
available formulations in outdoors. However, impregnated wood can be used for interior purposes
(Hazard class 1) and for internal humid conditions and protected external use (Hazard class 2).
SEM images can help to understand the protection mechanism of Sol-gel 2 and are needed for
further studies.
Acknowledgements
This study was presented at the International Forest Products Congress (ORENKO 2020), 2326 September 2020, Trabzon, Turkey.
247

E. Dizman Tomak, E.D. Şam Parmak, Ş.S. Arpacı / Sigma J Eng & Nat Sci 11 (2), 243-248, 2020

REFERENCES
[1]

[2]
[3]

[4]

[5]

[6]

[7]
[8]

[9]

[10]

[11]
[12]

[13]
[14]
[15]

[16]
[17]
[18]

Temiz A., Terziev N., Jacobsen B., Eikenes M., (2006) Weathering, water absorption, and
durability of silicon, acetylated, and heat-treated wood, J Appl Polym Sci 102(5), 4506–
4513.
Keplinger T., Cabane E., Chanana M., Hass P., Merk V., Gierlinger N., Burgert I., (2015)
A versatile strategy for grafting polymers to wood cell walls, Acta Biomater 11:256–263.
Can A., Palanti S., Sivrikaya H., Hazer B., Stefanı F., (2019) Physical, biological and
chemical characterisation of wood treated with silver nanoparticles, Cellulose 26(8),
5075-5084.
Ermeydan M.A., Babacan M., Tomak E.D., (2020) Evaluation of dimensional
stability weathering and decay resistance of modified pine wood by in
situ polymerization of styrene, Journal of Wood Chemistry and Technology 40(5), 294–
305.
Tomak E.D., Ermeydan M.A., (2020) A Natural Flavonoid Modification of
Wood Artificial Weathering and Decay Resistance, European Journal of Wood and
Wood Products 10.1007/s00107-020-01578-x.
Ermeydan M.A., Kartal Z.N., Tomak E.D., (2019) Effect of process variations of
polycaprolactone modification on wood durability dimensional stability and boron
leaching, Holzforschung 73(9), 847–858.
Donath S., Militz H, Mai, C., (2004) Wood modification with alkoxysilanes, Wood
Science and Technology 38(7), 555-566.
Mai C., Militz H., (2004) Modification of wood with silicon compounds. Treatment
systems based on organic silicon compounds—a review, Wood Science and
Technology 37(6), 453-461.
Gholamiyan H., Tarmian A., Ranjbar Z., Abdulkhani A., Azadfallah M., Mai C., (2016)
Silane nanofilm formation by sol-gel processes for promoting adhesion of waterborne and
solvent-borne coatings to wood surface, Holzforschung 70(5), 429-437.
Sebe G., Tingaut P., Safou-Tchiama R., Petraud M., Grelier S., De Jeso B., (2004)
Chemical reaction of maritime pine sapwood (Pinus pinaster Soland) with alkoxysilane
molecules: A study of chemical pathways, Holzforschung 58(5), 511-518.
Tanno F., Saka S., Yamamoto A., Takabe K. (1998) Antimicrobial TMSAH-added woodinorganic composites prepared by the sol-gel process, Holzforschung 52(4), 365-370.
Saka S., Tanno F., (1996) Wood-Inorganic Composites Prepared by Sol-Gel Processing
VI. Effects of a property-enhancer on fireresistance in SiO2-P2O5 and SiO2-B2O3 woodinorganic composites, Mokuzai Gakkaishi 42, 81–86.
Sam E.D., Urgen M., Tepehan F.Z., Gunay V., (2004) Self cleaning photoactive TiO2
coatings on SLS glasses by sol-gel dip coating, Key Engineering 264, 407-410.
EN 113 (1997) Wood preservatives. Test method for determining the protective
effectiveness against wood-destroying basidiomycetes. Determination of toxic values.
Ermeydan M.A., Cabane E., Masic A., Koetz J., Burgert I., (2012) Flavonoid insertion
into cell walls improves wood properties, ACS Applied Materials & Interfaces 4(11),
5782-5789.
Donath S., Militz H., Mai C., (2006) Creating Water-Repellent Effects on Wood by
Treatment with Silanes, Holzforschung 60, 40–46.
Brinker C.F., Scherer G.W., (1990) Sol-gel-science. Academic, San Diego, USA.
Goethals P., Stevens M., (1994) Dimensional stability and decay resistance of wood upon
modification with some new type chemical reactants, International Research Group on
Wood Preservation IRG/WP 94–40028.

248

