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Abstract 
Many protective treatments for low density wood are applied by impregnation 
to give water-repellency and to control pathologies that usually have this sub-
strate. The properties of Araucaria angustifolia, chemically modified by im-
pregnation with methyltriethoxysilane, n-octyltriethoxysilane and mixtures of 
both in several ratios, were investigated to achieve mainly high dimensional 
stability, low capillary water absorption as well as satisfactory water vapor 
permeability. The aforementioned impregnants produce the wood chemical 
modification, involving the reaction of hydroxyl groups of the wood with the 
hydrolysis products of alcoxysilanes. It is concluded that the organosilicon 
polymers allow improving important characteristics of wood: 1) the non-occlusive 
coating keeps the water vapor permeability unaltered; 2) the alkoxysilane type de-
fines the hydrophobicity and the continuity of coating formed on the pore 
wall and finally; 3) the polymeric structure formed after finishing sol-gel 
process incises both on the capillary water absorption and the dimensional 
stability. In addition, the studied treatments have the advantage of allowing 
that the water vapor, which permeates through the organosilicon coating 
placed on cell wall, can exit by hydrophobic repulsion and thus, prevent faults 
appearance generated by the condensed water inside of wood. 
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1. Introduction 

Many protective treatments for low density wood are applied by impregnation to 
give water-repellency and to control pathologies that usually have this substrate 
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(lack of dimensional stability, wet spots, microorganism growth, efflorescence, 
etc.) [1]-[6]. 

An efficient impregnant must substantially reduce water absorption of the 
substrate, present an adequate penetration and show an excellent resistance to 
environmental exposure [1] [2] [3] [4]. 

For impregnant selection, a central feature to consider is the pores size of sub-
strate; these can be classified as: 1) micropores, with a radius smaller than 10−8 
m: they do not present capillarity by steric hindrance to liquid water; materials 
with this pore size are hardly impregnable; 2) macropores, with a radius of be-
tween 10−8 y 10−4 m: they present capillarity; they are easily impregnable; and fi-
nally, 3) pores with a radius bigger than 10−4 m: in these materials, the capillarity 
does not occur. This behavior is easily visualized including the aforementioned 
pores radius in the expression P = 2γ/r, where P is the excess of pressure that 
leads to the capillary rise, γ the surface tension of the liquid and finally, r the 
pore radius. In the three pores sizes, the water vapor passage is possible [7] [8] 
[9] [10].  

The organic polymers often specified as impregnants (acrylic, polyurethanic, 
epoxy, etc.) usually block the pores decreasing the coefficient of capillary water 
absorption and the water vapor permeability; the latter limits the drying kinetics 
[11] [12].  

The study of other impregnants led to the use of water-soluble alkali silicates 
as reactive treatments; nevertheless, silicification reaction to form inorganic po-
lymers involves a slight acidification by solubilization of carbon dioxide from the 
air: the secondary formation of alkali carbonates makes that impregnation with 
silicates is disused today because of their tendency to form white spots [13] [14] 
[15] [16] [17].  

Currently, consolidants and repellents based on organosilicon compounds are 
used in construction (e.g. brick, concrete, plaster, etc.), but they are not widely 
studied in wood. 

The silanes most commonly used show hydrocarbon chains (linked by cova-
lent bonds to the silicon) that may or may not be functionalized (e.g. with amino 
groups); to avoid yellowing generated by aromatic structures exposed to sun-
light, the chains must be aliphatic. These hydrocarbon chains should have a 
length that facilities the kinetic of hydrolysis reaction during the sol-gel process 
(it improves with shorter chains) and gives hydrophobicity (it increases with 
chain length) [18] [19] [20] [21] [22].  

By the above, the properties of Araucaria angustifolia, chemically modified by 
impregnation with alkylalkoxysilanes with different lengths of hydrocarbon 
chain, were studied in this paper in order to achieve mainly high dimensional 
stability, low capillary water absorption as well as satisfactory water vapor per-
meability. 

2. Materials and Methods 

The experiment included: 1) preparation of wood specimens; 2) choice of wood 
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modifying reagents; 3) selection of sol-gel process conditions; 4) selection of im-
pregnation conditions and finally; 5) laboratory tests. 

2.1. Preparation of Wood Specimens 

Araucaria angustifolia was selected because it is a macropores and moderately 
penetrable wood. Wood specimens, free of defects, were prepared with the 
proper size for each test. Since the hydroxyl groups of the cellulose have low 
reactivity [23], this was previously activated in a Soxhlet extractor with a solu-
tion of sodium hydroxide (pH 8.5) for 2 hours; after finishing cellulose activa-
tion, the specimens were treated with distilled water for about 5 minutes to re-
move the alkali remaining on surface. In this process, it is generally observed a 
partial removal of hemicellulose and lignin. 

2.2. Choice of Wood Modifying Reagents 

Since the monomers derived from silicon with low molecular weight show a 
high reactivity with the hydroxyl groups of cellulose present in wood cell wall, 
the following alkylalkoxysilanes were selected: methyltriethoxysilane (MTES; 
chemical formula, C7H18O3Si; MW, 178.3; aspect, colorless liquid; density, 0.895 
g∙cm−3), n-octyltriethoxysilane (OTES; chemical formula, C14H32O3Si; MW, 
276.5; aspect, colorless liquid; density, 0.880 g∙cm−3) and mixtures of both in 
several volume ratios to obtain impregnants with different hydrophobicity. 

2.3. Selection of Sol-Gel Process Conditions 

The process involves the hydrolysis and condensation reactions of metal-organic 
precursors. Since the pH of the solution is an important variable because of the 
influence exerting on the final polymer form, it was considered convenient to 
select a neutral or slightly acid medium: the pH was adjusted by using acetic acid 
(conc.) until reaching 6.8 ± 0.2 value to form polymer films without high tridi-
mensional particle growth. 

The hydrolysis and condensation reactions lead to particle associations, which 
then are linked to form a single gel. After gelation, the system continues pro-
ducing nanostructural and chemical changes (aging, which involves the expul-
sion of the liquid phase contained in the wood pores, i.e. water, alcohol and car-
rier solvent). At this stage, the polymerization reactions continue increasing the 
links ≡Si-O-Si≡ up to attain the hardening of the gel (xerogel film). 

Simultaneously with the aforementioned reactions, the wood chemical mod-
ification also occurs. Many researchers have studied chemical modifications that 
involve the reaction of hydroxyl groups: bonds ≡Si-O-C≡ would arise from 
hydrolysis of alkoxides and the subsequent condensation of ≡Si-OH with the 
-OH of the wood [24]-[30].  

2.4. Selection of Impregnation Conditions 

This process was carried out at 45˚C - 50˚C in an autoclave equipped with va-
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cuum pump and compressor, under controlled operating conditions. The autoc-
lave was initially charged with the wood specimens; then, it was applied a va-
cuum of 500 mm Hg for 10 minutes to release air and water vapor from the cells 
and facilitate the penetration of chemical modifier. 

Later, the corresponding alkoxide solution was added without decreasing the 
vacuum level. In all cases, the 3/1 impregnant solution/wood ratio v/v was se-
lected to ensure the complete submerging of wood specimens during the entire 
process. 

The operating conditions were adjusted to achieve similar weight gains of 
chemical modifiers: the pressure was gradually increased from 1.5 to 6.5 kg∙cm−2 
for facilitating the penetration; this stage lasted from 15 to 60 minutes. Then, a 
slight vacuum was applied (about 200 mm Hg for 10 minutes) to make possible 
the elimination of alkoxide excess on the wood specimen surface. 

Later, the wood specimens were removed after reaching atmospheric pressure; 
finally, they were exposed into a chamber under controlled temperature and 
humidity conditions (20˚C ± 2˚C and 60% ± 5% RH) for three weeks for allow-
ing the gelation and aging. 

For all specimens, average weight gain was 3.1% ± 0.1% w/w; it was deter-
mined by using Equation (1):  

( )WG Wm Wo Wo= −                        (1) 

where Wo is the weight of pretreated wood specimens and Wm the weight of 
chemically modified ones (the quoted Wo and Wm correspond to oven-dried 
specimens at 100˚C ± 3˚C up to constant weight), Figure 1. 

2.5. Laboratory Tests 

The terms dimensional stability and capillary water absorption are often used 
interchangeably as if they were synonyms: the effectiveness a treatment to reach 
dimensional stability can be defined as its ability to reduce or prevent the swel-
ling/shrinking of wood resulting from absorption/desorption of moisture. In 
contrast, the effectiveness of water-repellent treatment can be defined as the  
 

  
Figure 1. SEM of specimens of Araucaria angustifolia before (left) and after impregnation 
(right). 
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ability to prevent or control the rate of liquid water uptake. As a consequence, 
they were considered in separate way. 

Additionally, the water vapor permeability was determined; this property is 
important since the wood must be permeable to water vapor such that moisture 
accumulated inside it can go outside in vapor form for drying the material in 
order to reduce the causes of deterioration. 

All the assays were performed by triplicate: 
Dimensional stability: The specimen sizes were 20 × 20 × 20 mm. The degree 

of dimensional stability was determined by calculating the Volumetric Swelling 
Coefficient S and the Anti-Swell Efficiency ASE. 

Water saturation was assessed by using the ASTM D 4442. The specimens 
were immersed in distilled water at 20˚C ± 2˚C for 24 hours; then, they were 
removed, excess water was drained and the volume determined by the mercury 
displacement method. Finally, the specimens were oven-dried at 100˚C ± 3˚C 
and the volumes were measured again by the aforementioned method. 

Finally, the S was calculated by using Equation (2): 

( )2 1 1,% 100S V V V= × −                       (2) 

where V2 and V1 are respectively the volumes of saturated and oven-dried spe-
cimens. 

Because the amount of swelling that occurs in wood depends on the density δ 
and on the fiber saturation point Kf, the latter was calculated from Equation (3): 

,%S Kf δ= ×                          (3) 

Regarding efficiency ASE, it was calculated by using Equation (4): 

( ),% 100ASE Ss Sm Ss= × −                    (4) 

where Ss and Sm are the average coefficients S of unmodified and modified 
samples, respectively. 

Finally, in a second cycle, S and ASE values were calculated to evaluate the 
leachability of residual nomers to obtain an estimated curing degree during the 
sol-gel process. For this purpose, the specimens were immersed in isopropyl al-
cohol for 2 hours, oven-dried at 100˚C ± 3˚C; then, the immersion process was 
repeated in distilled water at 20˚C ± 2˚C for 24 hours. 

Capillary water absorption: The specimen sizes were 80 × 80 × 40 mm (radial 
x tangential x axial). The test was carried out according to the guidelines of ISO 
15148. 

The specimen side faces were waterproofed with bituminous enamel. The spe-
cimens were placed into a convection oven at controlled temperature and hu-
midity (50˚C and 23%, respectively), up to constant weight (W1). 

Subsequently the samples were placed on a rack with only the test face (80 × 
80 mm) submerged in distilled water, at a constant depth of 2 mm. After immer-
sion for 24 h, the specimens were removed, superficially dried with paper and 
weighed (W2). 

Water vapor permeability: The specimen sizes were 80 × 80 × 5 mm (radial × 
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tangential × axial). The test was carried out according to the guidelines of ISO 
7783-2.  

First, the corresponding test specimens were placed in an atmosphere with a 
saturated solution of ammonium dihydrophosphate (constant relative humidity 
of 93%) up to constant weight. Then, the samples were placed in standard con-
ditions (23˚C and 50% RH) for 120 hours and they were weighed again. The wa-
ter vapor permeability was calculated by dividing the weight decrease for each 
specimen by the testing time and its area. 

3. Results and Discussion  
3.1. Dimensional Stability 

As known, the wood cell wall is mainly composed of polymers with hydroxyl 
and other oxygen-containing groups, which attract moisture through hydrogen 
bonding. As water is added to the cell wall, wood volume increases nearly pro-
portionally to the volume of water added. Swelling increases until the cell wall is 
saturated: this point is called fiber saturation point. This process is reversible, 
and wood shrinks as it loses moisture below the fiber saturation point. Further-
more, wood also stocks water outside of the fibers, which does not contribute to 
swelling (no influence on the dimensional stability); this is called free water and 
it is found in the empty cell structures and/or interstitial spaces. 

By the above, the dimensional changes were studied through S and ASE coef-
ficients, Table 1. 

Regarding S, the values for unmodified specimens were similar for both cycles 
of immersion; this would be based on that extractives were removed in the cel-
lulose activation stage and on the high degree of cured of alkoxides (low level of 
n-omers remainder). 
 
Table 1. Laboratory results of S, ASE and w. 

Alkoxide 
S, % ASE, % 

w, kg∙m−2∙h−1/2 
Cycle I Cycle II Cycle I Cycle II 

Methyltriethoxysilane 7.67 ± 0.28 7.87 ± 0.34 31.76 30.29 2.26 ± 0.11 

n-octhyltriethoxysilane 3.72 ± 0.22 3.81 ± 0.20 66.90 66.25 0.23 ± 0.01 

MTES/OTES, 
ratio v/v 

10/90 3.33 ± 0.19 3.41 ± 0.21 70.37 69.80 0.25 ± 0.01 

20/80 3.12 ± 0.17 3.08 ± 0.15 72.24 72.72 0.30 ± 0.03 

30/70 2.85 ± 0.14 2.97 ± 0.11 74.64 73.69 0.37 ± 0.02 

40/60 2.60 ± 0.15 2.61 ± 0.13 76.87 76.88 0.43 ± 0.03 

50/50 2.48 ± 0.13 2.54 ± 0.16 77.94 77.50 0.61 ± 0.03 

60/40 2.81 ± 0.14 2.72 ± 0.17 75.00 75.91 0.85 ± 0.04 

70/30 3.25 ± 0.18 3.13 ± 0.13 71.08 72.28 1.25 ± 0.07 

80/20 4.32 ± 0.25 4.54 ± 0.27 61.56 59.79 1.52 ± 0.08 

90/10 5.85 ± 0.26 5.72 ± 0.26 47.95 49.34 1.90 ± 0.08 

Reference 11.24 ± 0.36 11.29 ± 0.35 - - 2.41 ± 0.12 
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In the cases of wood only modified with MTES, the results indicate that a 
dense and compact coating would be formed on the pore wall improving the 
performance with respect to untreated wood due to its chemical modification. 
Nevertheless, it is not sufficient to prevent the inlet of water in liquid state be-
cause polymerized MTES does not present high water-repellency.  

On the other hand, wood treated with only OTES also would form a hydro-
phobic coating and discontinuous by steric hindrance; this would support the 
better dimensional stability compared to untreated wood and even with those 
treated with MTES. 

With respect to mixtures of alkoxides, the results indicate that the increased 
level of OTES initially led to a decrease of S and then to an increase thereof, 
Figure 2. S values in 50/50 ratio are the lowest (S = 2.48 ± 0.13, cycle I and 2.54 
± 0.16, cycle II), which bases the reduced and acceptable swelling; the values 
near to that ratio are equally acceptable. 

The initial decrease of S with the addition of OTES would be attributable to 
that the compact coating formed on the pore wall increases its hydrophobicity; 
this is based on that OTES is more hydrophobic than MTES by having a longer 
hydrocarbon chain, Figure 3. 
 

 
Figure 2. S variation vs. MTES concentration in the impregnant. 

 

 
Figure 3. Hypothetical coating structure on pore wall: left, MTES 100% (non hydrophobic, compact and continuous); medium, 
MTES/OTES 50/50 ratio (high packing density and optimal hydrophobicity) and right, OTES 100% (hydrophobic and disconti-
nuous by steric hindrance of n-octyl groups). 
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Moreover, the reduced S values near 50/50 ratio would be based also on the 
high packing density (reduced steric hindrance between the methyl and octyl 
groups of reactive alkoxides) and the optimal hydrophobicity of the organosili-
con polymers that coat the pore wall, Figure 3. 

Finally, the slight increase of S values after the mentioned optimal range is due 
to the formation of a discontinuous reactive coating by steric hindrance (large 
amount of n-octyl groups) that would prevent the full cover of pore wall (this 
increases the water absorption), Figure 3. 

To calculate the fiber saturation point Kf, densities of untreated and impreg-
nated wood (oven-dried at 100˚C ± 1˚C) were determined in laboratory. The 
values were 0.495 g∙cm−3 and 0.522 g∙cm−3 (standard deviation of 0.002 and 
0.006) respectively. The comparable densities of all treated woods are based on 
the similar densities of MTES and OTES. 

Figure 4 shows the Kf values vs. type of impregnant (expressed in terms of 
percentage level of MTES) for both cycles of immersion. The analysis of the re-
sults indicates similar trend to that presented by S for the two cycles (Kf I and Kf 
II). Besides, the lowest values also are observed in nearness of 50/50 ratio. 

Respect to ASE, for the impregnants based only on MTES and OTES, the 
chemical change produced at the interface by reaction between the impregnants 
and the cell wall components substantially decreases the fiber saturation point, 
which leads to lower ASE values than those in untreated wood. For MTES/OTES 
mixtures, the results indicate that the reduction of the volumetric expansion due 
to water absorption up to the equilibrium point is significant. For the most hy-
drophobic organosilicic polymer, the volumetric expansion decreased between 
66% and 67%, whereas for that polymer with the shortest hydrocarbon chain, 
the reduction was between 30% and 32% (in both cases, according to the cycle of 
immersion considered). 
 

 
Figure 4. S variation vs. MTES concentration in the impregnant. 
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3.2. Capillary Water Absorption 

The graphical representation of water absorption (W = W2 − W1) vs. square root 
of time (t) allowed to obtain, during the initial phase of capillary absorption, a 
straight line whose slope is the coefficient of water absorption; it is usually called 
w and describes the capillary absorption rate. The w values are displayed in Ta-
ble 1. 

For the results analysis, it was considered that the viscosity and the surface 
tension of distilled water are kept constant because all the carried tests were 
thermostatized. These indicate that wood treated with the impregnant based on-
ly on MTES (non-hydrophobic and chemically reactive material) did not present 
significant changes in the kinetics of capillary absorption (w) since the surface 
tension of cell wall would be little or insignificantly altered (the affinity between 
the molecules of cell wall and the liquid water to some extent remains unaf-
fected). 

Furthermore, for the impregnant based only on OTES (hydrophobic and 
chemically reactive material) a significant change is registered in the capillary 
absorption rate (w) since the surface tension of cell wall was significantly altered 
(reduced affinity between the molecules of modified cell wall and the liquid wa-
ter). 

For different MTES/OTES ratios, the increase of percentage level of the hy-
drophobic component led to the reduction of w coefficient (as expected on the 
basis of individual behavior), i.e. towards the performance presented by the im-
pregnant based only on OTES. 

In summary, the specimens treated only with OTES displayed the lowest w 
coefficient: the waterproofed capillaries prevented the entry of liquid water for 
being hydrophobic and non-polar surfaces. In other words, the coated pores 
with OTES were not wetted. 

3.3. Water Vapor Permeability 

The results indicate only a slight decrease in all treated woods in relation to 
those untreated; this reduction ranged between 9 and 14%, both for the two al-
koxides as for all the selected ratios. The result analysis shows that the treated 
wood ability to dispel water vapor was not substantially changed. 

It is concluded that the impregnation did not obturate the material pores since 
the water vapor permeability was unchanged or nearly unchanged. This advan-
tage allows that the water vapor confined in the material can exit and thus, pre-
vent the faults appearance generated by the condensed water inside. 

3.4. Global Analysis 

In summary, the global analysis of results indicates the following: 
 The impregnants interact with cell wall components during the reactions of 

hydrolysis and condensation (sol-gel) produced “in situ”. The impregnants 
based on only MTES and on MTES/OTES mixtures up to the surroundings 
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of 50/50 ratio form a continuous interface, whereas those mixtures with 
higher content of OTES produce a slightly discontinuous interface (high length 
of the hydrocarbon chain generates great steric hindrance). 

 The greatest dimensional stability (the lowest S and the highest ASE) was 
observed in those treatments that formed a continuous and highly hydro-
phobic interface (ratio close to 50/50), i.e. with low polarity in relation to that 
of water. The low volumetric expansion corresponds to decreased water ab-
sorption due to the modification of fiber saturation point. 

 The coefficient of capillary water absorption (w) decreased with the increas-
ing of OTES; although the highest water-repellency was attained with the 
impregnant formulated only with OTES, satisfactory values to prevent the 
deterioration of substrate were also achieved with the impregnants formu-
lated with OTES levels of 50 or more (the w decreased more than 70% re-
garding the reference). 

 The reactive impregnants form thin coatings on pores wall without reaching 
the obturation: this prevents liquid water penetration by capillary without 
diminishing the water vapor permeability; in addition, these non-occlusive 
treatments allow the ejection of the condensed vapor from cell lumen to-
wards external environment because the quoted coatings have hydrophobic 
characteristics. 

 The bibliography in general indicates that numerous researches have been 
carried out using silanes as impregnant for wood. This paper provides as a 
novelty that the silane mixtures of different length of hydrocarbon chain di-
rectly linked to silicon, in adequate proportions, substantially improve hy-
drophobicity and dimensional stability, without modifying the water vapor 
permeability, when compared with single silanes. 

4. Conclusions 

The formation of non-occlusive coatings on wood pores is supported in the fol-
lowing items: 1) during impregnation, the solvent mixture carries the water-re- 
pellent substances (alkoxysilanes) until depositing them on the surface of the 
wood pores where the polymerization by the sol-gel process takes place; 2) then, 
this solvent mixture, together with water and alcohol generated during reactions, 
is evaporated during the xerogel film formation (curing and aging); 3) the coat-
ing formation occurs in some areas surrounding to other uncoated ones, i.e. that 
the coating is formed on a cluster of cells enclosing an untreated core and finally, 
4) the aforementioned would base the total wood protection employing only low 
levels of impregnant. 

Organosilicon impregnants allow improving important characteristics of 
wood: 1) the cited non-occlusive coating keeps the water vapor permeability un-
altered; 2) the alkoxysilane type defines the hydrophobicity and the continuity of 
coating formed on the pore wall and finally, 3) the polymeric structure formed 
after finishing sol-gel process incises both on the capillary water absorption and 
the dimensional stability. 
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Finally, it is important to mention that in future researches should be studied 
the stability of hydrophobic interfaces against the aggressiveness of environ-
ment, since the cited interface could be degraded by prolonged exposure to 
weathering, and consequently to affect the dimensional stability and the capillary 
water absorption attained with the organosilicon impregnants. For it, different 
species of wood and silanes and siloxanes of different chemical natures will be 
used. 
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