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Abstract: The aim of this research was to improve the dimensional stability of wood through bulk
hydrophobization, as a result of impregnation with fluorinated silica nanoparticles. The wood species
European beech (Fagus sylvatica L.) and Scots pine (Pinus sylvestris L.) were used. The characteriza-
tion of the modified wood was performed using analytical methods, including scanning electron
microscopy, energy dispersive X-ray spectroscopy, and Fourier-transform infrared spectroscopy. The
effect of fluorinated silica nanoparticles on the anti-swelling efficiency, water uptake, equilibrium
moisture content, and water contact angle were investigated. The surface of the cell walls was
discontinuously covered with fluorinated silica nanoparticles forming a rough surface coating. The
presence of the hydrophobic silica nanoparticles improved the dimensional stability by permanently
increasing the hydrophobicity of wood, besides a low weight percent gain. Furthermore, the treat-
ment significantly decreased the equilibrium moisture content and water uptake. The modified
wood surfaces showed significantly higher water contact angles, which was the main reason of the
improved dimensional stability.

Keywords: wood modification; hydrophobicity; fluorinated silica nanoparticles; anti-swelling-efficiency;
swelling anisotropy; water uptake; contact angle

1. Introduction

The importance of wood among renewable raw materials is indisputable, as it is
CO2-neutral and recyclable. Due to its versatility, it has been used in a wide variety of ways
for thousands of years. Thanks to all of this, the demand for wood is constantly increasing.
The forest-based sector is aware of these needs and the resulting problems, to which they
respond with extensive research and development activities. In general, wood modification
is the application of physical, chemical, or biological methods to wood in order to change
its properties [1]. In recent decades, the demand for modified wood materials has increased,
which has been followed by the increasing commercialization of modification procedures.
Utilization of wood is continuously facing new challenges. The aim is to improve the
properties of wood (decay and weathering resistance, dimensional stability), resulting in
better performance and wider utilization. Extensive research is underway to improve the
characteristics of wood. One basic common finding is that moisture absorption is required
to be reduced to increase dimensional stability and improve durability [2–4].

The fabrication of hydrophobic surfaces is a promising novel method used to minimize
the water adsorption of wood. Fabrication of low-surface-energy surfaces is possible via
one-step methods, such as electrospinning, or plasma, laser, or chemical etching [5–7].
Hydrophobic surfaces can also be produced by two-step processes, where a rough layer is
first formed on the surface and then modified to become hydrophobic [8–10]. There are
also several options for making wooden surfaces hydrophobic. These include chemical
modification with acetylation, impregnation by hydrophobic agents (oils, waxes), the
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use of metal salts, sol-gel processes, grafting of silicone polymers onto the wood surface,
introducing microemulsions into the wood, and layer-by-layer deposition [11,12].

SiO2 nanoparticles are inexpensive and non-toxic, so they are often used to create
nanoscale surface roughness. The strong hydrophobic character is formed during the
modification or functionalization of the nanoparticles [5,13–17]. The development of
superhydrophobic surfaces has become important in many fields due to the increasing
demand for minimal water and/or oil adhesion or self-cleaning surfaces [18–21]. Wood
modification methods based on depositing silica nanoparticles on the cell walls have also
been studied in recent years, focusing mainly on the hydrophobization or self-cleaning
properties of surfaces [6,7,22,23].

An effective solution is the use of fluorinated nanoparticles to create hydrophobic
materials [24–27]. However, several methods have already been developed for wood
material. These methods primarily focus only on the surface properties of the materials,
and only a small amount of information is available on their effects on the wood–water
relationships of the bulk wood [15,24,28].

The purpose of this study was to develop a one-step method using fluorinated sil-
ica nanoparticles (FSNPs) for the hydrophobization of the cellular structure of wood to
improve dimensional stability and to reduce water adsorption capacity. Silica nanopar-
ticles are modified by a fluoroalkyl silane (1H,1H,2H,2H-perfluorodecyltriethoxysilane,
FAS-17). The expectation of this research was to improve the dimensional stability by using
fluorinated silica nanoparticles during the bulk modification of wood. Traditional sol-gel
methods for silica treatment of wood are only effective when using high weight-percent-
gains (WPGs) [29]; thus, an additional aim of this research was to remarkably improve
dimensional stability of wood using a low WPG treatment.

2. Materials and Methods
2.1. Materials

Samples of Scots pine sapwood (Pinus sylvestris L.) and European beech (Fagus sylvatica L.)
originating from southwestern Hungary were used with an initial moisture content of
12 ± 2%. The density of beech and Scots pine was 658 and 514 kg/m3, respectively. Silica
nano powder (15 nm, 99.5%) and 1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS-17, 97%)
were obtained from Sigma-Aldrich Co., LLC (Budapest, Hungary); ethanol (ET, 99.99%)
was purchased from Merck KGaA (Budapest, Hungary); and distilled water was prepared
in the laboratory. All chemicals were used as received without further purification.

2.2. Preparation of FSNP Suspension

As a first step, silica nanoparticles were functionalized in the ethanol solution of
FAS-17. First, 1 g of silica nanopowder was mixed in 100 mL of ethanol using a magnetic
stirrer (Witeg MS2DHS) for 120 min at 50 ◦C at 1000 rpm. A quantity of 0.5 or 1 g of FAS-17
was further added to this solution to obtain different levels of fluorination while maintain-
ing the stirring. Different suspensions are indicated hereafter as FSNP0.5 and FSNP1.0,
respectively. During this step, long perfluoro chains were grafted onto the surface of the
silica nanoparticles, so that their originally hydrophilic character became hydrophobic.

2.3. Preparation of FSNP-Treated Wood Samples

The test specimens were vacuum impregnated in their final dimensions used in the
tests later. Before the impregnation process, the samples were oven dried for 24 h in a
drying chamber (Memmert UP 500) at 105 ◦C. It was followed by a 1 h long vacuum phase
at 20 ◦C using 0.01 MPa pressure in a vacuum dryer (Memmert VO 400). The next step
was a 2 h long impregnation under atmospheric pressure while keeping the samples in the
suspension. Finally, a two-stage drying phase was used, including drying at 60 ◦C for 24 h,
and at 105 ◦C for 24 h.
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2.4. Test Methods
2.4.1. Weight Percent Gain (WPG)

To determine WPG (FSNP uptake of the samples), dry weight (before impregnation)
and impregnated dry weight (after impregnation) were measured. WPG was calculated
according to Equation (1):

WPG =
m0,imp − m0

m0
·100 [%] (1)

where m0,imp is the oven-dry weight of samples after impregnation (g) and m0 is the oven-
dry weight of samples before impregnation with FSNP suspension (g). Additionally,
retention of treating solids (RET) in kg/m3 was also calculated, showing the specific
quantity of the FSNPs deposited in wood.

2.4.2. SEM/EDX Analysis

Modified samples were characterized with a Hitachi S-3400N type scanning electron
microscope (SEM). Longitudinal (radial or tangential) sections were cut with a razor blade
before imaging. All surfaces of the cut SEM samples were at least 5 mm from the initial sam-
ple surface. The samples with dimensions of 5 × 5 mm were coated with a gold/palladium
layer using a sputter-coater before imaging. An accelerating voltage of 10 kV and a working
distance of 5 mm were used during SEM imaging. A Bruker XFlash Detector 5010 type
detector was used for energy dispersive X-ray spectrometry (EDX) to analyze the elemental
composition. The samples for EDX analysis were used without sputter-coating, to avoid the
effect of the gold/palladium coating on the elemental composition. The spatial resolution
of Si and F element mapping was 0.2 µm, on a measurement area of 20 × 25 µm.

2.4.3. FT-IR Analysis

FT-IR measurements were performed using a Shimadzu IRAffinity-1 spectrometer
equipped with an HATR 10 total reflection accessory kit (Shimadzu Europa GmbH, Duis-
burg, Germany). The wavenumber range of the spectra was 4000–670 cm−1 with a spectral
resolution of 1 cm−1. The registered spectra were derived as the means of 49 scans each.

Various pre-processing methods were used to eliminate spectral variability. The
influence of CO2 and air humidity was reduced by atmospheric correction using Shimadzu
IRsolution software(Version 1.60, Duisburg, Germany). Additionally, the resolution of
the spectrum was smoothed to 10 cm−1 to reduce the noise amplitude. The relevant
deviations in the intensities in the primary spectra are due to the stochastic fitting of
wood samples to the ATR crystal and surface roughness, and inhomogeneity. These
deviations were eliminated by application of SNV (standard normal variate) transformation
as a normalization method. Finally, component analysis (PCA) was used to assess the
spectra. PCA decompositions were carried out using the Chemometrics Add-In extension
in Microsoft Excel.

2.4.4. Water Repellency

An optical goniometer (PocketGoniometer PGX+, Model 68-76, Messmer Büchel,
Molenbaan, The Netherlands) was used to determine the contact angle (CA) of deionized
water (surface tension: 3.2 mN/m). The volume of the droplet was set at 4 µL. CA was first
measured at 120 ms, followed by measurements at 5, 10, 20, 30, 60, 120, 240, 360, 480 and
570 s. CA was measured at 10 points on each of the 10 samples.

2.4.5. Anti-Swelling-Efficiency and Swelling Anisotropy

Anti-swelling-efficiency (ASE) was tested on 20 pieces of 20 × 20 × 30 mm3 (radial
× tangential × longitudinal) samples of each treated and control material. The samples’
dimensions were measured under oven-dry (105 ◦C) and water saturated conditions. The
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full saturation was taken as a constant weight of the samples. ASE in radial and tangential
directions was calculated according to Equation (2):

ASEr,t =
SU,r,t − ST,r,t

SU,r,t
·100 [%] (2)

where SU,r,t is the swelling of control samples in the radial or tangential direction (%), and
ST,r,t is the swelling of treated samples in the radial or tangential direction (%).

Swelling anisotropy was calculated according to Equation (3):

Asw =
St

Sr
(3)

where St is swelling in tangential direction and Sr is swelling in the radial direction.

2.4.6. Equilibrium Moisture Content (EMC)

EMC was tested on 10 pieces of 20 × 20 × 5 mm3 (radial × tangential × longitudinal)
samples of each treated and control material. The samples’ weight was measured under
oven-dry (105 ◦C) and climatized (t = 20 ◦C; ϕ = 65%) conditions. The constant mass was
reached in 10 weeks by all test specimens.

2.4.7. Water Uptake (W)

Water uptake in radial and tangential surfaces was determined separately, using sam-
ples with clear radial or tangential surfaces. The sample dimensions were 10 × 50 × 50 mm3

(radial/tangential × tangential/radial × longitudinal). Ten pieces for all treatment varia-
tions and control were used. The modified and control samples were climatized (t = 20 ◦C;
ϕ = 65%). A commercial silicone sealant (Soudal neutral silicone) was applied to the edges
and one radial or tangential surface and weighed. Samples were then immersed in dis-
tilled water with the unsealed surface for 72 h and weighed. Water uptake was calculated
according to Equation (4):

W =
mu − m0

A

[ g
m2

]
(4)

where mu is the weight of the samples after water uptake (g), m0 is the weight of the samples
before water uptake (g), and A is the immersed surface area of the samples (mm2).

2.4.8. Statistical Analysis of the Results

The distribution normality of the data was verified and statistical significance tests
(ANOVA, Fischer LSD-test, p < 0.05) were conducted for the effect of the treatment on the
investigated material properties with the software Statistica (Statsoft, Version 13.0, Palo
Alto, CA, USA).

3. Results and Discussion
3.1. WPG

Wood species did not have a significant effect on WPG (Table 1), but beech samples’
variation coefficients were significantly lower, which indicates a more uniform penetration
of the FSNPs in beech wood measured by quantity. However, this does not yet imply
a uniform distribution of FSNPs in the wood structure. The WPG (the ratio of FSNPs
deposited in wood) was an average of 0.74%–1.16%, depending on treatment type (FSNP0.5
or FSNP1.0) and wood species. This WPG is explicitly low, in comparison to most of the
silica-based modification methods, which usually show WPG in the range of 20%–60% [29].
However, there was a significant difference between the retention of beech and pine.
It was approximately 55% higher for beech in all treatments, indicating a higher level
of impregnation compared to pine. Impregnability of beech and Scots pine sapwood is
similar [30], but the different anatomical structure and porosity results in different retention.



Forests 2023, 14, 651 5 of 13

Table 1. WPG and RET values of FSNP-modified beech and Scots pine samples.

Beech Pine

FSNP0.5 FSNP1.0 FSNP0.5 FSNP1.0

WPG [%] RET [kg/m3] WPG [%] RET [kg/m3] WPG [%] RET [kg/m3] WPG [%] RET [kg/m3]

Mean 0.78 6.15 1.16 8.84 0.74 3.87 1.10 5.66

Min 0.70 0.29 1.00 0.67 0.59 0.46 0.84 0.70

Max 0.88 5.71 1.25 7.27 0.95 3.21 1.36 4.62

St. Dev. 0.06 6.61 0.07 9.60 0.10 4.86 0.17 6.67

Var. Coeff. 7.26% 4.76% 5.83% 7.59% 13.87% 11.94% 15.77% 12.34%

3.2. SEM Imaging

SEM imaging was undertaken for both wood species, but the distribution and mor-
phology of the nanoparticles was not affected by the wood species. Therefore, only SEM
micrographs of Scots pine are shown in Figure 1. FSNPs do not completely cover the cell
wall surface and are visible as small, rough depositions (Figure 1a,b). Additionally, the
FSNPs showed some agglomerations and larger deposits in the cell lumens (Figure 1c).
Although these FSNP agglomerations do not clog the lumens completely, they improve
the dimensional stabilization effect of this modification method [31]. FSNP coating is
non-continuous on the cell wall surfaces, but it provides secondary surface roughness at
micro- and nano-levels to them, which is known to result in higher hydrophobicity [32].
The uniform distribution and effective size of nanoparticles may contribute to reduced
hygroscopicity, which leads to increased dimensional stability [33–35].
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Figure 1. SEM images of the FSNP1.0-modified Scots pine wood in tangential section. (a,b,d): FSNPs
deposited on cell wall surface, (c) the loose/porous structure of FSNP deposits on the cell wall surface.

The discontinuous FSNP layer on the cell wall surfaces is the result of the low concen-
tration of the FSNPs in the modifying suspension (1.5 and 2 wt.%). This meets the objective
of keeping the amount of FSNPs in the wood low. The loose/porous structure of FSNP
deposits is clearly shown in Figure 1c,d. Although the determination of the diameters of
FSNP spheres is difficult, because they overlap in the image, a rough estimation of the
globule size is 50 to 200 nm.
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3.3. EDX Analysis

The elemental analysis of the samples revealed the position and distribution of FSNPs
in the wood. This method supported the data from SEM imaging, as in general, an even
distribution of the particles was found, besides some smaller agglomerations (Figure 2).
Quantitative analysis indicated 3.43 wt.% silicon and 0.19 wt.% fluorine on pine wood
(Table 2). This means that FSNPs are deposited in the wood, as the wood itself does not
contain the Si element at such high levels. This result shows that FSNP suspension can
easily be brought into the structure of both beech and pine wood, as the samples for this
test were obtained from the middle the modified wood.
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Figure 2. EDX map of FSNP-treated (FSNP1.0) pine wood in tangential section. (a) SE image of an
FSNP-treated earlywood tracheid cell wall surface. (b) Distribution of Si and F elements on the same
surface, combined with SE image. Red color indicates presence of fluorine, yellow color indicates
presence of silica.

Table 2. Quantitative elemental composition of the FSNP-treated (FSNP1.0) Scots pine earlywood
tracheid cell wall surface shown in Figure 2.

Element [wt.%] [at.%] Error in wt.%

Carbon 63.99 71.18 6.58
Oxygen 32.39 27.05 3.41
Fluorine 0.19 0.13 0.05
Silicon 3.43 1.63 0.16

Sum: 100 100

3.4. FT-IR Analysis

Wood has a complicated chemical structure and contains several light-absorbing
functional groups and moieties. The characteristic absorption peaks are derived from
the chemical components of the wood: cellulose, lignin, and hemicellulose. The spectra
were evaluated only in the fingerprint region, where absorption bands characteristic of
the samples are found. Assignment of absorption bands was performed based on the
literature [36–39].

Chemical changes in the wood surface as a result of FSNP modification can be detected
by the FT-IR spectra. Small differences are visible between the transformed SNV spectra of
beech and Scots pine due to differences in their chemical composition (Figure 3). The broad
band in the spectra of FSNP-modified wood observed in the range 850–1300 cm−1 was
attributed to the overlapped stretching vibrations of Si–O–Si, C–F, and C–O–C bonds [40].
On the left side of this band, two small shoulders between 1130 and 1250 cm–1 were
assigned to the stretching vibration of C–F bonds [41,42]. The absorption peaks at 1079
and 789 cm−1 correspond to the asymmetric stretching vibration and bending mode of
Si–O–Si bonds in the silica nanoparticles [14,37,38,43]. The presence of C–F and Si–O–Si
bonds proves the successful impregnation with fluorinated silica nanoparticles.
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(b) Scots pine.

The hidden information in the complex light absorption peaks of ATR-FTIR spectra
can be revealed by a multivariate data evaluation method [44]. PCA can visualize the
latent information in the spectra by projecting them into a multidimensional space of
the principal components (PCs). Each dimension in the PC’s space corresponds to the
linear combinations of the different variables as wavenumbers in the spectrum. The
absorbance values on the coordinate axes determine the distances from the origin. The
PCA decomposition of the spectra showed the differences between the wood species and
the effect of the modifications (Figure 4). The PC1 axis represents the treatment and the
PC2 axis represents the wood species, while distances from the centroids give information
on the extent of molecular changes. In the case of modified Scots pine, the samples are
shown to separate into two groups along the PC1 axis, representing the different level of
NP fluorination. For the modified beech results, similar group separation is not reflected
by PCA resolution. This indicates higher variation in the chemical changes as a result of
the modification in beech.
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3.5. Water Repellency

FSNP treatment resulted in a high hydrophobization effect (Figure 5). The initial
CA (at time = 120 ms) of the untreated samples was found to be 67.3–69.3◦ without
showing a significant difference between wood species. CAs increased significantly on the
FSNP-treated wood surfaces (132.4–147.8◦), depending on the treatment type. A higher
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proportion of hydrophobic modifier resulted in improved water repellency, as the addition
of 1% FAS17 significantly increased the CA, by an additional 15◦ on average. No difference
in the CA could be detected between wood species. The observed CAs are close to the
superhydrophobic region (>150◦). The effect of FSNP treatments is long-lasting, regardless
of the degree of fluorination, as the CA decreases only slowly. Water droplets persisted
for a longer time on the surface of FSNP-modified wood, in contrast to the immediate
penetration of water into untreated wood.
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3.6. Anti-Swelling-Efficiency (ASE) and Swelling Anisotropy

FSNP treatments decreased swelling remarkably in both wood species. FSNP-modified
beech showed significantly lower ASE compared to Scots pine (Figure 6). As expected, the
different anatomical structure of the wood species affected the efficiency of the treatments.
The higher fluorination level of SNPs resulted in only slightly higher ASE values. Although
it was a significant difference, it was not remarkable. Thus, further increasing the fluorina-
tion level of SNPs does not appear to be beneficial. The slight differences in WPG (Table 1)
did not affect the ASE, as no correlation was found between these two properties.
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FSNPs partly covered the cell wall surface, which also contributes to the lower swelling
through delaying the diffusion of water into the wooden cell wall. The improved ASE
is also in line with the improved hydrophobicity of the FSNP-treated wood. The perma-
nent hydrophobizing effect of the treatments largely explains the improvement in the
dimensional stability of wood. The effect of nano-SiO2 to improve water repellency is
already known for fiber-reinforced composites based on lignocellulosic waste material and
nano-SiO2 [45]. The superhydrophobic effect of the perfluoroalkyl methacrylic co-polymer
and silica nanosphere based fluoro-containing silica nanocoating was also demonstrated
on wooden surfaces [24].

Despite the low levels of FSNPs in wood (Table 1), ASE was high, ranging from
49.23% to 63.96%, depending on treatment type and wood species. Besides the improved
hydrophobic character, this was attributed to the clogging effect of the nanoparticles by
occupying void spaces in the wood tissue [46–49]. Overall, this results in the FSNP layers
on the cell wall surfaces blocking water molecules from the bonding sites.

Higher ASE values were found in the radial direction, compared to the tangential
direction; however, it did not increase the swelling anisotropy statistically significantly
(Figure 7). Thus, the treatment is not expected to lead to the increased likelihood of cracks,
deformations, and warping during utilization under changing climatic conditions.
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3.7. Equilibrium Moisture Content

FSNP treatment significantly decreased EMC by 6%–16%, which is, however, not a
remarkable change (Figure 8). This means that besides producing a highly water-resistant
surface, the moisture-absorbing ability of wood was also decreased. The slight decrease in
moisture uptake as a result of FSNP deposition in wood tissue is explained by the combined
effect of the nanoparticles, including clogging the void spaces and being hydrophobic [49].
Sufficiently small-sized nanoparticles can penetrate the cell wall pores, inhibiting moisture
from entering and, in this way, decreasing water absorption [50,51]. Similarly, FSNPs
may also block sorption sites of wood cell lumens and those directly in the cell walls [52].
This effect is described as the obstruction of micro-capillaries in wood by the particles,
so that water loses its main channel for penetration into the cell wall. In addition, many
hydrophilic functional groups on wooden cell walls may be replaced by some functional
group of SiO2 nanoparticles, and the bound water that is located within the cell wall can be
replaced by them [50,53]. The relatively low decrease in the EMC can be attributed to the
discontinuous FSNP layer on the cell wall surfaces (Figure 1), thus explaining the contact
of the cell wall surfaces, and water vapor was not completely blocked physically. Scots
pines EMC showed a remarkably higher decrease, despite the higher WPG values for beech.
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However, a higher amount of FAS17 used for the fluorination of SNPs resulted in, only in
the case of pine wood, a slightly but significantly lower EMC.
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3.8. Water Uptake

The presence of FSNPs in the wood resulted in significantly lower water uptake
(Figure 9). These results indicated that the amount of FSNPs and their fixation to the cell
wall surfaces was enough to exclude water from cell lumens [23]. In addition, FSNPs
increasingly block cell wall pits and micropores, which further enhances the barrier effect of
FSNPs, which fill the voids and inhibit water absorption more effectively [32]. The FSNPs
and their depositions created a nano-structured layer on the cell wall surfaces (Figure 1)
with increased roughness, resulting in reduced surface free energy and lower capillarity of
the cell lumens. This nano-scale surface roughness mimics the “lotus effect” known from
nature [32,54]. Additionally, the longer and more tortuous path provided by the deposited
FSNP layers further impedes water transport [34,46].

Forests 2023, 14, x FOR PEER REVIEW 11 of 14 
 

 

 
Figure 9. Water uptake of FSNP-treated and untreated beech and Scots pine wood in radial and 
tangential directions (percentages show the difference to the control and whiskers the standard de-
viation of the results). 

4. Conclusions 
It was proved that the impregnation of wood by fluorinated silica nanoparticles re-

markably improves dimensional stability. Anatomical direction did not affect the ASE 
(49.23%–63.96%); however, wood species had a slight, but statistically significant, effect 
on it. Swelling anisotropy was not changed. Hydrophobic fluorinated silica nanoparticles 
were deposited on the cell wall surfaces, thus making the wood water repellent. However, 
the liquid water uptake was significantly inhibited, showing 18.02%–28.70% lower values, 
whereas water vapor sorption was only inhibited through the fluorinated silica nanopar-
ticles by a lower ratio (−6.08%–11.33%). SEM imaging and EDX mapping showed that the 
hydrophobic fluorinated silica nanoparticles did not continuously cover the cell wall sur-
faces and some small, rough depositions were also present. The result of the non-contin-
uous covering of the cell wall surfaces was a smaller decrease in the equilibrium moisture 
uptake. The positive effect of the treatment can be explained by a combination of different 
phenomena. Nanoparticles form a coating on the cell wall surface, which acts as a hydro-
phobic barrier on the surface, with low surface energy. Additionally, they penetrate the 
micropores and cause a clogging effect. 

Author Contributions: Conceptualization, M.B.; methodology, M.B.; validation, R.N.; formal anal-
ysis, M.B.; investigation, M.B., D.T., R.R. and Z.I.N.; resources, M.B. and R.N.; data curation, M.B., 
R.R. and R.N.; writing—original draft preparation, M.B., R.R., Z.I.N. and R.N.; visualization, M.B. 
and R.R.; supervision, M.B. and R.N.; project administration, M.B.; funding acquisition, M.B. All 
authors have read and agreed to the published version of the manuscript. 

Funding: Project no. FK 142527 has been implemented with the support provided by the Ministry 
of Innovation and Technology of Hungary from the National Research, Development and Innova-
tion Fund, financed under the “FK22 OTKA” funding scheme. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-
script; or in the decision to publish the results. 

  

Figure 9. Water uptake of FSNP-treated and untreated beech and Scots pine wood in radial and
tangential directions (percentages show the difference to the control and whiskers the standard
deviation of the results).
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The absorption of water vapor (EMC) decreased much less than the water uptake. Water
uptake showed a decrease of 18.02%–29.63%, while EMC decreased by only 6.08%–18.05%,
depending on the parameters. The hydrophobization effect of the FSNPs explains the
difference between water uptake and water vapor sorption. A higher amount of FAS17
used for the fluorination of SNPs did not result in significantly lower water uptake.

4. Conclusions

It was proved that the impregnation of wood by fluorinated silica nanoparticles re-
markably improves dimensional stability. Anatomical direction did not affect the ASE
(49.23%–63.96%); however, wood species had a slight, but statistically significant, effect
on it. Swelling anisotropy was not changed. Hydrophobic fluorinated silica nanoparticles
were deposited on the cell wall surfaces, thus making the wood water repellent. How-
ever, the liquid water uptake was significantly inhibited, showing 18.02%–28.70% lower
values, whereas water vapor sorption was only inhibited through the fluorinated silica
nanoparticles by a lower ratio (−6.08%–11.33%). SEM imaging and EDX mapping showed
that the hydrophobic fluorinated silica nanoparticles did not continuously cover the cell
wall surfaces and some small, rough depositions were also present. The result of the
non-continuous covering of the cell wall surfaces was a smaller decrease in the equilibrium
moisture uptake. The positive effect of the treatment can be explained by a combination of
different phenomena. Nanoparticles form a coating on the cell wall surface, which acts as a
hydrophobic barrier on the surface, with low surface energy. Additionally, they penetrate
the micropores and cause a clogging effect.
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