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Abstract: In this work, a non-fluorinated surface treat-
ment, i.e., hydrophobized silicone nanofilaments, was
applied on both birch and acetylated birch wood samples
via a gas-phase based reaction. A superhydrophobic
behavior was observed on both the surface-modified
samples as revealed by the static water contact angles
(CAs) greater than 160°, also valid for samples prepared
with the shortest reaction time of 1 h. The dynamic wetta-
bility behavior of the samples was studied by a multicycle
Wilhelmy plate method. The surface-modified acetylated
birch exhibited a pronounced enhanced water resistance,
resulting in very low water uptake of 3 ± 1 wt% after 100
cycles, which was not only about 29 and 5 times lower than

that of the non-surface-modified birch and acetylated
birch, respectively, but also three times lower than that
of the surface-modified birch. Moreover, the aesthetic
appearance of the acetylated wood was maintained as the
surface modification only resulted in a small color change.
This work shows the potential of preparing super water-
repellent wood by non-fluorinated surface modification.

Keywords: acetylated wood; multicycle Wilhelmy plate
method; non-fluorine surface modification; silicone
nanofilaments; superhydrophobic coating.

1 Introduction

Owing to its renewability and sustainable forestry, wood is
today themost abundant and low-carbon emittingmaterial
for large scale uses in the construction and furniture in-
dustries. Due to its hydrophilic nature, wood-based prod-
ucts are, however, susceptible to dimensional deformation
and biological degradation, especially in outdoor appli-
cations. Improving the water-resistance of wood-based
products has therefore gained increased attention in recent
years (Cademartori et al. 2017; Hill 2006; Källbom et al.
2018; Meyer-Veltrup et al. 2017).

Bulk modification of wood is one common approach
for improving the water repellence of wood-based prod-
ucts. The bulk modification lowers the hygroscopicity of
wood by altering the properties of wood cell walls. Typical
bulk modification methods include thermal modification
and chemical modifications using various chemicals
(Herrera et al. 2018; Hill 2006; Källbom et al. 2020; Rowell
2007). One of the commonly used chemical treatments is
acetylation, in which the accessible hydroxyl groups in the
wood cell-wall react with acetic anhydride and form ester
bonds (Rowell et al. 1994). It was reported that the equi-
libriummoisture content of acetylated pine was reduced to
8.4% at 90% RH, which was 2.6 times lower than that of
non-acetylated pine (Rowell 2014). Apart from the
increased moisture resistance, the acetylated wood
showed improved physical, mechanical and biological
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properties (Bongers and Uphill 2019; Chai et al. 2017).
Moreover, the acetylation process can be defined as a non-
toxic chemical treatment. Therefore, there has been a
growing interest in using acetylated wood for improving
the performance of wood in recent years (Beck et al. 2018;
Hansmann et al. 2004; Hung et al. 2016; Joffre et al. 2017;
Laine et al. 2016; Ringman et al. 2020). However, studies
showed that acetylation of wood only increased the
apparent water contact angle (CA) to a minor extent, e.g.,
from 69° to 83° (Bryne andWålinder 2010), which suggests
that the wood is still prone to interaction with moisture,
thus increasing the risk e.g., for surface discoloration and
mold growth.

Another approach is to modify wood surfaces by a
superhydrophobic layer. Superhydrophobic surfaces,
inspired by the lotus leaf structure, show non-wettability
and good self-cleaning properties when in contact with
water. A superhydrophobic layer on wood can be achieved
by combining a nanoscale structure with low surface
energy chemistry on top (Teisala andButt 2018; Tuteja et al.
2011; Wang et al. 2020). Usually, nanoparticles such as
SiO2, ZnO, and TiO2 are used to create the nanoscale
roughness on wood surfaces (Gao et al. 2015; Guo et al.
2017; Pandit et al. 2020; Sedighi Moghaddam et al. 2016a;
Tuominen et al. 2016). For example, Pandit et al. (2020)
reported a superhydrophobic coating onwood prepared by
TiO2 nanoparticles and perfluorooctyltriethoxysilane. The
modified wood exhibited excellent repellence towards
water and liquids with lower surface tension. Yin et al.
(2020) reported that fluorinated silicone nanofilaments
layers could improve the liquid repellence of wood sur-
faces, leading to high static CAs and low liquid uptake rate
and level towards water, ethylene glycol and hexadecane.
Silicone nanofilaments layer is a promising surface modi-
ficationmethod for improving thewater-resistance ofwood
by ultra/superhydrophobization viamicro- and nano-scale
surface roughness of wood and low surface energy chem-
istry. Moreover, no extra reagents are involved in the gas-
phase based reaction, thus reducing possible negative
effects to the environment during themodification process.

A superhydrophobic surface is not a barrier for vapor
from diffusing through an air layer into a hygroscopic
substrate (Swerin and Wåhlander 2009; Yin et al. 2020).
Therefore, even though superhydrophobic surfaces repel
water, the final liquid uptake of the surface-modified wood
can still be high as a result of liquid diffusion, and plau-
sibly solubility, into the hygroscopic substrate. This effect
shows that the application of a superhydrophobic coating
to improve the liquid repellence of wood is still limited.

A superhydrophobic layer improves the water repel-
lence of wood surfaces; acetylation, on the other hand,

reduces the number of the hydroxyl groups in the wood
substance, thus reducing its affinity for water sorption.
This encouraged the current study whether such a combi-
nation, i.e., applying a superhydrophobic layer on the
acetylated wood, can lead to a significantly enhanced
liquid resistance of wood. To our knowledge, no previous
work has investigated this combination of bulk and surface
modification.

In this work, the silicone nanofilaments were applied
on acetylated wood surfaces through a gas-phase based
silicone nanofilaments preparation method at reduced
pressure. To reduce the potential hazard to environmental
and human health, a non-fluorinated alkylsilane is utilized
in the following hydrophobization process. Apart from the
static CA measurement, the dynamic wettability of the
surface-modified wood was studied by a multicycle Wil-
helmy plate method. This work shows the possibility of
achieving extremely lowwater uptake ofwoodusing anon-
fluorinated surface modification approach.

2 Materials and methods

2.1 Materials

The birch veneerswere providedby KoskisenOy in Finland.Half of the
received birch veneers were acetylated by Accsys in Arnhem, the
Netherlands, according to the process described on their webpage
(ACCSYS 2020). According to Accsys, the acetyl content of the acety-
lated birch veneers was above 20%. The dimensions of the birch and
acetylated birch wood samples used in this work were in approxi-
mately 30 × 20 × 1 mm3 in the longitudinal, tangential and radial
directions (L× T×R), respectively. The averagemoisture contentwas 5
and 1.4%, respectively, for the birch and acetylated birch.

2.2 Wood surface modification

The birch and acetylated birch wood samples were first surface-
modified by silicone nanofilaments at reduced pressure. The
schematic illustration of the reaction setup for preparing silicone
nanofilaments is shown in Figure 1a. Specifically, thewood samples (a
total surface area of around 70 cm2 for each type) were placed together
with a vial containing 300 µL of trichloromethylsilane (TCMS, 99%,
Sigma–Aldrich) and a vial containing 75 µL ofwater (Type 1,Milli-Q) in
a sealed desiccator (reaction chamber, ca 5.7 L), which was connected
to a rotary vane vacuum pump (Edwards). The reaction chamber was
evacuated to the pressure of 5 kPa before the reaction started. The
samples with a reaction time of 1, 2, 5 and 20 h were prepared.
Figure 1b shows the RH change in the reaction chamber, which was
measured by placing a hygrometer (Testo 174) together with the water
in the chamber. The moisture absorption capacity for acetylated birch
wood and birch wood is different. Therefore, to ensure the same RH
changes in the synthesis of silicone nanofilaments, acetylated and
non-acetylated wood samples were placed in the chamber together.

858 H. Yin et al.: Non-fluorine surface modification of acetylated birch



To further reduce the surface energy, the silicone nanofilaments
coated samples were hydrophobized by chemical vapor deposition of
trichloro(octyl)silane (TCOS, 97%, Sigma–Aldrich) for 2 h in a second
step. Prior to the second step, the sampleswere plasma-activated in an
18 W air plasma cleaner (PDC-3XG, Harrick) for 5 min. In this process,
the hydrophobic methyl groups of the silicone nanofilaments on the
surfaces were converted into hydrophilic hydroxyl groups, which
facilitated the bonding of TCOSmolecules on the surface in the second
step. The surface-modified birch and acetylated birch samples are
denoted SMB and SMAB, respectively.

2.3 Characterization

Scanning electron microscopy (SEM) (FEI Quanta FEG 250) was uti-
lized for imaging of the wood surfaces. The SEM characterization was
performed at an accelerating voltage of 10 kV with a working distance
of 10 mm in a low vacuum mode (LV-SEM) of 7 kPa. No surface
pre-coating was applied. The diameter distribution of the silicone
nanofilamentswas calculatedby analyzing the SEM images of the SMB
and SMAB wood using ImageJ software. At least 1000 nanofilaments
were chosen in the calculation for each sample. Fourier-transform
infrared spectroscopy (FTIR) (Spectrum One, Perkin Elmer) equipped
with an attenuated total reflection was used to study the chemical
compositions on the wood surfaces. All spectra were recorded
between 4000 and 400 cm−1 at a resolution of 4 cm−1 and 16 scans per
sample.

The color of the wood samples was measured using an optical
spectrophotometer X-Rite SP60 D65/10° illumination. The CIE LAB
color space coordinate system was used to evaluate the color changes
of the wood samples after the surface modification. Three parameters,
viz., L*, a*, and b* were recorded, where L* represents lightness
(L* = 100 for pure white, L* = 0 for total blackness); +a* represents
redness while −a* for green; +b* represents yellowness while −b* for
blue. The total color change (ΔE*) was calculated according to the
equation:

ΔE∗ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ΔL∗2 + Δa∗2 + Δb∗2

√
(1)

where ΔL*, Δa*, and Δb* are the differences between the color of the
wood samples before and after the surface modification. At least eight
spots were analyzed for each sample.

The wettability of the wood and surface-modified wood was
studied using an optical CA goniometer (OCA40, DataPhysics)
equipped with a high-speed CCD camera (max 2200 images s−1).

Measurements were performed in a climate-controlled room of
50 ± 3% RH at 23 ± 1 °C. A water drop of 10 μL was chosen as the
surface-modified wood was superhydrophobic and drops of a smaller
volume could not be dispensed on the surfaces. The tilting speed of the
roll-off angle measurement was 1.58° s−1. The static CAs and
roll-off angles (ROAs) of water (Type 1, Milli-Q, surface tension
72.3 ± 0.2 mN m−1) were determined by the SCA 20 (DataPhysics)
software using Young-Laplace fitting. At least 10 droplets were
analyzed in each case.

A Sigma 70 tensiometer from KSV Instruments (now Biolin Sci-
entific) was used for measuring the wetting properties and water
uptake of the unmodified and surface-modified wood samples. The
measurements followed a previously developed method (Sedighi
Moghaddam et al. 2013, 2016b). Specifically, a 100-cycle Wilhelmy
platemeasurement was performedwith thewood veneer in water. The
immersion and withdrawal velocity of the veneer was 12 mm min−1.
The immersion depth was 10 mm and the withdrawing position was
5mmabove thewater. To prevent end-grainwater penetration and fast
longitudinal liquid transportation during measurement, the cross
section of the tested wood veneer was coated by polyurethane lacquer
before the measurement. Based on the immersion depth and the im-
mersion and withdrawal velocity of the veneer, the wood veneer
contactedwith thewater for a total of ca 167min during the 100 cycles.

For porous and hygroscopic samples like wood, the measured
force F can be written as (Wålinder and Ström 2001):

F  (h,  t) = Pγcos  θ + Fw(t) − ρ  Ahg (2)

wherePγ cos θ equals thewetting force andP is thewetted perimeter of
the wood veneer, γ the surface tension of the probe liquid, and θ the
liquid-solid-air CA; ρ Ahg corresponds to the buoyancy force and ρ is
the probe liquid density,A the cross-sectional area of the veneer, h the
immersion depth, g the gravitational constant and Fw(t) the force due
to sorption of the liquid at time t. The advancing angle θa and receding
angle θr at cycle n can be obtained by linear regression of the corre-
sponding curves extrapolated to zero depth (h = 0) in the multicycle
Wilhelmy plate plot (cf. Figure 6), assuming that P and γ are constant,
and Eq. (2) can be simplified to:

Fad, n = Pγ cos θa, n + Ff , n−1 (3)
Fre, n = Pγ cos θr, n + Ff , n (4)

where Ff,n−1 and Ff,n are the final forces after cycle n − 1 and n,
respectively, which are caused by the sorption. The Ff,n−1 and Ff,n are
equal to the term Fw(t) in Eq. (2). The two CAs at cycle n, θa,n and θr,n,
can be calculated as:

Figure 1: (a) Schematic illustration of the
reaction setup for preparing silicone
nanofilaments in gas phase at a reduced
pressure of 5 kPa, (b) the corresponding
relative humidity versus time in the reaction
chamber with wood samples.
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cos θa, n = Fa, n − Ff , n−1
Pγ

(5)

cos θr, n = Fr, n − Ff , n

Pγ
(6)

Sorption is determinedby linear regression of the final force, Ff, to zero
depth for each cycle.

The liquid uptake of wood veneer after cycle n, Wn is calculated
as:

Wn = Ff , n

mg
× 100% (7)

where m is the initial mass of the wood sample before sealing.

3 Results and discussion

3.1 Silicone nanofilaments preparation
conditions

The relative humidity RH in the reaction chamber affects
the formation of polysiloxane nano- andmicrostructures in
the gas-phase based reaction. The different preparation
conditions lead to the formation of different structures,
e.g., nanofilaments,microrods andmixtures of them (Artus
et al. 2017). It has been shown that the silicone nanofila-
ments can form in a rather broad RH range, i.e., between 20
and 60% RH, at room temperature during the synthesis
(Artus et al. 2017; Olveira et al. 2018). In this work, liquid
water was used in the reaction chamber at reduced pres-
sure. The liquid started evaporating upon reduction of
pressure, which was accompanied by the increase of RH in
the chamber. This process can produce a high RH in the
chamber quickly, thus facilitating the growth of silicone
nanofilaments.

As canbe seen inFigure 1b, theRHwas lowat start due to
the removal of air in the reaction chamber at reduced pres-
sure. It increased quickly to around 20%RH in a fewminutes
due to the continuous evaporation of the water, which was
suitable for the growth of silicone nanofilaments (Artus and
Seeger 2014). The RH reached a plateau of around 40%RH in
30–60 min which was ideal for the synthesis of silicone
nanofilaments (Zimmermann et al. 2008).

3.2 Morphology

The surface morphology as seen by SEM and the silicone
nanofilaments diameter distribution at the reaction times
of 1, 2, 5, and 20 h for SMB and SMAB samples are shown in
Figures 2 and 3, respectively. Silicone nanofilaments with

large length-to-diameter ratios were observed on both the
SMB and SMAB wood surfaces already at short reaction
times (1 and 2 h). These structures were mainly located on
the wood cell walls as indicated clearly in Figure 3e. Some
micrometer rods with relatively large diameters were
observed as well. These microrods, which were mainly
located on the wood cell walls and distributed sparsely,
were present especially at short reaction times. Most of
these structures completed their growth at 2 h andwere less
apparent at longer reaction times. The nanometer filament
structures became the dominant structures when the re-
action time was increased to 5 h and the coverage of the
silicone nanofilaments on the wood surfaces increased
accordingly. A dense silicone nanofilamental network was
formed on both SMB and SMAB wood surfaces. The side-
view SEM image which shows the nanofilaments lying on
the wood with a fewmicrometers in length standing on the
surfaces can be found in the previouswork (Yin et al. 2020).
Due to the heterogeneity of the wood surfaces, however,
some areas were not covered with the silicone nanofila-
ments on both SMB and SMAB, even when the reaction
time was increased to 20 h. Since there is no obvious
coverage change between 5 and 20 h, we conclude that a
reaction time of 5 h is sufficient for good silicone nano-
filaments coverage on the wood surfaces when preparing
the silicone nanofilaments at reduced pressure.

The average diameter of silicone nanofilaments on
both SMB and SMAB followed a similar change, i.e., it
decreased with increasing reaction time. The decrease of
the diameter is possibly due to the decrease of relative
humidity in the reaction chamber with increasing reaction
time (Olveira et al. 2018). The differences between 5 and
20 h were, however, small since most of the silicone
nanofilaments finished growing after 5 h.

It is usually regarded that the hydroxyl groups on the
substrate are responsible for the growth of silicone nano-
filaments on the substrate surface (Artus and Seeger 2014).
As known, the freely accessible hydroxyl groups in the
acetylated wood substance are reduced. There is however
no obvious change in silicone nanofilaments distribution
on the surfaces comparing SMB and SMAB samples pre-
pared at the same time. This suggests that the decrease in
accessible hydroxyl groups in the acetylated wood did not
hinder the synthesis of silicone nanofilaments. On the
other hand, the silicone nanofilaments with larger average
diameters were observed on the SMAB at longer prepara-
tion times (5 and 20 h), indicating that the decrease in
accessible hydroxyl groups in wood can lead to a growth of
the silicone nanofilaments in diameter.

860 H. Yin et al.: Non-fluorine surface modification of acetylated birch



3.3 Surface chemistry

The formation of the silicone nanofilaments on the
surface-modified wood surfaces is confirmed by FTIR
spectra in Figure 4. Since there were only small differ-
ences regarding the related absorption peaks, only the
FTIR spectra of the surface-modified wood prepared at
5 h are shown. Two absorption peaks at 780 and
1270 cm−1 appeared for SMB and SMAB samples, which

correspond to the stretching vibrations of Si–C bond
and –CH3 deformation vibrations of the siloxane com-
pounds, respectively (Cunha et al. 2010; Tang et al.
2016). An additional peak assigned to the C–H bond from
Si–CH3 was observed at 2969 cm−1 on SMB and SMAB.
These results confirmed the successful synthesis of pol-
ysiloxane on the wood surface.

Apart from the peak changes related to the silicone
nanofilaments, an obvious intensity increase was

Figure 2: Top-view SEM images of surface-modified birch (SMB) samples and the corresponding number-frequency per 25 nm size class and
normal distribution curve (fitted to the data) of the silicone nanofilaments on the surfaces at the reaction time of (a, b, c) 1 h, (d, e, f) 2 h, (g, h, i)
5 h, and (j, k, l) 20 h. The average diameter with standard deviation and the median values of the polysiloxane structures on SMB at different
reaction times are given.
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observed for the acetylated birch and SMAB samples at
the absorption peaks of 1740, 1370, 1220, and 897 cm−1,
which were assigned to the stretching of C=O bonds, the
deformational vibration of C–H bonds in the methyl
group, the stretching of C–O bonds and the vibration of
methyl groups, respectively (Mohammed-Ziegler et al.
2008; Pries et al. 2013). Since the acetylated wood could
still absorb moisture, the reduction of the broad hy-
droxyl peak in the region of 3200–3500 cm−1 was less
obvious.

3.4 Color change

Figure 5 shows the lightness and color changes of SMB and
SMAB wood samples at different reaction times. The orig-
inal color (OC) and final color (FC) after the surface modi-
fication (at silicone nanofilaments reaction time of 1 and
20 h) of the wood samples are shown in Figure 5d. As
shown, the color of SMAB wood varied in a small range
regarding the three parameters, viz.,ΔL*,Δa*, andΔb*. The
ΔE* was smaller than two at all reaction times, suggesting

Figure 3: Top-viewSEM imagesof surface-modified acetylated birch (SMAB) samples and the corresponding number-frequency per 25 nmsize
class and normal distribution curve (fitted to the data) of the silicone nanofilaments on the surfaces at the reaction time of (a, b, c) 1 h, (d, e, f)
2 h, (g, h, i) 5 h, and (j, k, l) 20 h. The averagediameterwith standarddeviation and themedian values of thepolysiloxane structures onSMABat
different reaction times are given.
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that the color change was not detectable by the naked eye
(Barcík et al. 2015). On the contrary, the ΔL* of the SMB
wood surface shifted from −1.3 to −7.5 from reaction time 1
to 20 h, which indicates that the surface becomes darker
upon increasing reaction time. The Δa* and Δb* values also
changed with the reaction time, but they were less obvious
as the color change valueswere smaller than three. TheΔE*
increased with increasing reaction time and it was higher

than three already at 2 h. The ΔE* increased to 8.4 ± 0.6 at
20 h, suggesting the color change of SMBwood was clearly
seen. From the inserted images of the wood samples in
Figure 5d, it was obvious that SMB samples showed more
color change after surface modification, especially at 20 h.
Therefore, the surface modification results in more color
change for the non-acetylatedwood than for the acetylated
wood.

The color change of the wood samples is caused by the
release of hydrochloric acid during the surface modifica-
tion process. Acids can catalyze the condensation and
degradation reactions in lignin structures and contribute to
the discoloration ofwood (Chen et al. 2012; Lundquist 1970;
Sundqvist 2004). Since some lignin components in wood
are modified in the acetylation process (Rowell et al. 1994),
the color change of the acetylated wood in the surface
modification is less obvious.

3.5 Wettability

Table 1 gives the CA and ROA of SMB and SMAB samples
toward water at different reaction times. It should be
mentioned that the results for SMB and SMAB samples can
only partially represent the surfaces as only droplets that
can be analyzed were considered. Due to the heterogeneity
of wood surfaces, some drops rolled off immediately after

Figure 4: FTIR spectra of the birch (B), acetylated birch (AB), and
surface-modified birch (SMB) and surface-modified acetylated birch
(SMAB) samples prepared at 5 h. The absorption bands at 2970,
1270, and 780 cm−1 represent silicone nanofilaments and the ab-
sorption bands at 1740, 1370, 1220, and 897 cm−1 indicate the
acetylation of wood.

Figure 5: Changes in (a) lightness ΔL*, (b) rednessΔa*, (c) yellownessΔb*, and (d) total color changeΔE* of surface-modified birch (SMB) and
surface-modified acetylated birch (SMAB) wood samples after the surfacemodification at different silicone nanofilaments reaction times. The
original color (OC) and final color (FC) of wood samples prepared at 1 and 20 h are given in Figure 5d.
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dispensing while some other drops pinned on the surfaces.
As shown in Table 1, the birch and acetylated birch wood
showed a CA of 59 ± 7° and 64 ± 8°, respectively. The sili-
cone nanofilaments coating increased the static CA
significantly, resulting in a CA of 164 ± 6° and 163 ± 5°,
respectively, for the SMB and SMAB samples prepared at
1 h. The silicone nanofilaments coating did not show an
obvious difference between SMB and SMAB regarding the
static CAs. Values varying from 162° to 164° were observed
for both the SMB and SMAB samples prepared at longer
times, indicating the reaction time did not affect the static
CAs too much. On the other hand, the ROA of the SMAB
sample decreased from 26 ± 19° at 1 h to 11 ± 10° at 20 h,
suggesting that the reaction time can improve the water
repellence of the acetylated wood surfaces. However, this
decreasing trend was not observed for the SMB sample.
Given the fact that wood is heterogeneous and the surface-
modified wood samples show high static CA and low ROA
for the longer reaction time, it is concluded that the
modified wood is superhydrophobic. Moreover, the modi-
fied wood surfaces maintained the water repellence even
after a few cycles of tape peeling test as shown in the
Supplementary Video (Movie S1, SMB prepared at 20 h),
suggesting that the stability of the silicone nanofilaments
layer was good.

The sessile drop measurement is more useful for
measuring the wetting property of a smooth and homoge-
neous surface. As known, the wood is hygroscopic and
swellable and its surfaces are heterogeneous, whichmakes
the wetting process complex especially when using a polar
liquid. In the study of the wettability of the SMB and SMAB,
the static CAs and roll-off angles can only represent the
specific spots as the surface-modified wood samples are

still heterogeneous. The Wilhelmy plate method is regar-
ded as a more accurate method for evaluating the wetting
property of wood as a large area can be covered during the
measurement and an average value is obtained which
enables a high reproducibility. The multicycle Wilhelmy
plate measurement allows the study of the dynamic
wetting and dewetting of the superhydrophobic wood, as
well. Furthermore, the liquid uptake of wood can be ach-
ieved in the repeated immersion cycles.

Figure 6 shows results from the 100-cycleWilhelmyplate
measurements for selected birch, acetylated birch, as well as
SMB and SMAB samples. The birch and acetylated birch
showed an initial θa of 93° and 75°, respectively. However, the
θr value in all cycles and the θa in all subsequent cycles were
zero, suggesting thewood surfaceswere completelywetted in
water in the absence of surface modification. The force
detected after the removal of the sample from the liquid
increased with increasing immersion cycle and this was
caused by water sorption. The SMB and SMAB showed an
initial θa,1 of 124° and 146°, and an initial θr,1 of 82° and 90°,
respectively, indicating the water repellence of the wood
surfaces was effectively improved by the silicone nanofila-
ments. Moreover, only a small increase in the detected force
was observed for both SMB and SMAB when removing the
sample from water after 100 cycles.

Table 2 summarizes the θa, θr and contact angle hys-
teresis (CAH) for the SMB and SMAB at specific cycles. The
θa and θr show a decreasing trend with increasing cycles
and the largest drop was observed in the first 10 cycles for
both the SMB and SMAB samples. Furthermore, the SMAB
showed higher θas and θrs than those of the SMB. Mean-
while, it showed lower CAHs. Therefore, the SMAB shows a
greater liquid repellence than the SMB.

Table : Static water contact angles (CAs) and roll-off angles (ROAs) with standard deviations of surface-modified birch (SMB) and surface-
modified acetylated birch (SMAB) at different reaction times.a

Reaction time (h) Sample name CA (°) ROA (°) Sample name CA (°) ROA (°)

 SMB  ±   ±  SMAB  ±   ± 

  ±   ±   ±   ± 

  ±   ±   ±   ± 

  ±    ±   ± 

Birch  ±  n/a Acetylated birch  ±  n/a

aDue to the heterogeneity of wood surfaces, some drops rolled off immediately after dispensing while some other drops pinned on the surfaces.
The static contact angles were calculated based on the drops that did not roll off immediately after dispensing and the roll-off angles were
calculated based on the drops that did not roll off immediately but rolled off at certain degrees. The specific information: ⅰ)  h, one of  of the
dispensed drops rolled off immediately while two of  of the dispensed drops pinned on the SMB surfaces; one of  of the dispensed drops
rolled off immediately while three of of the dispensed drops pinned on the SMABsurfaces; ⅱ) h, nine of  of the dispensed drops pinned on
the SMB surfaces; all dispensed drops rolled off at certain degrees on the SMAB surfaces; ⅲ)  h, five of  of the dispensed drops rolled off
immediately while one of  of the dispensed drops pinned on the SMB surfaces; all dispensed drops rolled off at certain degrees on the SMAB
surfaces;ⅳ)  h, only one dispensed drop rolled off on the SMB surfaces; one of seven of the dispensed drops rolled off immediately while no
dispensed drops pinned on the SMAB surfaces.
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Figure 7 shows the water uptake versus the immersion
cycle obtained from the 100-cycle Wilhelmy curves. The
water uptake of unmodified birch increased dramatically
with the increasing immersion cycles, approaching
86 ± 6 wt% after 100 cycles. The acetylated birch showed a
much lower water uptake rate, leading to final water up-
take of 15 ± 3 wt%, almost six times lower than that of the
birch wood. The SMB exhibited an even slower water up-
take behavior as a result of the superhydrophobic coating,
ending at 10 ± 1 wt% after 100 cycles, whichwas 8.6 and 1.5
times lower than that of the birch and acetylated birch,
respectively. This result suggests that the surface modifi-
cation of wood by silicone nanofilaments shows more
pronounced improvement regarding the water-resistance
property of wood than the acetylation of wood. The water
uptake of SMAB was as low as 3 ± 1 wt% after 100 cycles,
which was about 29, 5, and 3 times lower than that of the
birch, acetylated birch and SMB, respectively. To conclude,
remarkably reducedwater uptake of woodwas obtained by

Figure 6: Force per perimeter length as a
function of sample position for 100-cycle
Wilhelmy plate measurements for (a) birch,
(b) acetylated birch, (c) surface-modified
birch (SMB), and (d) surface-modified
acetylated birch (SMAB) prepared at 5 h.

Table : Advancing angle θa and receding angle θr and contact angle hysteresis CAH with standard deviations for surface-modified birch
(SMB) and surface-modified acetylated birch (SMAB) samples prepared at  h at specific cycles.

Cycle no. SMB SMAB

θa(°) θr(°) CAH (°) θa(°) θr(°) CAH (°)

  ±   ±   ±   ±   ±   ± 

  ±   ±   ±   ±   ±   ± 

  ±   ±   ±   ±   ±   ± 

  ±   ±   ±   ±   ±   ± 

Figure 7: Water uptake from multi-cycle Wilhelmy measurements
with standard deviation as a function of cycle number for birch (B),
acetylated birch (AB) and surface-modified birch (SMB) and surface-
modified acetylated birch (SMAB) samples prepared at 5 h.
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combining the acetylatedwoodwith the superhydrophobic
coating.

Unmodified wood is hygroscopic due to its porous
structure and the hydrophilic nature of its components.
The liquid sorption process for the unmodified wood
includes the wetting of the surfaces, the gradually filling
of the wood voids through capillaries and the continuous
diffusion and swelling in the wood structures (Sedighi
Moghaddam et al. 2014). As a result, the water uptake of
the unmodified wood can be high after long-time contact
with water. For acetylated wood, the wood affinity for
water is reduced mainly due to the reduction of primary
sorption sites and the decrease of the volume in the wood
cell walls which is available to water (Popescu et al. 2013;
Rowell 2014). But the acetylated birch wood is still hy-
drophilic and the porosity of the wood is not changed.
Therefore, the water can still be absorbed into the porous
structures in wood. It was reported the acetylation
mainly reduced the liquid uptake by reducing the
swelling (Sedighi Moghaddam et al. 2016b). For the
surface-modified non-acetylated wood, the super-
hydrophobic coating layer acts as a barrier, effectively
repelling the water from the wood surfaces. Due to the
diffusion effect, SMB wood can still absorb water. In
addition, solubility in the nanofilaments layer for water
can contribute to the liquid penetration, as suggested
(Yin et al. 2020). The wood affinity for water inside the
porous wood structures is not changed compared to
the unmodified wood. Therefore, the water uptake of the
SMB increased gradually upon long-time contact with
water. In the 100-cycle Wilhelmy measurement, the
SMB wood showed lower water uptake than the acety-
lated birch wood, suggesting that the silicone nanofila-
ments coating is more efficient in repelling water than
the acetylation. For the surface-modified acetylated
wood, on the one hand, it is able to repel water from the
surfaces due to the superhydrophobic silicone nano-
filaments layer; on the other hand, it shows low affinity
for water sorption owing to the acetylation. Therefore,
extremely low water uptake was obtained for the
SMAB wood.

As known, the acetylated wood shows good resistance
against fungi and mechanical properties, and super-
hydrophobic surfaces generally show good self-cleaning
properties. These aspects were not investigated in this
study, but it is believed that the surface-modified acety-
lated wood can also bring such functional properties to
the wood.

4 Conclusions

The applied non-fluorine surface modification, even at
shorter reaction times, results in static water contact angles
greater than 160° and low roll-off angles on both the birch
and the acetylated birch samples, i.e., a superhydrophobic
behavior. Dynamic wettability was studied by a multicycle
Wilhelmy plate method, which showed a remarkably low
water uptake of the surface-modified acetylated samples in
the repeated wetting cycles in water, about 29 and 5 times
lower than that of the non-surface-modified birch and
acetylated birch, respectively. Moreover, the water uptake
of the surface-modified acetylated birch samples was three
times lower than that of the surface-modified birch. The
low water uptake of surface-modified acetylated wood is
caused by a combined effect of high water repellence of
the surface and the low affinity for water sorption of the
acetylated (bulk-modified) cell-wall. In addition, the
applied surface modification brings only small color
changes on thewood surfaces, especially for the acetylated
samples.
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