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Abstract

The aim of the study was to synthesise a ZnO/silver birch wood (Bétula péndula) nanocomposite and evaluate its physical
and mechanical properties in comparison with an unmodified natural polymer.

Using the sol-gel method, we synthesised almost spherical impurity-free zinc oxide nanoparticles with a predominant
particle size of about 20 nm. Amorphous hydrated Zn(OH), was impregnated into the wood material at the gel formation
stage. It resulted in the reaction of zinc hydroxide decomposition with the formation of ZnO nanoparticles in the wood as
a nanoreactor.

The hydrophobic properties of the surface of ZnO/silver birch wood nanocomposite improved significantly (the contact
angle of wetting doubled). Its moisture and water resistance decreased (2-5 times and 30%, respectively). The nanocomposite
also showed less swelling in the radial (8-10 times) and tangential (2.6-10 times) directions in comparison with natural
wood.
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1. Introduction

Nanocomposites containing nanosized
ZnO are currently a large group of in-demand
materials for a variety of applications. This
is due to the unique combination of their
properties, the availability of raw materials,
and the possibility of creating economical
and environmentally friendly industries [1].
The synthesis and study of the properties of
nanocomposites based on polymers is one of
the priority areas due to the wide variety of
functional properties of such nanomaterials.
There are two main ways to synthesise polymer
nanocomposites: via physical mixing of
polymers and nanostructured materials by
mechanical milling and diffusion in liquid or
gas using ultrasonic treatment, etc. [2, 3], and
by the synthesis of nanoparticles in a polymer
matrix as a result of chemical reactions [4].

Nanosized zinc oxide is used as a sulphur
vulcanisation activator for natural and synthetic
rubbers, and as a vulcanising agent for some
elastomers containing functional groups such as
-Cl,-COOH, etc. [5, 6]. Compared to bulk material
of the same composition, zinc oxide nanoparticles
increase the rate of vulcanisation and improve
the mechanical properties of the samples. When
synthesising composites, it is important to
establish a correlation between the synthesis
conditions, the content of the composite,
and its physico-chemical and performance
characteristics [7].

Wood is arenewable, natural polymer material.
Currently, scientists are working on improving
the properties of wood by impregnating it with
various compositions that are combustible,
toxic (carcinogenic), change the colour of
wood, or have a pungent and persistent odour,
a limited lifetime, flammable, etc. There is also
a promising alternative approach: the synthesis
of nature-like nanocomposites with improved
functional properties based on low-value wood.
The capillary-porous structure of wood can act
as an excellent matrix for the impregnation
of nanoparticles or their synthesis in wood
as in a nanoreactor. Modifying natural wood
with nanosized zinc, titanium, or magnesium
oxide particles gives the wood surface super-
hydrophobic properties and increases its bio-
resistance [8-11].
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The aim of the work was to synthesise a
ZnOQ/silver birch nanocomposite and to evaluate
its physical and mechanical properties compared
to the unmodified wood.

2. Experimental

To synthesise zinc oxide, we used one of the “soft
chemistry” methods, the sol-gel method. It allowed
us to produce nanomaterials with a narrow particle-
size distribution at relatively low temperatures. As
a precursor, we used zinc nitrate Zn(NO,),-6H,0
(chemically pure grade, GOST 5106-77). A 20%
NaOH solution (GOST R 55064-2012) was used as
the precipitant. First, a 0.5 M solution of Zn(NO,),
was introduced drop by drop to the boiling water.
After the salt had been added, we boiled the mixture
for a few more minutes until a sol was formed. The
resulting sol was cooled to room temperature,
then a solution of sodium hydroxide was added in
the amount necessary for complete precipitation
of Zn?* cations. The resulting gel was stirred for
some time.

To characterise the zinc oxide nanoparticles,
the gel was separated using a vacuum filter,
washed with distilled water, and dried at room
temperature until a stable weight. The gel was
then annealed in air at 240 °C for 2 h. To study
the phase composition of the powder, we used
X-ray diffraction (XRD, Empyrean B.V. X-ray
diffractometer with a Cu anode (A = 1.54060 nm)).
The scanning was performed within a range of
angles 26 = 0-80° with a step of 0.1. The size of
the coherent scattering regions (CSRs) in zinc
oxide samples was calculated based on the XRD
data using the Scherrer formula (1):

Dy = k—7\. (D

B,y - €cOSO

where D, . is the average particle size, A, kis the
correction factor (k = 0.9 for spherical particles),
A is the X-ray tube wavelength, 6 is the position
of the peak maximum in degrees, and B, is the
intrinsic physical broadening of the diffraction
maximum in radians.

The size and morphology of the synthesised
powder particles were determined by transmission
electron microscopy (TEM, CarlZeiss Libra-120
transmission electron microscope).

To study the effect of zinc oxide nanoparticles
on the properties of a natural polymer material,
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we chose samples of silver birch wood (Bétula
péndula) from the experimental forestry of
Voronezh State University of Forestry and
Technologies named after G. F. Morozov. This
birch is one of the most common hardwoods
growing in the Russian Federation. For the
synthesis of the ZnO/wood nanocomposite,
silver birch (Bétula péndula) samples, pre-dried
at 103 °C, were placed in the gel for 30 min, then
dried in a desiccator for 6 h at 110 °C.

To determine their moisture absorption
qualities, the nanocomposite samples were
dried to an absolutely dry state according to the
requirements of GOST 16483.7-71 and weighed
with an error of not more than 0.001 g on
ACZET CY-64 analytical scales. Distilled water
was poured on the bottom of the desiccator,
the samples were placed on the desiccator
platform on their sides so that they did not
touch each other and the walls of the desiccator.
The samples were kept in a closed desiccator
at 20+2 °C. The first weighing of the samples
was performed one day after placing them in
the desiccator, subsequent measurements were
performed after 2, 3, 6, 9, 13, 20, and 30 days.
The percentage of moisture absorbed (W) was
calculated with an accuracy of 0.1 % using
formula (2).

mn _ml

W= -100 %, (2)
ml

where m is the weight of the absolutely dry sam-

ple in grams; and m _ is the weight of the sample

weighed after n days from the time when it was

first placed in the desiccator in grams.

To determine their water absorption, the
nanocomposite samples were dried at 103 °C in
weighing bottles until absolutely dry and placed to
the bottom of the desiccator with distilled water,
so that the samples were completely covered
with water. The amount of water absorbed was
calculated using formula (2). The samples were
weighed after 1, 3, 10, and 30 days.

The samples used to determine water
absorption were removed from the desiccator
after a certain period of time. Their parameters
were measured in the tangential and radial
directions using a micrometer with an accuracy of
0.01 mm. Then, the radial and tangential swelling
values were determined by formulas (3 and 4).
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L —-L .
at — tmax tmin X 100 %, (3)
tmin
L, —L,.
aR — Rmax Rmin 100 %’ (4)
Rmin

whereL ,L  arethe dimensions of the sam-
ple in the tangential and radial directions respec-
tively after soaking in water for 1, 3, 10, and
30 days; L, ., L, . are the dimensions of the
absolutely dry sample in the tangential and radi-
al directions respectively.

The contact angle of wetting of the ZnO/
silver birch wood (Bétula péndula) nanocomposite
samples with distilled water was measured by the
sessile drop method using a goniometer and the
Hlview 10 software. The liquid was applied to
the wood surface using a 0.01 ml microsyringe.
Images were made with a handheld camera of the
Digital Microscope (Ruihoge, China) and recorded
for 1, 30, and 60 seconds.

3. Results and discussion

According to [12, 13], zinc oxide powders
synthesised in neutral or weak acid media (pH = 6,
7) are amorphous, which is probably due to the
suppression of zinc nitrate hydrolysis under these
conditions. As we know from [14], the sol-gel
synthesis of ZnO nanopowder at pH = 9 promotes
the formation of crystalline samples. Indeed, the
X-ray pattern (JCPDS, card 36-1451) showed the
narrow high intensity reflections corresponding
to zinc oxide. They indicate the synthesis of ZnO
nanocrystals (Fig. 1). A noticeable background
level may be due to the presence of a certain
fraction of the amorphous phase of zinc oxide.
The average CSR value of zinc oxide particles,
calculated by the Scherrer formula, is 22+#2 nm
(Table 1).

Table 1. The average CSR of the synthesised ZnO
sample

The CSR
diameter of the D, D, D, D,
particles, nm
ZnO 1943 | 2042 | 261 | 22%2

The TEM results are consistent with the
XRD data (Fig. 2). TEM images show that the
zinc oxide particles synthesised by the sol-gel
method are almost spherical. The particle size
of the predominant fraction does not exceed 20
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Fig. 1. Diffraction pattern of the ZnO sample synthesised via sol-gel method using NaOH as a precipitant
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Fig. 2. TEM images of ZnO in the gel layer — a), b), and c) — ZnO particle size distribution histogram

nm, the degree of agglomeration is low, and the
size of agglomerates is less than 150 nm. The
sizes and morphological features of zinc oxide
nanoparticles suggest their free penetration into
silver birch (Bétula péndula) samples through the
conductive elements of wood, vessels (diameter
from 0.02 to 0.5 mm).

The gel formed after the introduction of
a precipitant during the synthesis of ZnO is a
loose amorphous zinc hydroxide with a variable
water content. This gel enters the wood through
conducting vessels. The presence of water
molecules facilitates the penetration of Zn(OH),
into the cavities of the wood, as wood is highly
hydrophilic. When heated to 373 K and higher,
zinc hydroxide begins to lose water, which is
accompanied by decomposition into zinc oxide
[15]. A number of studies on the synthesis of
zinc oxide nanoforms confirm this temperature

range of hydroxide decomposition [16, 17]. Thus,
the size and morphological features of zinc oxide
nanoparticles are largely determined by the
size and shape of the silver birch wood cavities
(Bétula péndula) filled with hydrated Zn(OH), gel.
The retention of heated ZnO nanoparticles in
wood vessels and capillaries is facilitated by the
interaction of the polar reactive O-ZnO surface
with functional groups of wood components (e.g.,
OH-groups of cellulose). This interaction results
in the formation of hydrogen bonds [18].

Analysis of the values of the contact angle
of water on the surfaces of natural birch and
the ZnO/silver birch wood (Bétula péndula)
nanocomposite (Table 2) showed that the
introduction of zinc oxide nanoparticles into
the wood vessels significantly increased the
hydrophobic properties of the surface (the contact
angle increased more than twofold).
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Table 2. The contact angle of birch wood and
ZnO/wood nanocomposite

The contact angle

Sample composition after 20 seconds,

deg.
Birch wood 30
ZnO/wood nanocomposite 75

Filling the wood cavities with nanosized zinc
oxide significantly reduced moisture and water
absorption in the birch wood. After 1 day of the
experiment, the moisture absorption (Fig. 3A)
of the ZnO/silver birch wood (Bétula péndula)
nanocomposite was 2.5 %, compared with 12.1 %
for natural birch wood. After 30 days this parameter
increases to 12.5 % for the composite and to 26
% for natural birch wood. Thus, impregnating
zinc oxide nanoparticles in the natural polymer
reduced its moisture absorption by almost 5 times
after 1 day of testing. This effect decreased over
time, but was still pronounced (the moisture
absorption of the nanocomposite was half that
of birch wood). The water absorption (Fig. 3B)
of silver birch wood (Bétula péndula) doped with
nanosized zinc oxide was 30 % less after one day
of testing compared to natural wood (diagram 1).
After 30 days of testing, the effectiveness of ZnO
hardly diminished and the water absorption of
the composite remained 30% lower than that of
untreated birch wood (Bétula péndula).

Dopingbirchwood with zinc oxide nanoparticles
reduced the swelling in both the radial (Fig. 3C)

160%

140% ® ZnO nanocomposite / wood

120% M Birch wood

100% -

80%

60%

40% T

20% - ‘

0% - - T T T :

A1 A(30 B(1 B(30
day) days) day) days)
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and tangential (Fig. 3D) directions. After 1 day
in water, the swelling of ZnO/silver birch wood
(Bétula péndula) nanocomposite was practically
10 times lower in both radial and tangential
directions compared to untreated birch wood. After
30 days of testing for water resistance, the swelling
improvement of the doped wood decreased slightly
and reached 8 times in the tangential direction and
2.6 times in the radial direction.

4. Conclusions

Using the sol-gel method with sodium
hydroxide as precipitant, we synthesised zinc
oxide nanoparticles with predominant size of
about 20 nm and almost spherical shape (TEM
data) at relatively low temperatures. Amorphous
hydrated Zn(OH), was impregnated into the wood
material at the gel formation stage. It resulted in
the reaction of zinc hydroxide decomposition with
the formation of ZnO nanoparticles in the wood
as a nanoreactor. The hydrophobic properties of
the surface of ZnO/silver birch (Bétula péndula)
wood nanocomposite improved significantly
(the contact angle doubled). Its moisture and
water resistance decreased (2-5 times and
30 %, respectively). The nanocomposite also
showed less swelling in the radial (8-10 times)
and tangential (2.6-10 times) directions in
comparison with natural wood.
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