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ABSTRACT -« In the development of sustainable products, lignocellulosic materials with hydrophobic proper-
ties can be functionalized and used as reinforcement, especially in bio-composite materials, as well as in various
applications such as packaging, water-repellent and self-renewing materials. This study is aimed to improve the
surface properties and triboelectric properties of wood materials. Functionalized wood veneers were prepared by
impregnating 3 different wood veneers (beech, mahogany and oak) with 5 different chemical solutions (cationic
cellulose, cationic starch, polyethyleneimine, sodium alginate and carboxymethyl cellulose). Structural charac-
terization of the functional wood materials obtained was investigated by Fourier-transform infrared spectroscopy
(FT-IR) technique, wettability and surface properties were examined by contact angle measurements, and mor-
phological properties were examined by scanning electron microscopy (SEM). The triboelectric properties of the
devices prepared using functionalized wood materials were investigated. As a result, it was determined that the
hydrophobic properties of wood materials were improved and showed triboelectric properties. It demonstrates that
functionalized wood materials can be used to power low-power electronic devices.

KEYWORDS: lignocellulosic materials, triboelectric properties, surface properties

SAZETAK « U razvoju odrzivih proizvoda lignocelulozni materijali hidrofobnih svojstava mogu se funkcionali-
zirati i upotrebljavati kao ojacivaci u biokompozitnim materijalima ili mogu imati razlicitu primjenu u ambalazi
te u vodoodbojnim i samoobnavljajucim materijalima. Cilj ovog istrazivanja bio je pronaci nacin poboljsanja
povrsinskih i triboelektricnih svojstava drvnih materijala. Za istrazivanje je pripremljen funkcionalizirani furnir
od tri razlicite vrste drva (bukovine, mahagonija i hrastovine), impregniran s pet razlicitih kemijskih otopina
(kationskom celulozom, kationskim skrobom, polietileniminom, natrijevim alginatom i karboksimetilcelulozom).
Karakterizacija strukture dobivenih funkcionaliziranih drvnih materijala provedena je Furierovom infracrvenom
spektroskopijom (FT-IR), kvasSenje i svojstva povrsine istrazena su mjerenjem kontaktnog kuta, a morfoloska svoj-
stva ispitana su skenirajucim elektronskim mikroskopom (SEM). Nadalje, istrazena su triboelektricna svojstva
uredaja izradenih od funkcionaliziranih drvnih materijala. Utvrdeno je da se funkcionalizirani drvni materijali
mogu primijeniti za napajanje uredaja male snage.

KLJUCNE RIJECI: lignocelulozni materijali, triboelektricna svojstva, svojstva povrsine
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1 INTRODUCTION
1. UVOD

Wood is used in many applications due to its ex-
cellent mechanical properties, relative abundance and
being a renewable resource. Cellulose, hemicellulose,
and lignin are the main components of wood. There is
a distinct color difference between carbohydrates and
phenolics. Lignin, a phenolic compound, is much dark-
er in color than cellulose and hemicellulose (Zhu ef al.,
2016). Wooden surfaces in real use are susceptible to
being affected by external factors that change their
technological properties. The wood material is hydro-
philic, and its hygroscopicity and dimensional stability
change after the water binds to the wood surface, caus-
ing some defects in the wood material (Engelund ef al.,
2013; Rautkari et al., 2013; Keplinger et al., 2015).
Lignocellulosic materials with hydrophobic properties
are of great interest to develop sustainable products
that can be used in various applications such as pack-
aging, water-repellent, and self-cleaning materials, oil
and water separation, or as supplements in bio-com-
posite materials. The hydroxyl functional groups pre-
sent in cellulose provide the possibility to perform
various chemical modifications to cellulosic substrates
that can increase their hydrophobicity (Rodriguez-Fa-
bia et al., 2022).

Wood is a biodegradable material. It is environ-
mentally friendly, renewable, abundant and inexpen-
sive. Wood can be transformed into flexible wood-
based micro or nanomaterials after being chemically
processed. Its porous structure and unique properties
(high mechanical properties, high surface area, high
aspect ratio, and low density) pave the way for the use
of wood and wood-derived materials in triboelectric
nanogenerators (TENGs) (Chen et al, 2018. TENGs
display many advantageous features such as being
light and miniaturized, not adversely affecting aesthet-
ic and comfort properties, and having a wide range of
materials. In recent years, many studies have been car-
ried out on TENGs due to their low weight, small size,
flexibility, many material options, useful design struc-
tures and superior performance at low frequencies
(Chen et al., 2018; Wang, 2022); Sun et al., (2021) fab-
ricated and characterized TENG devices using triboe-
lectrically negative polydimethylsiloxane and triboe-
lectrically positive zeolitic imidazolate framework-8.
They reported that the devices they designed could be
used to power smart buildings, household lamps, cal-
culators, and electronic windows. In another study,
Wang et al., (2022) fabricated TENGs from lignin-
based nanofibers produced using the electro-spinning
technique. They emphasized that the effect of these
lignin-based high performance tribopositive materials
is important in sustainable energy.
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The aim of this study is to improve the triboelectric
behavior and hydrophobic properties of wood coatings.
Functional wood veneers were obtained by impregnating
3 wood veneer types (beech, mahogany and oak) with 5
different chemicals (cationic cellulose, cationic starch,
polyethyleneimine, sodium alginate and carboxymethyl
cellulose). The surface properties and triboelectric proper-
ties of the obtained functional wood veneers were investi-
gated, and their chemical structure, surface properties and
morphology were also characterized.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Material
2.1. Materijal

Oak, Beech and Mahogany wood veneers (0.75
mm thickness) were supplied from Rasmus Farschs Vej
(Denmark) company. Corn starch (unmodified regular
corn starch containing approximately 73 % amylopectin
and 27 % amylose), hydroxyethyl cellulose (average Mv
~90000), glycidyl trimethylammonium chloride
(GTAC), sodium alginate, sodium hydroxide (NaOH),
isopropyl alcohol, poly(ethyleneimine) solution, car-
boxymethylcellulose sodium salt were purchased from
Sigma Aldrich. Ethanol was purchased from Merck. All
reagents were used without further purification.

2.2 Preparation of solutions
2.2. Priprema otopina

Five different coating solutions were used to im-
pregnate the wood. First, cationic starch (CS) and cati-
onic cellulose (CC) were synthesized and character-
ized according to previous methods in the literature.

5 g of corn starch, 2.5 g of GTAC, 1.5 mL of 1
mol/L NaOH solution and 1.625 g of distilled water
were added to a flask. The flask was incubated in a 60
°C water bath for 5 hours. At the end of this time inter-
val, the reaction was stopped by adding 100 mL of
ethanol to the flask and CS was precipitated. The pre-
cipitated CS was filtered in vacuum and washed with
ethanol. CS was dried in an oven at 50 °C for 6 hours
and milled. CS was obtained as a white powder (Sen et
al., 2017). CC was synthesized by the same method as
CS. Isopropanol was used as the solvent instead of dis-
tilled water (Sen and Kahraman, 2018).

20 % aqueous solutions of 4 CS and CC, 10 %
aqueous solutions of sodium alginate (SA) and carbox-
ymethyl cellulose (CMC), 25 % aqueous solutions of
polyethyleneimine (PEI) were prepared.

2.3 Applying solutions to samples
2.3. Nanosenje otopina na uzorke

Beech (B), Mahogany (M), and Oak (O) veneers
were cut in 7 cm % 3.5 cm dimensions. 20 ml of 5 dif-
ferent solutions prepared for each coating type was
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poured on the tested wood. It was spread homogene-
ously with the in-situ growth technique. Wood coatings
were dried in an oven at 50 °C for 24 hours. In total, 15
different samples (3 different kinds of wood coated by
5 different coating materials) were obtained. All sam-
ples were systematically coded. For example, the sam-
ple with beech veneer impregnated with cationic cel-
lulose was coded as BCS, while the sample with
sodium alginate impregnation on oak veneer was cod-
ed as OSA.

2.4 Device fabrication
2.4. lzrada uredaja

Triboelectric devices were prepared by using
wooden materials impregnated with anionic and cati-
onic solutions. All wood veneers were used in pairs
with each other according to Sun et al. (2021) method
to determine the best triboelectric performing device.
15 different wood coatings impregnated with solution
were covered with 1 mm thick commercial copper foil
to conduct electricity. The solution-impregnated wood
veneers were joined with the copper foil-covered parts
to the outside and device pairs were prepared. In this
way, a total of 210 different device pairs were obtained.

2.5 Methods
2.5. Metode

Infrared (IR) spectra of coated wood materials
were obtained on a Perkin Elmer UATR instrument.
Each test material was directly analyzed in transmis-
sion mode in the range of 4000-400 cm™ with 4 scans
per sample at room temperature.

By applying a certain force to the prepared de-
vices, the measurements of the electrical output formed
in the material were taken. At the same time, a loading
cell was mounted on the rigid frame of the motor to
monitor the pressure applied to the samples. The elec-
trical output was measured by a Digilent Analog Dis-
covery 2, equipped with a WaveForms software.

The surface hydrophobicity of wood coatings
was analyzed measuring the contact angle using a go-
niometer (Kriiss Advance Drop Shape Analyzer,
DSA100). The coated-wood material was cut into a
thin strip before being analyzed. For the measurement
of the contact angle, measurements were taken from 2
ul of distilled water (pH 7) or diiodomethane dropped
on the tested wood surface. Measurements were taken
within 10 seconds of instillation of drops.

The geometric mean method, which is based on
the contact angle measurement of 2 different liquids
deposited on a solid wood surface, was used to calcu-
late the surface free energy of wood coatings using Eq.
1 described by Fernandez and Khayet (2015).

d d nd nd
2 }/S-yl+2 7S -}/l =y,(I1+cosQ) (1)

d
Where ¥ is the dispersive component of the
s
solid; }/l is the dispersive component of the liquid;
n

d. . . .
yn is the non-dispersive component of the solid; 7 /
s
is the non-dispersive component of the liquid; y, is the

total surface free energy or surface tension of the liquid
and Q is the contact angle measured between the liquid
and the solid under study.

From the total surface tension and surface ten-
sion components estimated by the methods described
above, the solubility parameter (8) of wood surface
coatings was calculated using the Eq.2 and Eq.3 (Fer-
nandez and Khayet (2015)).

e =(y,/0.75)" 2)

5 _ (ep )l/ 2 ( 3)

Where e_(mJ/m’) is the cohesive energy density,
which is related to y, (mJ/m*) as Eq. 3 (Victoria and
Mohamed, 2015).

Morphology of the solution-impregnated wood
coatings was determined by SEM using Phillips XL 30
ESEM-FEG microscope. Samples were cryo-fractured
in liquid nitrogen, covered with a thin gold layer, and the
fractured surface was examined under SEM analyses.

2.6 Statistical analyses
2.6. StatistiCka analiza

All measurements for the surface contact angle of
water and diidomethane were repeated five times inde-
pendently, and the results were expressed as means +
standard deviations. The data calculated from the sur-
face contact angle of water and diidomethane for sur-
face free energy and solubility parameter were ana-
lyzed using the Minitab statistical software. Statistical
differences between groups were determined by the
one-way ANOVA test followed by the Tukey Method
(»<0.05).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Structural characterization of functional
wood materials

3.1. Strukturna obiljezja funkcionalnih drvnih
materijala

The FT-IR spectra of pure beech, mahogany and
oak wood coatings and chemically impregnated coat-
ings are shown in Figure 1. When the FT-IR spectrum of
the pure beech veneer is examined, bands are observed
at 1736 cm™ of C-O stretch in cellulose and hemicellu-
lose and at 1032 cm™" of carbonyl groups (Geffert et al.,
2017). In the FT-IR spectrum of undoped mahogany, the
band belonging to the unconjugated carbonyl group is
seen at 1743 cm™! (Jian, 2003; Wang et al., 2017).

Similarly, a band of unconjugated carbonyl group
is seen at 1732 cm™ in the FT-IR spectrum of pure oak
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(Kubovsky et al., 2020). In the FT-IR spectra of coat-
ings containing cationic starch, belonging to the hy-
droxyl group at 3275 cm!, C-H stretching vibration at
2919 ecm’!, C-O stretching vibration at 1148, 1076 and
996 cm!, at 1473 cm the band of C-N stretching vi-
bration is seen (Pal ez al., 2005; Sen et al., 2017). Sim-
ilarly, when the FT-IR spectra of wood materials con-
taining cationic hydroxyethyl cellulose are examined,
the broad band of the stretch vibrations of the hydroxyl
group are observed at 3378 cm’!, the band of C-H
stretching vibrations at 2867 cm™, the C-O in the anhy-
droglucose units of hydroxyethyl cellulose at 1049 cm
!. A band of stretching vibrations and a band of C-N
stretching vibrations at 1475 cm™ were observed (Sen
and Kahraman, 2018). In the FT-IR spectra of wood
materials containing sodium alginate, bands of -COO-
asymmetric and symmetric stretching vibrations at
1417 em™ and 1615 cm’', and bands of -OH and C-H
stretching vibrations at 2922 cm' and 3428 cm™ were
detected (Zhang et al., 2018). In the FT-IR spectra of
polyethyleneimine-containing wood coating materials,
the bands of C—H bond were observed at 2836 cm™ and
2947 cm’!, while the band of primary amines (N-H)
was observed at 1585 cm™ (Linden ef al., 2015). In the
FT-IR spectra of the samples containing carboxyme-
thyl cellulose, the band due to the stretching frequency
of the hydroxyl group was observed at 3423 cm-1, the
band due to the C-H stretching vibration at 2920 cm™,
the band due to the presence of COO- at 1620 cm’!,
1423 and 1328 cm. The band due to -CH, and hy-
droxyl group bending vibration around the band due to

CH-O-CH, stretching at 1054 cm™ was observed (Hal-
eem et al., 2014). The presence of specific bands of
impregnated chemicals in the FT-IR spectra of wood
materials proves that the chemicals are successfully
impregnated on wood materials.

3.2 Triboelectric performance of devices
3.2. Triboelektri¢na svojstva uredaja

The images of the highest measured stresses of
Beech, Mahogany, and Oak veneers are shown in Fig-
ure 2. When the obtained results were examined, it was
found that PEI impregnated beech veneer and CS im-
pregnated Mahogany veneer had the highest (1.72V)
triboelectric production. It was observed that the high-
est values obtained were in all PEI-impregnated wood
coatings. On the other hand, it is seen that devices con-
sisting mostly of CS-impregnated wood materials and
PEI-impregnated wood materials have the highest
stresses. As a result, it can be interpreted that PEI and
CS have the highest tribopolarity. When the relation-
ship between wood veneer types was examined, simi-
lar results were observed in beech and mahogany,
while lower strains were measured in oak. It is thought
that the reason for this is that the impregnation process
becomes difficult due to the formation of tulle in the
anatomical structure of the oak tree. Sun ez al. (2021)
prepared tribolelectric nanogenerators by applying ze-
olitic imidazolate framework-8, a metal-organic frame-
work and poly(dimethylsiloxane) to spruce veneers.
They reported measuring an open circuit voltage 80
times higher than that of natural wood (spruce). This

SN2t T
g ”

—— Beech(Control) S
— BCC

— BCMC

= BPEL

—— BSA

— BCS

4000 3500 3000 2500

2000 1500 1000 500 400

—\uﬂ—/—’—’“’—\/ﬁ 3 S

—_ ogany (Control)
—— MCMC
— MSA
— MCS
= MPEI
— MCC

4000 3500 3000 2500

2000 1500 1000 500 400

4000 3500 3000 2500

Figure 1 FT-IR spectra of all samples
Slika 1. FT-IR spektri svih uzoraka
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Figure 2 Triboelectric output of functionalized wood veneers
Slika 2. Triboelektri¢ni izlaz funkcionaliziranih drvnih furnira

result is an indication that triboelectricity can be im-
parted to wood material by treating chemicals with
various tribopolarity. It is seen that the results obtained
in our study are compatible with the literature.

3.3 Contact angle and surface properties
of functional wood materials

Contact angle measurements were carried out to
examine the wettability of pure wood veneers and the
resulting functional wood veneers. The images of the

contact angles of the samples with water (the closest
value to the mean) are shown in Figure 3. According to
the results, the highest contact angle value among all
groups was measured as 105.9° in the functional material
prepared by impregnating the oak veneer with cationic
starch. On the other hand, the lowest contact angle value
among all groups was measured as 25.7° in the function-
al material prepared by impregnating the beech veneer
with carboxymethyl cellulose. In general, increases in
contact angle values were observed with chemical im-
pregnation of all wood coatings. Increasing the contact

Beech Mahogany Oak
bukovina mahagonij hrastovina

Control

CS

1059°  105.9"

a
n ¥

CC

102.0°

PEI

SA

CMC

Figure 3 Contact angle images of functional wood materials with water (closest to mean)
Slika 3. Slike kontaktnog kuta vode na funkcionalnim drvnim materijalima (najbliza vrijednost srednjoj vrijednosti)

DRVNA INDUSTRIJA 74 (3) 309-316 (2023) 313



Zor, Sen, Erogdlu, Candan: Triboelectric and Hydrophobic Characterization of Functionalized Lignocellulosic Materials

angle value gives the material a hydrophobic property
and reduces its wettability (Huhtamaki et al., 2018).
While wooden materials are generally in contact with
water, their mechanical properties decrease over time.
By impregnating wood materials with chemicals, the
mechanical properties of the coatings were kept stable.

Surface free energies and solubility parameters
calculated from the contact angles of functional wood
coatings with water and diiodomethane are shown in Ta-
ble 1. The highest surface free energy in mahogany coat-
ing was observed in MCS sample as 62.25. The lowest
surface free energy was calculated as 35.62 in the MPEI
sample. While the highest surface free energy in beech
veneer was 66.55 in BCMC sample, and the lowest sur-
face free energy was observed in BPEI sample as 28.60.
The highest surface free energy was calculated as 50.59
in the oak veneer, while the lowest surface free energy
was calculated as 39.76 in the OCC sample. Similar re-
sults are valid for the calculated solubility parameter
values. According to the results obtained, it is seen that
the surface free energy and solubility parameter decrease
with the increase of the contact angle and a more hydro-
phobic surface is obtained (Chieng et al., 2019).

3.4 Morphology of functional wood
materials

3.4. Morfologija funkcionalnih drvnih
materijala

Morphological structures of pure and functional-
ized wood veneers were examined by scanning electron

microscopy. Images of all samples at 500x magnifica-
tion were used for characterization (Figure 4). When the
SEM images were examined, it was determined that the
chemicals impregnated on the wood coatings homoge-
neously filled the pores of the wood materials. Homoge-
neous distribution of chemicals impregnated on wood
coatings is a factor that significantly affects the triboe-
lectric and wettability properties of materials.

4 CONCLUSIONS
4. ZAKLJUCAK

In this study, triboelectric behavior and hydropho-
bic properties of functional wood coatings obtained by
impregnating 3 different wood coatings with 5 different
chemicals were examined. According to the structural
characterization results, it was determined that the
chemicals applied to all wood coating types were suc-
cessfully impregnated. It was seen that the chemical
groups showing the highest tribopolarity of the triboe-
lectric measurements were PEI and CS, and at the same
time, more tension was obtained in beech and mahogany
veneer compared to oak veneer. This was measured by
the BPEI-MCS device with the highest voltage of 1.72
V. The contact angle measurement results showed that
the application of chemicals to wood coatings increases
the wettability of the materials, that is, the hydrophobic-
ity. The contact angle values of pure wood veneers in-
creased from around 50 degrees to over 100 degrees af-

Table 1 Surface free energies and solubility parameters of functional wood coatings
Tablica 1. Slobodne povrsinske energije i parametri topljivosti funkcionalnih premaza za drvo

Sample / Uzorak Water Diiodomethane Surface free energy | Solubility parameter
Voda Dijodometan ¥, mJ/m? 8, mJ"*/m*?
Slobodna povrsinska | Parametar topljivosti
energija ¥, mJ/m? 8, mJ"?/m*?

Control 57.62+41 43.46°2% 47.8827% 22.5809%
CcC 98.68+0:06 40.92+23! 40.40*040 19.88*0-15¢
M CMC 57.10°22 46.14+502 47.43*27b 22.42+0:96
CS 33.32%572 43.82°218 62.1030% 2744100
PEI 79.70*2!50 51.02+205 39.77+49%¢ 19.62*!83¢
SA 66.34+620 41.96*5% 40.01+19% 19.73%0.71¢
Control 44.98-27 50.82:24 54.13=212 24.76-07
CcC 82.00*¢7 41.90*>1% 39.57+20%¢ 19.57#0.75¢
B CMC 25.62°21 40.982% 66.52+120 28.90*03%
cs 51.62+460 403045 52,0332t 24.0312
PEI 92.363%7 60.4837 28.64+224 15.35%0:8%
SA 14.16i3'04 38‘36i0.85 71_0410.85a 30_36t0.27a
Control 48.30*12 62.90°1 51.59+1 01 23.89+03%
CcC 89.44+507 39.72+121 39.99=0-500 1973018
0 CMC 71.2430 38.28+01 43.39+130b 20.98*047
CS 107.20*864 39.642% 43.97+1.77 21.1806%
PEI 55.98=24 42.46+484 49.01+23 22.9808
SA 66.72+082 46.62+27 42424116 20.61%14%

All values are expressed as arithmetic mean of five different measurements, with + standard deviation values. / Sve su vrijednosti izrazene kao
aritmeticka sredina pet razlicitih mjerenja s vrijednostima + standardne devijacije.
*dSimilar letters show no statistical difference within each group at p<0.05. / ““Ista slova ne pokazuju statisticku razliku unutar svake skupine

pri p<0,05.
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Figure 4 SEM images of functional wood materials
Slika 4. SEM slike funkcionalnih drvnih materijala
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ter the impregnation process. On the other hand, it was
determined that the surface energies and solubility pa-
rameters of the samples decreased depending on the
contact angle values. In addition, SEM images proved
that the chemicals successfully filled the pores of the
wood material. Finally, biomaterials exhibit efficient tri-
bopolarity behavior and may contribute to the applica-
tions of the next generation of sustainable smart materi-
als, shedding light on future research studies.
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