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RESUMO: Este estudo objetivou investigar o efeito do tratamento por plasma na molhabilidade da
madeira furfurilada de pinus por meio da técnica de angulo de contato. Amostras de Pinus taeda
livres de defeitos foram imersas em pressao atmosférica em duas solugdes de alcool furfurilico com o
intuito de obter-se dois niveis de ganho percentual de massa, 15 e 40%. A superficie das amostras
controle e furfuriladas foi modificada com tratamento por plasma em um reator alimentado por
radiofrequéncia (RF). O tratamento por plasma de argdnio foi realizado em baixa pressao com uma
poténcia de 80 W durante 120 s. Os parametros de molhabilidade foram mensurados pela técnica
nao-destrutiva de angulo de contato, utilizando-se o método de gota séssil. As mensuragdes foram
realizadas apos 1, 4, 8, 12 e 20 dias do tratamento por plasma. Determinou-se o angulo de contato
aparente, o trabalho de adeséao e a energia livre de superficie. Tanto a molhabilidade da madeira ndo
tratada como a molhabilidade da madeira furfurilada aumentaram apés o tratamento por plasma. O
angulo de contato aparente diminuiu e a superficie da madeira de pinus tornou-se mais molhavel. O
tratamento por plasma converteu a superficie hidrofébica da madeira furfurilada de pinus em uma
superficie hidrofilica. A madeira furfurilada de pinus recuperou parcialmente a sua hidrofobicidade
natural ao longo dos dias de exposi¢cao. No entanto, mesmo com os efeitos da exposigéo prolongada,
o alto nivel de molhabilidade obtido apds o tratamento por plasma pode ser um importante fator para
futuras aplicagcdes em processos industriais.

Palavras Chave: descarga luminescente, furfurilagdo, angulo de contato, superficie da madeira,
tecnologia da madeira.

WETTABILITY OF PLASMA TREATED FURFURYLATED SOLID PINE WOOD

ABSTRACT: This study aimed to investigate the effect of plasma treatment on wettability of
furfurylated pine wood using contact angle technique. Free-defect Loblolly pine samples were
immersed at atmospheric pressure in two different furfuryl alcohol solutions to obtain two levels of



weight percent gain, 15 and 40%. Surface of untreated and furfurylated wood samples were modified
by plasma treatment in a RF cold-plasma reactor. The argon plasma treatment were performed in low-
pressure at 80 W for 120 s. Wettability parameters were measured by non-destructive sessile drop
type contact angle at 1, 4, 8, 12 and 20 days after the plasma treatment. Apparent contact angle, work
of adhesion and surface free energy were determined. The wettability of untreated and furfurylated
wood was enhanced significantly. Apparent contact angle decreased and the pine wood surface
became highly wetted. The plasma treatment converts the hydrophobic furfurylated wood surface into
a hydrophilic surface. Furfurylated wood partially recovered their natural hydrophobicity after aging.
Nevertheless, even after the aging effects, the high degree of wettability may be important for future
applications in industrial processes.
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1. INTRODUCTION

In the last decades, many alternatives have been developed to improve wood properties,
especially related to mechanical strength, dimensional stability and decay resistance.
Nevertheless, some of these alternatives could inactivate wood surface, which is undesirable
for coating and adhesion aspects. In situ polymerization (MATTOS et al. 2015; VENAS and
RINNAN, 2008), heat treatment (CADEMARTORI et al. 2013; MISSIO et al. 2015) and wax
impregnation (SCHOLZ et al. 2010) are examples of treatments that improve wood
properties — especially hydrophobicity - but could inactive wood surface. This phenomenon of
surface inactivation reduces the materials’ surface free energy, resulting in liquid poor
wettability (NUSSBAUM, 1999). According to CHRISTIANSEN (1991), some mechanisms of
attractive reduction on wood surface influencing wood inactivation, such as migration of
wood extractives to surface, micropores closure, surface oxidation and reorientation of
molecular surface.

Regarding the surface inactivation, changes on wood surface are interesting to increase
wettability and adhesion without modify their bulk structure. Plasma technique is a high-tech
alternative to improve the performance of materials’ surface. Among the applications in forest
sector, plasma has been widely used to increase surface adhesion of wood-based panels
(Cademartori et al. 2015), solid wood (ACDA et al. 2012; ASANDULESA et al. 2012) and
natural fibers (XIAO et al. 2015).

One of the most simple and efficient tools to evaluate plasma changes on materials’
surface is the non-destructive contact angle. This technique has been commonly applied in
recent studies of plasma treated wood-based products (MAGALHAES and SOUZA, 2002;
AYDIN and DEMIRKIR 2010; LIU et al. 2010; POATY et al. 2013; CADEMARTORI et al.
2015).

Contact angle of polar and nonpolar solvents could infers changes on surface free energy,
which is in relation to coating characteristics of wood and wood-based products (Pétrissans
et al. 2003). Nevertheless, determination of contact angle should considers both chemical
nature and roughness of surface (ADAMSOM, 1990). Among the methods for non-
destructive contact angle measurement, sessile drop is commonly applied to evaluate
surface of wood and wood-based products. Sessile drop directly measures a droplet of a
liquid resting on a flat surface of a solid (ADAMSOM, 1990).

In this study, pine wood was treated with furfuryl alcohol to create a hydrophobicity
surface with poor wettability. The effect of argon plasma treatment on wettability of
furfurylated wood was evaluated. Plasma-treated furfurylated wood samples were stored at
room environment for 20 days and the effect of aging was evaluated by contact angle
technique.

2. MATERIAL AND METHODS
2.1 Raw material

Free-defect Loblolly pine (Pinus taeda) wood was cut into small pieces of 50 x 50 x 25
mm (length, width and thickness, respectively). All the samples’ surface were sanded and
kept in a climatic chamber (20°C and 65% of relative humidity) to reach the equilibrium
moisture content.

2.2 Furfurylation

Loblolly pine samples were kept immersed at atmospheric pressure in two different
furfuryl alcohol solutions. Wood samples were impregnated with furfuryl alcohol (Aldrich,
98% purity) for 4 and 72 hours to obtain two levels of weight percent gain, 15 and 40%. Citric
acid at 4% w/v was used as the catalyst of the polymerization.



After the impregnation, wood samples were kept wrapped in aluminum foil and were
oven-dried at 90+2°C for 24 hours. These steps are based on the methodology described by

MAGALHAES and SILVA (2004).

2.3 Plasma treatment

Plasma treatment was performed in a cold plasma stainless steel cylindrical reactor
previously described in CADEMARTORI et al. (2015). This reactor was developed in
Embrapa Forestry and works at low-pressure in a RF (radio frequency, 13.5 MHz) system
(Figure 1A).

Before the plasma treatment, argon was introduced inside the reactor to remove
contaminants. Subsequently, glow discharge (Figure 1B) was performed at ~0.3 torr
pressure with a gas flow of 20 sccm. Power applied was 80 W and time of discharge was
120 seconds. After plasma treatment, all the wood samples were kept in a desiccator to

avoid contact with air humidity.
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Figure 1. Schematic of cold-plasma reactor (A); Glow discharge applied in the
furfurylated pine wood (B).



2.4 Wettability

The sessile drop type contact angle technique was used to measure changes on
wettability of plasma treated pine wood. Apparent contact angle, work of adhesion and
surface free energy parameters were determined in a goniometer Kriiss DSA25 as a function
of the time of droplet deposition. The first measurement was twenty-four hours after the
plasma treatments by depositing three droplets of deionized water (surface tension of 72.80
mN m-1) with 5 pl volume on the surface of each sample. The apparent contact angle was
measured after 5 s and 15 s of droplet deposition on samples’ surface.

Aging effects on untreated and plasma-treated furfurylated wood surface were evaluated
after storage in a room at 20+5°C and 65+5% of relative humidity for 20 days. Wettability
parameters were measured after 1, 4, 8, 12, 20 and 20 days of storage.

3. RESULTS AND DISCUSSION

Before the plasma treatment, apparent contact angle (CA) at 5s of droplet deposition of
untreated wood was similar to CA of furfurylated wood. Nevertheless, CA of furfurylated
wood showed a stabilization after 15s on wood surface, while CA of untreated wood
decreased around 14%. This confirms the efficiency of treatment with furfuryl alcohol to
improve hydrophobicity of wood surface.

Table 1. Apparent contact angle of untreated and furfurylated wood before the plasma

treatment.
Contact Angle (°)
Treatment After5s After 15 s
Untreated 95.18 £ 17.13 82.48 + 16.36
15% load level (15% FA) 107.54 + 9.66 105.28 + 8.16
40% load level (40% FA) 101.28 + 6.67 99.33+5.55

Plasma treatment affected significantly wood surface of untreated and furfurylated wood.
Plasma treatment converts hydrophobic furfurylated wood into a hydrophilic material,
especially 15% FA samples (CA reduction of ~93%). Wood samples with 40% FA were less
susceptible to the plasma treatment, wherein CA reduction was ~68% in the first day after
the surface activation (Fig. 2A).

Work of adhesion (WoA) and surface free energy (SFE) presented an inverse behavior of
CA (Fig. 2B and 2C). Activation of surface reduces apparent contact angle, which results in
higher wood surface reactivity. Thus, efficiency of finishing steps — coating and bonding —
should be better. Previous studies infer this CA decrease to introduction or formation of
oxygen-containing functional groups on materials’ surface (DE GEYTER et al. 2007; LIU et
al. 2013; CADEMARTORI et al. 2015).
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Figure 2. The effect of aging on apparent contact angle (CA), work of adhesion (WoA)
and surface free energy (SFE) of untreated and furfurylated wood before (time=0) and
after plasma treatment.



Figure 2A illustrates the aging effect on untreated and furfurylated wood surface after the
plasma treatment. CA of both woods increased with increasing storage time. This loss of
plasma effect during aging was described by previous studies with polypropylene (Yun et al.
2004), synthetic fibers (LIU et al. 2013) and solid wood (NOVAK et al. 2015). Plasma
treatment is not permanent, since species generated by plasma are high instable (SANCHIS
et al. 2008). The same authors concluded partial hydrophobic recovery occurs due to the
rearrangement of polar species on materials’ surface.

The effect of aging is more intense in untreated samples, mainly after 8 storage days.
After 20 storage days, furfurylated wood samples recovery part of their surface
hydrophobicity. Nevertheless, CA average values are significant lower than CA measured
before the plasma treatment. From industrial process point of view, this behavior is
interesting, in the course of which the plasma treated wood samples remain with high surface
reactivity for application of finishing products. This is also proved by the WoA behavior of
plasma treated furfurylated wood after 20 storage days (Fig. 2B).

4. CONCLUSIONS

Wettability of untreated and furfurylated pine wood increased significantly after plasma
treatment. Apparent contact angle, work of adhesion and surface free energy clearly showed
loss of plasma effects during aging, wherein untreated and furfurylated wood recovery part of
its hydrophobicity after 20 storage days. Surface of furfurylated wood was less susceptible to
the plasma treatment due to its natural water repellence in comparison to untreated wood.
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