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Abstract The surface properties of wood particles are

one of the key factors for the development of mechanical

and physical properties of particleboards. Particles were

treated with plasma at atmospheric pressure with ambient

air in order to enhance the polarity of wooden surfaces.

One-layer particle boards were produced from the plasma-

treated particles by using 3, 5, and 8 % urea formaldehyde

adhesive (related to the particles). For all adhesive ratios,

internal bond strength was increased by approximately

0.1 MPa compared to the respective controls. The modulus

of rupture, modulus of elasticity and water related prop-

erties were only improved compared to the respective

controls at the lowest adhesive content. It is therefore

concluded that the plasma treatment can improve the

bonding quality and water related properties of particle-

boards particularly at low adhesive contents.

1 Introduction

Since four decades the particleboard industry has been

confronted with the demand for boards with a low

formaldehyde emission potential because formaldehyde

was classified as carcinogenic to humans (IARC 2006).

New urea–formaldehyde (UF) adhesive formulations with

low formaldehyde content have been developed to gain

these regulations, but they came along with new chal-

lenges for the industry. The two most important draw-

backs of these are the lower achievable mechanical

strength properties (Que et al. 2007) and the lower reac-

tivity of these adhesive systems (overview in Myers

1984). By enhancing the resin efficiency, it would be

possible to reduce the required adhesive amount or

compensate the disadvantages of new adhesive systems,

both reducing the environmental impact.

The development of adequate mechanical properties of

particleboards depends on various factors including the

adhesive system, the properties of the wood itself, the resin

distribution and the process parameters. Wood can have an

influence with respect to wood species (Grigoriou 1981),

storing duration of the particles (Carll 1998) or their drying

temperature (Roffael 1987; Sari et al. 2013) because all of

these factors change the wood surface properties. For ex-

ample, increasing drying temperature or storage duration of

wood particles/flakes resulted in decrease in internal bond

strength of the produced boards due to a loss in wettability

of the particles. The resin on the other hand can have an

influence with respect to its chemistry, e.g. the U:F molar

ratio or gel time. Furthermore, different process parameters

influence the resin distribution or droplet size within par-

ticleboards, which has an influence on the mechanical

properties (Lehmann 1970; Christensen and Robitschek

1974; Wilson and Krahmer 1976).

It has been shown that plasma treatment at atmospheric

pressures with ambient air as a gas source can increase the

surface polarity of wood and wood based material

(Wolkenhauer et al. 2007). Low wettability of aged

wooden surfaces was enhanced through a plasma treatment
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(Wolkenhauer et al. 2009; Aydin and Demirkir 2010). This

general effect of the plasma treatment on wood can be

attributed to increased polarity reflected by an increased

O/C ratio on the wood surface assessed by XPS measure-

ment (Avramidis et al. 2009; Klarhöfer et al. 2005). The

plasma effect enhanced the adhesion properties of some

water-based adhesives on different wood-based substrates

(Acda et al. 2012; Aydin and Demirkir 2010; Scholz et al.

2010; Wolkenhauer et al. 2008). Up to now, the effect of

plasma treatment has only been described for solid wood

surfaces but not for wood particles.

The objective of this paper was to study the effect of an

atmospheric cold plasma treatment of particles on the im-

portant physico-mechanical properties of the particleboards

made thereof. The plasma parameters corresponded to

those previously used for the treatment of solid wood, and

the properties of the particleboards were tested at 3, 5, and

8 % UF adhesive content of the boards.

2 Materials and methods

2.1 Plasma treatment

The wood particles used for the plasma treatment were

middle-layer particles provided by Glunz (Meppen, Ger-

many). The material consisted mainly of spruce particles

without recycling material. For homogenization, the par-

ticles were sieved to remove fractions with a greater di-

ameter than 4 mm and a smaller diameter than 0.4 mm.

The moisture content of the particles prior to plasma was

*6 %. The wood particles were transported as a layer with

the thickness of a single particle through the plasma dis-

charge on a band conveyor with a continuous speed of

3 m min-1. This yielded an effective treatment time of 1 s.

The general set-up of the plasma treatment was based on a

direct dielectric barrier discharge using compressed air as

process gas (Fig. 1). By means of an alternating pulsed

voltage with amplitude of 23 kV, a pulse duration of 1 ls

and a pulse repetition frequency of 15 kHz (at 225 W in

the discharge injected electrical power), a plasma discharge

was generated between the ground and high voltage.

2.2 Particleboard production

Approximately 24 h after the plasma treatment one-layered

particleboards were produced with a target density of

660 kg m-3 and adhesive contents of 3, 5, and 8 % solids

based on oven dry weight of particles. The urea–

formaldehyde (UF) adhesive, Kaurit 350 (BASF, Lud-

wigshafen, Germany) was mixed with 3.5 % (based on

solid adhesive mass) ammonium sulphate as a hardener.

The adhesive was applied in a rotary drum using a spraying

nozzle to assure homogeneous adhesive distribution. The

particles were hand spread into a mould of 45 9 45 cm2

and cold pressed to enhance the rigidity of the mat. Sub-

sequently the mat was pressed at 200 �C in an electrical

platen press (HP-200 Lab, Joos, Pfalzgrafenweiler, Ger-

many) and with a duration of 15 s mm-1. The thickness

was adjusted to 16 mm by steel stops. The boards were

sanded after cooling to room temperature. Four boards

were produced from the plasma-treated particles and the

control particles, respectively.

2.3 Physico-mechanical properties of particleboards

Bending strength (MOR, modulus of rupture) and modulus

of elasticity (MOE) were determined according to EN 310

(1993) (3 samples per board, n = 12), internal bond

strength (IB) according to EN 319 (1993) using eight

samples per board (n = 32). Thickness swelling (TS) was

assessed after 24 h immersion in water following EN 317

(1993) using eight samples per board (n = 32). In the same

test, relative water uptake was determined and related to

the dry mass of the sample. Prior to testing, all samples

were conditioned in a climate chamber at 65 % RH and

20 �C until constant mass was reached. The density profile

was measured using DA-X (GreCon, Alfeld, Germany)

system with a scanning speed of 1 mm s-1.

2.4 Formaldehyde content and emission

The formaldehyde content and emission of the particle-

boards were determined according to the respective stan-

dards by means of the perforator test (EN 120 1992) using

four samples per variant, the flask method (EN 717-3 1996)

using three samples per variant, and the gas analysis

method (EN 717-2 1994) using three samples per variant.

Samples used for the flask method and the perforator test

were collected directly after sanding of the particleboards

and sealed airtight until testing. Samples for the gas ana-

lysis were conditioned at 20 �C and 65 % relative humidity

prior to testing.

Fig. 1 Schematic diagram of the plasma-treatment setup: the band-

conveyor transports the wood particles through the plasma discharge

between the ground and high voltage electrodes
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2.5 Statistics

The statistical analysis was done with the program R

(version 2.15.1). The samples were tested for normality

according to the Shapiro–Wilk test. An F test was used to

compare the variances from the reference and the respec-

tive plasma treatment. Significant differences between the

treatments were tested with a t test or Wilcoxon test with

p \ 0.05.

3 Results and discussion

In order to ensure a homogenous plasma treatment, the

wood particles were evenly distributed on a band-conveyer

which transported the particles through the plasma gas

(Fig. 1). A treatment setup was realized that avoided

electrostatic charging of fine wood particles or jamming of

greater wood particles while keeping the distance between

the wood and the electrodes smallest as possible.

3.1 Physico-mechanical properties

The IB of the particleboards linearly increased with in-

creasing adhesive content (Fig. 2). The plasma treatment of

the particles led to enhanced IB values of the boards pro-

duced thereof compared to those of untreated particles. For

each adhesive content given, the IB of the plasma-treated

boards was approximately 0.1 MPa higher than that of the

control boards; this corresponds to a resin saving potential

of 1 % related to the particle mass. At the lowest adhesive

content of 3 %, plasma treatment led to significantly en-

hanced mechanical and improved water-related properties.

At 5 % adhesive content only the IB and the thickness

swelling (TS) were improved by the plasma treatment and

at 8 % adhesive content only the IB was positively affected

by the plasma treatment (Figs. 3, 4).

It is known that the IB increases with reduced adhesive

droplet size on the particle surfaces, when the same ad-

hesive contents are compared (Burrows 1961; Christensen

and Robitschek 1974; Lehmann 1965; Wilson and Krahmer

1976). Increasing total number of adhesion droplets leads

to higher probability that the adhesive is present between

two adjacent particles. Lehmann (1968) showed that with

smaller droplet size the resin produced a more continuous

resin film on the particles. It is assumed that plasma

treatment enhances the wetting properties of wood with

water-based UF resins because it increases the polarity of

wood surfaces (Avramidis et al. 2009; Klarhöfer et al.

2005) and thus the adhesive coverage area on the particles.

As the plasma treatment affects only the outer wood sur-

face, it is assumed that the adhesive wetting will lead to the

formation of a thin film on the surface, while deeper

penetration into the wood is not expected. The increased IB

found here might therefore be explained by a more ho-

mogeneous distribution of the adhesive on the particle

surfaces. This is in accordance with Lehmann (1968), who

reported on enhanced TS and MOR due to the decreased

droplet size and the formation of a more continuous resin

film. With increasing adhesive content, however, the dif-

ferences in strength became less prominent (Lehmann

1970). The latter was observed in this study, as the plasma

treatment only had a positive effect on water related

properties, MOR, and MOE at low adhesive content.

Density profiles of boards from plasma-treated and

control particles were recorded in order to rule out that the

plasma treatment influences the particle size or the distri-

bution of particles in the boards (Fig. 5). As the density

profiles did not differ between control and plasma-treated

boards, enhanced MOR and MOE cannot be explained by a

changed particle size distribution and density profile.

3.2 Formaldehyde content and emission

Plasma-treated boards with 3 % adhesive content revealed

higher formaldehyde contents and emissions than the ref-

erence boards, whereas those with 8 % adhesive contents

did not show this trend except for the flask method

(Table 1).

Roffael and Behn (2012) reported that the formaldehyde

emission does not increase with increasing adhesive con-

tents when UF resins with a low molar U:F ratio of 1:1.4

are used. The UF adhesive used here also had a low molar

ratio. The reference boards showed increased formalde-

hyde values with increasing adhesive amount, but this does

not apply to the plasma treated samples. Nevertheless, the

formaldehyde content assessed by the perforator method

Fig. 2 Internal bond strength (IB) depending on the adhesive content.

The boxes are shifted to the left and right of the resin content values to

gain a better overview (n = 32, box width = Interquartile range

(IQR), whiskers = 1.5 9 IQR or Max/Min value whichever is less/

larger, notches = ±1.57 9 IQR/sqr(n) according to Chambers

(1983)* = significant differences)
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for all adhesive contents used were below the limits of the

European Class E1 regulations (E1: 8 mg 100 g-1, EN 312

2010). The boards produced from fresh wood particles

revealed high strength properties compared to recycling

material which is an important raw material in Europe

(1993, EPF 2012). Lower strength properties of recycling

material are attributed to poor wetting qualities (Hameed

et al. 2005). It is therefore assumed that plasma treatment is

a useful technique to improve bonding of less wettable

wood surfaces such as recycled, modified or dried wood

materials. Additional test will be necessary to optimize the

process parameters of the plasma treatment and to establish

the effect on formaldehyde emissions.

4 Conclusion

Treatment of wood particles with cold air plasma improves

the mechanical and water-related properties of particle-

boards particularly at low adhesive content. This effect is

attributed to better wettability of the particles shown here.

Plasma treatment revealed the most significant effect on IB

Fig. 3 Modulus of rupture and

modulus of elasticity depending

on the adhesive content

(n = 12, description see Fig. 2)

Fig. 4 Thickness swelling (TS)

and water uptake (WU) after

24 h immersion in water

depending on the adhesive

content (n = 32, description see

Fig. 2)

Fig. 5 Density profiles of

single layered particleboards

with 3 % adhesive content. The

profile represents the average of

six samples, respectively
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which was enhanced at all adhesive contents tested. The

proportion of UF resin related to the particle mass can be

reduced by approximately 1 % through plasma treatment

without losing IB compared to the reference. Improvement

of MOR, MOE, and water-related properties is only

achieved at low adhesive content, while these mechanical

and water-related properties are not improved at higher

resin content.
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