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Editorial

Wood Protection and Preservation

Christian Brischke
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Abstract: Wood is an advantageous building material in many respects, but it is biodegradable and
therefore requires protection when used in highly hazardous applications. This Special Issue on
‘Wood Protection and Preservation’ comprises 19 papers representing a wide range of aspects related
to the field and gives timely examples of research activities that can be observed around the globe.

Keywords: biological durability; decay fungi; wood borers; wood protection by design; wood
preservatives; chemical wood modification; thermal wood modification; water repellants; test
methods; service life planning; performance specification

Globally, the use of non-renewable resources needs to be reduced. In this respect, wood and
wood-based products can play a key role as they are generally low in embodied CO2 and can be
gained from sustainable forest resources. Wood has numerous advantages compared to other building
materials, such as a high strength–weight ratio, good thermal insulation, easy machinability and
appealing aesthetics. However, its durability against different biological agents is limited and requires
consideration when wood is exposed to moisture, and thus to favorable conditions for decay.

In highly hazardous applications, the natural durability of wood can be insufficient, and wooden
elements need to be protected by design. Alternatively, wood durability can be enhanced through wood
preservatives or modification systems. In recent years, several highly effective wood preservatives
have been banned in different countries as they harm human health and the environment. Innovative
approaches for improving wood durability are being sought.

We encouraged studies from all fields, including method development, experimental studies,
monitoring approaches and models, to contribute to this Special Issue, to promote knowledge about
wood durability mechanisms and strategies for the protection and preservation of wooden structures
and wood-based building materials.

The Special Issue comprises 19 papers by authors from 14 countries in Asia, North America and
Europe. They represent a wide range of aspects related to wood protection and wood preservation
and give timely examples of research activities that can be observed around the globe. Several
authors reported on processes of thermal modification [1–6] and different chemical wood modification
techniques [2,3,5,7–10], which are among the latest alternative wood protection methods without
the use of biocides. New preservatives and assessment methods of preservative-treated wood
products are presented [10,11], as well as studies on the natural durability of wood [12], fire-retardant
treated wood [13,14], the effect of concrete on wood durability [15] and different novel surface
modification techniques using plasma [13,14,16,17]. Besides biological durability [3,6,10,12,15,18,19],
the mechanical properties [3,8,11], moisture performance [1,3,5,12,14,18], bonding properties [6,14]
weathering stability [4] and the corrosiveness [7] of differently treated wood were investigated and
reported within this Special Issue. Examples of research on fungal biology [9], service life planning
with wood [18] and test methodology [12] were also included and complete the spectrum.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: An IML-Resi PD-400 drilling tool with two types of spade drill bits (IML System GmbH,
Wiesloch, Germany) was used to evaluate the internal conditions of 3 m wooden poles made
from Scots pine (Pinus sylvestris L.). Drilling tests were performed on poles that were industrially
vacuum-pressure-impregnated with a copper-based preservative (Korasit KS-M) and untreated
reference poles. Both types of poles were subject to 10.5 years of in-ground exposure. Wood moisture
content (MC) was measured using a resistance-type moisture meter. MC varied between 15% and 60%
in the radial and axial directions in both treated and untreated poles. A higher MC was detected in the
underground, top, and outer (sapwood) parts of the poles. Typical drilling-resistance (DR) profiles
of poles with internal defects were analyzed. Preservative treatment had a significant influence on
wood durability in the underground part of the poles. Based on DR measurements, we found that
untreated wood that was in contact with soil was severely degraded by insects and wood-destroying
fungi. Conversely, treated wood generally showed no reduction in DR or feeding resistance (FR).
DR profiling is a potential method for the in-situ or in vitro assessment and quality monitoring of
preservative treatments and wood durability. The technological benefits of using drill bits with
one major cutting edge, instead of standard drill bits with center-spiked tips and two major cutting
edges, were not evident. A new graphical method was applied to present DR data and their spatial
distribution in the poles. Future studies should focus on the impact of preservative treatments,
thermal modification, and chemical modification on the DR and FR of wood. This may further
elucidate the predictive value of DR and FR for wood properties.

Keywords: decay; drilling-resistance measurements; internal defects; nondestructive wood testing;
preservative treatment; wooden poles

1. Introduction

Roundwood is still globally used in utility poles, piles, and structural elements in wooden
constructions. Wood is a natural and organic material, and is therefore susceptible to biological
degradation and destruction due to internal stresses. Thus, one of the main problems associated with
the safe use of wooden poles is the evaluation of internal defects that may lead to structural failures.
Different techniques for the evaluation of the internal condition of wooden poles have been developed.
These include drilling-resistance (DR) measurements. From the first prototype of DR measurement
(penetration resistance) [1] to basic tool design [2] and advanced drilling tools, the in-situ assessment
of timber- and utility-pole structures has always been the main application of this method.

Forests 2020, 11, 20; doi:10.3390/f11010020 www.mdpi.com/journal/forests3
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DR measurements are a nondestructive way of indirectly evaluating wood properties [3–5]. DR is
based on the use of thin-boring drill bits (e.g., 3 mm diameter) to drill into wood while continuously
monitoring energy consumption. Energy consumption is correlated with the physical, mechanical, and
technological properties of wood. The main advantages of the DR method are that the drilling tool is
portable, measurements are made in situ, it is quick and minimally invasive, and it has high sensitivity
for fungal decay and other wood defects [6–9]. Furthermore, DR can be used to predict the density
and other elastomechanical properties of wood [3,10–24].

The structural condition of wooden bridges was assessed by Brashaw et al. using a DR device (IML
RESI F300-S, IML System GmbH, Wiesloch, Germany) [25]. The authors reported on the potential for
DR measurements to detect internal decay, and the need to combine different test methods, including
visual inspection and acoustic methods. Kappel and Mattheck [26] reported that DR is a good tool to
detect internal defects in timber structures, such as cracks and decay. They recommended transversal
drillings in a radial direction in the wood. In cases where longitudinal drilling in early wood or in
cracked areas of wood cannot be avoided, additional transversal drilling is helpful to better determine
the extent of wood damage.

The efficiency of DR measurements in determining the damage and residual cross-section of
decayed wood in timber structures has been presented by different authors [27,28]. Imposa et al. [29]
evaluated the extent of decay in ancient wooden trusses and concluded that DR measurements allowed
for the quantification of material loss and microvoids in wood.

More detailed analysis of the suitability of DR measurements for the in-situ assessment of
structural timber was presented by Nowak et al. [30]. They concluded that DR allows for the detection
of internal defects in wooden structures, but that it is influenced by many factors such as moisture
content (MC), drill-bit sharpness, and drilling direction relative to grain direction. An IML-RESI F-300
drilling tool was used by Gezer et al. to inspect wooden utility poles [31]. DR measurements were
made at breast height and underground with a 45◦ angle between the direction of penetration and the
pole axis; approximately 90% of wood deterioration occurred underground. However, the authors
pointed out that, although internal defects in poles could be accurately detected, information from DR
measurements was limited to the site of drill-bit penetration.

A comparative assessment of utility poles using three inspection techniques was presented by
Reinprecht and Šupina [32]. DR in poles made from Norway spruce (Picea abies) and preserved
with creosote was measured in radial directions using an IML-Resi F-400 drilling tool. Strong linear
correlation (R2 = 0.96) was found between mean DR measurements obtained from two orthogonal
drillings in a radial direction in the same plane.

To enhance the durability and prolong the service life of wooden poles, wood is often treated with
preservatives such as pentachlorophenol (63%), creosote (16%), and copper chrome arsenate (16%),
as reported for the United States [32]. The mechanical properties of treated wood can be affected by
the impregnation method, type of preservative, and uniformity of the treatment [33]. Precipitation and
soil moisture led to the wetting of poles. Wood MC greater than 20% increases the chance of decay,
and MC above 25%–30% indicates a high likelihood of extensive decay [34,35]. Furthermore, wood
MC can have significant impact on DR measurements [36–39].

The aim of this study was to determine the influence of preservative treatment and wood MC on
the condition of wooden poles above and below ground using DR measurements.

2. Materials and Methods

2.1. Specimen Preparation

Ten logs of Scots pine (Pinus sylvestris L.) with a length of 9 m were crosscut into 3 equal sections.
Half of the 3-m sections (poles) were industrially vacuum-pressure-impregnated (3 kPa, 180 min,
and 0.8 MPa, 180 min) in an autoclave with Korasit KS-M (Kurt Obermeier GmbH and Co. KG,
Bad Berleburg, Germany). Korasit KS-M is a waterborne copper-based preservative. Impregnation

4



Forests 2020, 11, 20

was conducted at industrial impregnation plant Carl Scholl GmbH (Cologne, Germany). The mean
preservative retention of the examined poles was 25.5 kg/m3. Treated and untreated wooden poles
were vertically buried in the ground at a depth of approximately 0.5 m at a field test site in Goettingen,
Germany (51.6◦N, 9.9◦ E). In total, 6 samples of treated (n= 3) and untreated (n= 3) poles were removed
from the soil in January 2019 after 10.5 years of in-ground exposure. They were then evaluated.

2.2. Drilling-Resistance Measurements

An IML-RESI PD-400 tool and 2 types of spade drill bits were used (IML System GmbH, Wiesloch,
Germany) for DR measurements. Both types of drill bits were almost 400 mm long, and had a thin shaft
of 1.5 mm diameter and a 3-mm triangular cutting part with a hard chrome coating. The first type of
drill bit (Type 1) consisted of 2 flattened and symmetrical major cutting edges that were perpendicular
to the rotating axis (axis of the cylindrical drill-bit shaft). The center-spiked tip of drill bit Type 1,
which was designed to stabilize linear penetration of the drill bit during the drilling process, was about
400 μm in height from the level of the major cutting edges. The second type of drill bit (Type 2) did not
have a tip and only had 1 major cutting edge (Figure 1).

Figure 1. Drill-bit types and their main geometrical parameters. Note: length, length of major cutting
edges, angle, angle sharpness for major cutting edges.

DR measurements were taken radially, in 1 plane, and in a north–south direction (Figure 2).
Drilling was first done in the ground-level parts (level 0 in Figure 3), followed by the above-ground
parts in 300-mm intervals (levels 1–7 in Figure 3), and then the underground parts in 100-mm intervals
(levels −1 to −4 in Figure 3).

 
Figure 2. Drilling-resistance measurements in a preservative-treated pole.
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Figure 3. Schematic diagram of pole-analysis method. Positions of drilling-resistance measurements
(DRMs, arrows in figure) and sites of moisture-content (MC) measurements along pole radius.

Upon completion of DR measurements, poles were dissected, and a 50–60 mm thick disc was
obtained from each drilling position. MC measurements were then made using a resistance-type
moisture meter. Measurements were radially taken from the end-grain surface of the discs every
20 mm along regions of drill-bit penetration (Figure 3).

Due to different amplitudes in DR and feeding resistance (FR) for the types of used drill bits,
drill bit Type 1 was set to a feed rate of 1.5 m/min and a rotational frequency of 1500 min−1, whereas
drill bit Type 2 was set to feed rate of 1 m/min and a rotational frequency of 2500 min−1. DR and FR
were measured and digitally recorded for every 0.1 mm of drilling depth. DR data were saved and
processed using PD-Tools PRO software (IML System GmbH, Wiesloch, Germany), Microsoft Excel®

(Microsoft, Redmond, WA, USA), and SigmaPlot 14 (Systat Software Inc., San Jose, CA, USA). DR
profiles obtained from each measurement included a relative DR curve reflecting the torsion force
on the drill bit and an FR curve reflecting the force needed to push the needle into the wood. Mean
DR and FR values from profiles of the entire length of the poles were compared between treated and
untreated samples.

3. Results and Discussion

3.1. Moisture Content

Variation in mean MC over the length of the poles is presented in Figure 4a. Due to severe decay
(Figure 5), it was not possible to measure the MC for underground parts of untreated poles with a
resistance-type moisture meter. A higher MC was observed at the ground-level, top, and underground
parts of treated and untreated poles. The MC in treated poles was around 40% in both the underground
and top parts of the poles. Despite the top parts of the poles being covered in paint to eliminate
moisture absorption because of precipitation, the protective layer wore out over time. The mean MC of
the top parts was between 23%–31% in the untreated and 30%–46% in the treated poles (Figure 4a).
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Figure 4. MC obtained from disc samples. (a) Mean MC over length of tested poles. Note: GL, ground
level (0 mm). (b) MC variation along diameter of treated pole№3 at different heights in relation to GL.

 
Figure 5. Underground sections of treated (top) and untreated (bottom) poles.

Wood treated with preservative salts shows lower electrical resistance than untreated wood
with the same MC [40]. Brischke and Lampen [41] showed that the accuracy of resistance-based MC
measurements is not negatively affected by impregnation with inorganic salts. However, they found
that accuracy decreased at an MC that was above fiber saturation.

The MC gradient in the radial direction differed between the underground, middle, and top parts
of the poles (Figure 4b). The outer layers of above-ground and underground parts of the poles showed
a similar MC of about 35%. This indicated that these parts were susceptible to a significant level of
decay. MC decreased closer to the pith in the middle parts of the poles, but was higher near the pith
in underground and top parts of the poles (Figure 4b). However, variation in wood MC along the
length and diameter of the poles might have been affected by seasonal or current weather conditions.
The data shown here are therefore just a snapshot of current conditions.

MC influences the mechanical [42] and cutting (drilling) properties of wood [43,44]. It was
reported by Sharapov et al. [39] that the influence of MC on DR and FR depended on the rotational
frequency and feed rates of the drill bit. These factors can both increase and decrease DR and FR.
For Type 1 and the applied speed parameters, the feed rate per major cutting edge of the drill bit was
0.5 mm [45]. A significant influence of MC on DR could be expected given a lower DR is observed when
MC is above fiber saturation. The effect of wood MC on DR when using Type 2 was not investigated.
However, given the results for Type 1 [39], the impact of MC on DR should be lower (with a rotational
frequency of 2500 min−1 and a feed rate of 1 m/min).

3.2. Typical Drilling Resistance Profiles

We present typical DR and FR profiles of treated and untreated poles tested 600 mm above ground
level with Type 1 in Figure 6. The oscillation of both datasets (Figure 6) was related to different densities
of the early wood and latewood portions of the poles.

7



Forests 2020, 11, 20

  
Figure 6. Typical drilling-resistance (DR) and feeding-resistance (FR) profiles obtained from untreated
and treated poles using drill bit Type 1.

Poles were not fully impregnated in the radial direction. Impregnated layers showed a darker
color compared to the untreated wood that was closer to the pith. The border between impregnated
and untreated wood was more prominent for parts of the poles with a high MC (Figure 7b). DR and
FR in regions close to the pith and DR variation within annual layers were different in untreated
and treated poles (Figure 6). This may be attributed to imperfect drilling that was not in a precise
radial direction in untreated poles (Figure 6). However, the outer layers of the treated wood generally
showed a higher DR and FR than corresponding layers in untreated poles.

Figure 7. Cross-cut ends of poles and their DR profiles. (a) Untreated pole№3 at ground level. Note: 1,
section with wood knot (see also Figure 9). (b) Treated pole№5 at ground level. Note: 2, region of
cracked wood; (c) Treated pole№4 at 1200 mm from ground level. Note: 3, region of cracked wood
(see Figure 9). (d) Treated pole№5 at 1200 mm from ground level. Note: 4, region with wood knot and
cracked wood (see also Figure 8).

Many authors have reported that the treatment of wood with waterborne preservatives can
affect its mechanical properties [33,46]: modulus of elasticity (MOE) is usually unaffected, maximum
crushing strength is usually unaffected or slightly increased, modulus of rupture (MOR) is often
reduced by up to 20%, and energy-related properties are usually reduced by up to 50%. However,
the effect of preservative treatments on the elasto-mechanical properties of wood depends on the
impregnation process and type of preservative. Ulunam et al. [47] showed that larch (Larix decidua)
and black pine (Pinus nigra) treated with Korasit-KS (a preservative) demonstrated minor differences
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in static compression and bending strength after one year of weathering. Cutting resistance of Scots
pine (P. sylvestris L.) treated with Korasit KS2 was higher compared to untreated wood in a laboratory
setting when using a frame saw [48]. Based on a model for the prediction of cutting power, Chuchała
and Orłowski [48] concluded that power consumption in the band-sawing of treated wood can be up
to 50% higher compared to that of untreated wood. The higher DR and FR of treated wood can be
explained by an increase in friction forces during drilling (cutting).

Typical internal defects detected in treated and untreated poles are presented in Figure 7. Untreated
poles were severely degraded in the ground-level and underground parts (Figure 5). The DR and FR of
degraded untreated wood were low. However, wood knots in the decayed wood were not degraded.
This was evident in DR and FR data, presented in Figure 7a. The maximum DR of wood knots in the
decayed wood of untreated poles was close to the DR of wood knots in treated poles (Figure 7a,d).
Drilling of severely decayed wood that contains wood knots can result in a higher mean DR and FR.
This therefore may not reflect the actual degree of destruction of the entire structure under inspection.
Other internal defects, such as radial (Figure 7c) or annual ring (Figure 7b,d) cracks, were detected in
drill-penetration paths.

3.3. Mean Drilling Resistance and Feeding Resistance

Variations in mean DR and FR across the length of treated and untreated poles are shown in
Figure 8. Preservative treatment had a significant influence on wood durability in the underground
part of the poles. Mean DR and FR were remarkably reduced in the underground parts of untreated
poles with both drill bit types. The reduction in DR for Type 1 was more prominent than in Type 2
(Figure 8).

  
(a) (b) 

  
(c) (d) 

Figure 8. Mean drilling resistance (DR) and feeding resistance (FR) across length of tested poles.
(a) untreated poles, drill bit type 1, (b) treated poles, drill bit type 1, (c) untreated poles, drill bit type
2, (d) treated poles, drill bit type 2. Horizontal dashed line, ground level (GL). Negative pole-height
values indicate DR and FR data points observed for underground parts.
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Differences in the design of the cutting part of drill bits had significant influence on mean DR and
FR. Using the drill bit with one major cutting edge led to higher FR values compared to DR values.
Different rotational frequencies and feed rates were used for both drill-bit types due to the high energy
consumption of drills with one major cutting edge. Owing to its higher amplitude, FR is most often
used to preselect the feed rate for drill bit Type 2. However, DR is a more accurate parameter for the
prediction of the density and mechanical properties of wood [24]. The expected advantages of using a
drill bit with one major cutting edge were not evident. The lower DR amplitude for the drill bit with
two major cutting edges might be offset by an increased feed rate. DR and FR were generally not
reduced in the underground parts of treated poles for both drill bits (Figure 5).

In general, mean DR and FR were higher in the above-ground parts of the impregnated poles
(Figure 8). However, this may have been because the lower-density 3 m poles that were cut from
the upper part of 9 m logs were used as untreated reference poles. This hypothesis was partly
confirmed by the smooth decline in mean DR along the length of the poles from the small to large
end (Figure 8). To confirm the hypothesis that DR and FR are significantly affected by preservative
treatments, defect-free specimens need to be tested after conditioning at normal climate.

To represent DR measurements along poles in one plane in the same drilling direction, DR and FR
data are presented as contour plots (Figure 9). DR and FR data profiles were interpolated between
measurements across the length of the poles, including underground parts.

(a) (b) 

Figure 9. Contour plots including all DR data obtained from (a) treated pole№5 and (b) untreated
pole№3. Note: 0 on Y axis, ground level; 1, low DR in cracked wood; 2, high DR in a wood knot (see
Figure 7).

Vertical colored lines corresponded to early wood and latewood portions as presented for
individual DR profiles in Figure 6. This form of data presentation shows the distribution of variations
in the mechanical properties of wood due to density differences, knots, cracks, decay, and other defects.
As can be seen in Figure 9a, the central part of the treated pole, which was not impregnated with the
preservative, had lower DR compared to the treated outer (sapwood) parts. This area might have
been erroneously characterized as decayed. The DR of untreated poles (presented as a contour plot in
Figure 9b) was more consistent in middle parts of the poles and significantly reduced in underground
parts of the poles. This was likely due to decay.

4. Conclusions

MC of wood varied between approximately 15% and 60% in the radial and axial directions in
treated and untreated poles. This can have a significant impact on DR and FR measurements. DR
is a potential method for the development of standard tests for the in-situ or in-vitro assessment
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and monitoring of the quality of preservative treatment or wood durability. Internal defects in poles
can both decrease and increase DR and FR. This should be considered when assessing the condition
of wooden structures. The technological benefits of using a drill bit with one major cutting edge
instead of a standard drill bit with a center-spiked tip and two major cutting edges have not been
established. Contour graphs using DR measurements obtained from one element of a wooden structure
are recommended for the presentation and analysis of the internal conditions of wood. Further studies
should focus on the effect of different wood preservatives on DR measurements using defect-free
specimens at different MCs. Similarly, DR may be used to assess the effect of modifying agents,
adhesives, and other chemicals on the condition of wood and timber.
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Abstract: There is growing interest in the development of non-toxic, natural wood preservation
agents to replace conventional chemicals. In this paper, the antifungal activities of silver nanoparticles,
chitosan oligomers, and propolis ethanolic extract were evaluated against white-rot fungus Trametes
versicolor (L.) Lloyd, with a view to protecting Populus spp. wood. In order to create a more realistic
in-service type environment, the biocidal products were assessed according to EN:113 European
standard, instead of using routine in vitro antimicrobial susceptibility testing methods. Wood blocks
were impregnated with the aforementioned antifungal agents by the vacuum-pressure method in
an autoclave, and their biodeterioration was monitored over 16 weeks. The results showed that
treatments based on silver nanoparticles, at concentrations ranging from 5 to 20 ppm, presented
high antifungal activity, protecting the wood from fungal attack over time, with weight losses in
the range of 8.49% to 8.94% after 16 weeks, versus 24.79% weight loss in the control (untreated)
samples. This was confirmed by SEM and optical microscopy images, which showed a noticeably
higher cell wall degradation in control samples than in samples treated with silver nanoparticles.
On the other hand, the efficacy of the treatments based on chitosan oligomers and propolis gradually
decreased over time, which would be a limiting factor for their application as wood preservatives.
The nanometal-based approach is thus posed as the preferred choice for the industrial treatment
of poplar wood aimed at wood-based engineering products (plywood, laminated veneer lumber,
cross-laminated timber, etc.).

Keywords: decay fungi; nanomaterials; natural protectors; poplar; wood preservatives

1. Introduction

Populus spp., part of the Salicaceae family, are amongst the most frequently cultivated trees
for industrial purposes. These fast-growing species have a significant economic impact, given that
their wood is used for the production of pulp, panels, and many other commercial applications [1–3],
in addition to being very important from an environmental perspective [4]. According to EN 350:2016,
poplar wood is non-durable, and some studies have shown that it is highly susceptible to Trametes
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versicolor [5,6]. The fungal hyphae propagate through the woody elements, vessels, and tracheids of the
sapwood, feeding on the constituents of the cell wall (lignin and structural carbohydrates) through the
secretion of enzymes capable of metabolizing these structures [7]. This causes weight and mechanical
resistance losses, color changes, and an increase in moisture content.

In recent decades, significant efforts have been devoted to the evaluation of natural products
for wood protection applications, since they represent an alternative to traditionally used chemical
compounds, which have toxic effects on humans and on the environment [8]. Amongst them, renewable
polymers have attracted intense industrial interest, and chitosan in particular has especially promising
application prospects [9]. Other products, such as propolis [10,11] and metallic nanoparticles [12] have
also been the focus of increasing attention.

Various nano-sized inorganic materials based on metals or metal oxides have been assayed for
wood protection, including silver, gold, zinc, copper, boron, titanium, tin, silicon, and cerium [12–16].
Among these, silver has shown the highest toxicity against bacterial and fungal growth [17–22].
However, it should be clarified that those studies were conducted against other wood-staining fungi
and solely in agar plates. Only Dorau et al. [17] used wood blocks (as in this study), although they
tested the activity of ionic silver instead of silver nanoparticles (AgNPs) against three brown-rot fungi
(Postia placenta, Tephrophana palustris and Gloeophyllum trabeum). It is worth noting that the toxicity
mechanisms of these two silver forms differ, as some biological effects—including the formation of
reactive oxygen species (ROS) and extensive membrane damage—have been observed more severely
for AgNPs than for ionic Ag+ [23].

Chitosan is a linear aminopolysaccharide biopolymer [24] obtained by the alkaline deacetylation
of chitin extracted from the exoskeleton of crustaceans and from the cell walls of some fungi and
algae. It stands out for its antimicrobial properties against algae, yeasts, some bacteria, and fungi [25].
With regards to the latter, chitosan not only inhibits their growth (fungistatic), but may also act as a
fungicide at high concentrations [26]. Moreover, it has other very interesting properties, including
biocompatibility, high biodegradability, bioactivity, and non-toxicity in humans [24,27]. Chitosan
can be chemically and/or enzymatically modified [28] to prepare chitosan oligomers (pentamers and
heptamers), which present enhanced antifungal behaviors [21,29–31].

Propolis is a resinous substance collected and transformed by bees (Apis mellifera L.) for use in
honeycomb construction and repair [32]. The use of propolis as an antifungal agent is well known,
and its effectiveness has been demonstrated, for instance, against Candida spp. [33,34]. Partially purified
propolis extracts have been investigated for wood protection due to their antimicrobial effects against
yeasts, molds, bacteria, and parasites [10,32]. Propolis’ activity against wood-decay fungi has been
demonstrated in previous works [21,30,31].

The aim of this study was to compare the antifungal capacity of these three products (i.e., AgNPs,
chitosan oligomers (CO), and propolis (P)), considered harmless to human health and the environment,
against T. versicolor, assaying different concentrations on Populus spp. wood. Treatments were carried
out by vacuum-pressure impregnation in an autoclave, according to EN:113 standard. The novelty
of this study lies both in the use of a more realistic assessment method of the biocidal efficacy of the
candidate wood preservatives (using wood blocks instead of agar plates) and in the fungus against
which the products were assayed.

2. Materials and Methods

2.1. Reagents and Biological Material

Medium-molecular-weight chitosan (60–130 kDa; CAS No. 9012-76-4) with 90% deacetylation was
acquired from Hangzhou Simit Chemical Technology Co. (Hangzhou, China). Propolis, with a content
of ca. 10% w/v of polyphenols and flavonoids, came from the Duero river basin region (Burgos, Spain).
Silver nitrate (CAS number 7761-88-8), sodium citrate (CAS 6132-04-3), acetic acid (CAS 64-19-7),
and potassium methoxide (CAS 865-33-8) were supplied by Merck Millipore (Darmstadt, Germany).
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The Wood Technology Laboratory, Universidad de Valladolid (Spain) supplied 432 wood blocks
(50 × 25 × 15 mm3) of Populus × euramericana I-214 clone. The selected isolate of T. versicolor L. Lloyd
1920 (DSM 3086 strain, CECT 863A) was supplied by the Spanish Type Culture Collection (Valencia,
Spain) and was cultivated on malt agar (supplied by Scharlau, Barcelona, Spain). Test specimen
supports were sterilized by the steam method using an Autester ST DRY PV-II 30 LA autoclave (JP
Selecta, Barcelona, Spain).

2.2. Synthesis of the Antifungal Solutions

Silver nanoparticles were synthetized by a sonication method; 50 mL of silver nitrate (50 mM) was
mixed with 50 mL of sodium citrate (30 mM) as a reducing agent, and the solution was heated to 90 ◦C
until it turned from colorless to pale yellow, which then became more intense. The yellowish solution
was sonicated for 3–5 min with a probe-type UIP1000hdT ultrasonicator (Hielscher, Teltow, Germany;
1000 W, 20 kHz), and finally it was stabilized for at least 24 h in a refrigerator at 5 ◦C [35]. The resulting
AgNPs, characterized by transmission electron microscopy (TEM) with a JEOL (Akishima, Tokyo,
Japan) JEM-FS2200 HRP microscope, were spherical in shape with variable sizes, ranging from 10 to
30 nm.

Chitosan oligomers were prepared by oxidative degradation. Commercial medium molecular-
weight (MW) chitosan was first dissolved in acetic acid (1%) under constant stirring at 60 ◦C for 2 h,
then the pH was adjusted from 4.5 to 6.5 with potassium methoxide, and the molecular weight was
finally reduced by adding hydrogen peroxide (0.3 M) to the solution, under stirring for 1 h at the
same temperature. Chitosan oligomers of a viscosity-average MW of ca. 2000 Da were obtained [30]
according to the experimental procedure proposed by Costa et al. [36].

Propolis ethanolic extract was prepared by grinding the resin and adding it to an hydroalcoholic
solution 7:3 (v/v), followed by stirring for 72 h at room temperature and filtration with a stainless-steel
220 mesh to remove insoluble particles [37].

Every solution was tested at four different concentrations (Table 1). These concentrations were
chosen on the basis of previously published work [30]. It should be clarified that, in contrast with that
study (in which the wood block samples were only dipped in the preservative solution, and hence the
adhesion properties of the bioagents played a major role), the vacuum-pressure impregnation method
used herein allowed to use chitosan oligomers instead of medium MW chitosan, taking advantage of
their superior minimum inhibitory values and lower viscosity.

Table 1. Concentrations of the wood preservative substances used in the impregnation treatments.

Silver Nanoparticles (ppm) Chitosan Oligomers (mg/mL) Propolis (mg/mL)

20 80 40
15 40 20
10 20 10
5 10 5

2.3. Vacuum-Pressure Treatments and Antifungal Tests

The vacuum-pressure treatment and the subsequent antifungal efficacy assessment were carried
out based on a modified EN:113 standard, with six replicates for each solution (i.e., antifungal product),
concentration, and exposure period, accounting for a total of 288 blocks. The vacuum-pressure cycle
can be briefly described as follows: wood blocks were first introduced into a stainless-steel autoclave,
and a vacuum was created and maintained for 15 min. The selected product was then introduced by
pressure difference, and pressure was increased to 6 kg·cm−2 for 2 h; pressure was finally removed,
and the wood blocks were extracted from the remaining liquid. After impregnation, wood blocks
were left at 20 ◦C and 65% relative humidity (RH) for 4 weeks in a Medline Scientific (Oxon, UK)
conditioning chamber.
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Antifungal activity tests were carried out by placing two treated wood blocks and one control
block into a Kolle flask that contained a one-week-old fungal culture of T. versicolor. The samples were
incubated in a culture chamber (Incubat 2000944) at 22 ◦C and 70% RH for 16 weeks. Every 4 weeks,
six samples were taken out to measure the fungal attack by the weight loss. Wood blocks were carefully
cleaned and dried at 103 ± 2 ◦C before the final weight was recorded. The weight loss in each sample
was calculated according to Equation (1):

Weight loss (%) = (M0 − Mf)/Mf·100 (1)

where M0 is the oven-dry weight of the sample before impregnation and prior to exposure, and Mf

is the oven-dry weight of samples after exposure to fungus. Since the concentrations of the wood
preservatives used in this study were very low (in the order of ppm), it was assumed that the dry
weight of the impregnated wood was the same as the initial oven-dry weight.

2.4. Wood Degradation Monitoring

Wood degradation was monitored using optical microscopy and scanning electron microscopy
(SEM). For the former, 30-μm microtome cuts were taken from the sample using a Leica (Wetzlar,
Germany) microtome apparatus. These were analyzed with a Leica DMLM transmission optical
microscope. The microtomes were also subjected to SEM examination at the facilities of the Microscopy
Unit of the Parque Científico UVa (Spain), using a FE-SEM Leica LEO-1530 microscope. For SEM
analyses, samples were adhered to the holder with double-sided carbon tape and covered with gold
with a Quorum Emitech K575X sputter coater (Quorum Technologies, Ashford, Kent, UK). To confirm
the composition of the AgNPs impregnated into the samples, an FEI QUANTA 200 FEG (Thermo-Fisher
Scientific, Waltham, MA, USA) SEM microscope equipped with a Genesis XM 4i energy dispersive
X-ray microanalysis unit was used to obtain EDX elemental maps of non-sputter-coated samples.

2.5. Statistical Analyses

All the statistical analyses were performed using R software (v. 3.4.4; R Development Core
Team, 2018). Data from 288 treated samples, corresponding to 48 different individual groups
(3 preservation agents × 4 concentration values × 4 exposure periods) × 6 replicates, in addition to 144
control samples, were analyzed. Prior to the analyses, the assumptions of independence, normality,
and homoscedasticity were checked for all groups. Since all the data met the normality requirement
(checked with a Shapiro–Wilks test) and the homoscedasticity requirement (checked with a Bartlett’s
test), ANOVA was used. Bootstrapping and robust homogenous groups were used.

3. Results

Table 2 shows the average percentage of weight loss for the untreated samples (control) and for the
samples treated with various concentrations of silver nanoparticles after exposure to T. versicolor for 4, 8,
12, and 16 weeks. The results of the analysis of variance verified that there were significant differences
(p < 0.01) between the weight loss of the treatment and control samples. A long-term protective effect
of the silver nanoparticles was observed during the development of the experiment, since the weight
losses for all treatment concentrations oscillated between 8% and 10%, with no statistically significant
differences, regardless of the exposure time. On the other hand, controls showed a progressive increase
in weight loss over time: 13.7%, 17.5%, 23.8%, and 24.8% for the 4-, 8-, 12-, and 16-week exposure
times, respectively.
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Table 2. Weight loss after different incubation periods for the silver nanoparticles treatments.

Exposure Period
(weeks)

AgNPs Concentration
(ppm)

Weight Loss
(%) *

Shapiro–Wilk Test
p-Value

Bartlett
p-Value

ANOVA
p-Value

Homogeneous Groups †

4

Control 13.75 ± 1.21 0.0532

0.6538 2.71 × 10−6

X
5 8.80 ± 0.09 0.8964 c
10 8.67 ± 0.09 0.8290 b c
15 8.52 ± 0.19 0.7587 b
20 8.33 ± 0.19 0.9515 a

8

Control 17.55 ± 2.26 0.7000

0.9059 0.00135

X
5 8.93 ± 0.11 0.6224 c
10 8.73 ± 0.18 0.9775 b c
15 8.59 ± 0.19 0.7082 a b
20 8.43 ± 0.18 0.8408 a

12

Control 23.86 ± 1.95 0.5846

0.7605 0.0542

X
5 8.85 ± 0.21 0.6889 a
10 8.74 ± 0.13 0.6406 a
15 8.59 ± 0.19 0.9706 a
20 8.43 ± 0.19 0.9854 a

16

Control 24.79 ± 5.21 0.4149

0.511 0.0291

X
5 8.94 ± 0.16 0.7192 b
10 8.81 ± 0.14 0.5510 b
15 8.80 ± 0.13 0.7146 b
20 8.49 ± 0.22 0.8678 a b

* Expressed as average ± robust confidence interval. † Values denoted with identical letters do not differ significantly.

The weight loss results for the chitosan-oligomers-based treatment, assayed at different
concentrations, are summarized in Table 3. As in the case of AgNPs, antifungal behavior was observed
even at low concentrations, since all the treatments showed significant differences from the control
treatment. In the first sampling, after 4 weeks of exposure, the highest concentration (80 mg·mL−1)
showed the best antifungal activity (5% weight loss), showing statistically significant differences vs. the
other concentrations (with weight losses in the 7.9%–11.6% range). Nonetheless, the effectiveness of the
chitosan treatment clearly decreased over time and, after 12 weeks, there were no significant differences
in weight loss between the different protective agent concentrations (all were in the 17.5%–22.3% range).

Table 3. Effect of chitosan oligomers concentration and fungus exposure time on the protection of
poplar wood against Trametes versicolor.

Exposure Period
(weeks)

Chitosan Oligomers
Concentration (mg/mL)

Weight
Loss (%) *

Shapiro–Wilk Test
p-Value

Bartlett
p-Value

ANOVA
p-Value

Homogeneous Groups †

4

Control 14.54 ± 0.82 0.0621

0.1393 2.71 × 10−7

X
10 11.58 ± 1.70 0.6750 c
20 9.34 ± 0.78 0.7082 b c
40 7.91 ± 0.87 0.3403 b
80 4.96 ± 0.63 0.3632 a

8

Control 19.43 ± 3.34 0.5128

0.9059 0.00135

X
10 12.33 ± 0.75 0.6924 b
20 9.34 ± 0.78 0.6589 b
40 9.93 ± 0.81 0.6982 a b
80 8.92 ± 1.03 0.5524 a

12

Control 25.86 ± 2.50 0.6602

0.8604 0.0542

X
10 22.25 ± 1.72 0.9546 a
20 21.36 ± 2.16 0.7794 a
40 20.12 ± 1.84 0.6710 a
80 17.44 ± 2.47 0.8068 a

16

Control 32.14 ± 3.05 0.7002

0.8871 0.0291

X
10 29.95 ± 4.25 0.6900 b
20 21.36 ± 2.16 0.5467 a b
40 23.28 ± 4.27 0.8115 a b
80 19.35 ± 3.34 0.8773 a

* Expressed as average ± robust confidence interval. † Values denoted with identical letters do not differ significantly.

The antifungal activity of the propolis ethanolic extract on wood blocks exposed to T. versicolor for
4, 8, 12, and 16 weeks (Table 4) was more dependent on the concentration as a function of time than the
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other two protective agents evaluated in this work. A clear relationship between propolis concentration
and wood weight loss was observed, as they were inversely proportional in every sampling period
(e.g., in the first sampling, the weight loss decreased from of 13.7% to 9.8% as propolis concentration
was increased from 5 to 40 mg/mL). Although all propolis ethanolic extract concentrations showed
significant differences vs. the control, a gradual decrease in the antifungal activity of these treatments
over time was evidenced. The weight loss in the first 8 weeks was higher than that obtained for
chitosan (14.3% for propolis vs. 10.1% for chitosan), but after 16 weeks the weight loss values were
comparable for the two treatments (21.0% vs. 23.5%).

Table 4. Effect of treatment concentration of propolis ethanolic extract and time of fungus exposure
(sampling) on the protection of poplar wood against T. versicolor.

Exposure Period
(weeks)

Propolis Concentration
(mg/mL)

Weight Loss
(%) *

Shapiro–Wilk Test
p-Value

Bartlett
p-Value

ANOVA
p-Value

Homogeneous Groups †

4

Control 14.212 ± 2.065 0.3225

0.863 7.91 × 10−8

X
5 13.742 ± 0.650 0.8964 c
10 12.116 ± 0.565 0.4721 b
20 11.113 ± 0.627 0.9877 b
40 9.775 ± 0.458 0.9794 a

8

Control 19.897 ± 1.801 0.505

0.5844 5.68 × 10−7

X
5 17.870 ± 1.383 0.829 c
10 15.416 ± 0.955 0.9422 b
20 12.587 ± 1.561 0.8152 a
40 11.115 ± 0.877 0.6586 a

12

Control 21.036 ± 3.141 0.770

0.5511 0.713

X
5 19.892 ± 1.620 0.7587 b
10 18.639 ± 1.321 0.8894 b
20 17.413 ± 1.053 0.8444 a
40 16.288 ± 0.810 0.7739 a

16

Control 28.795 ± 2.841 0.2954

0.9257 0.00014

X
5 24.934 ± 2.133 0.9515 c
10 22.456 ± 1.614 0.8911 b c
20 19.439 ± 1.664 0.7038 b
40 17.105 ± 1.690 0.2817 a

* Expressed as average ± robust confidence interval. † Values denoted with identical letters do not differ significantly.

The optical microscopy images confirmed that the wood blocks exposed to the attack of T. versicolor
without any protective treatment (control) suffered a progressive degradation over time, with weight
loss values ranging from 13.7%–14.5% after 4 weeks to 24.8%–38.1% after 16 weeks. Figure 1 shows the
degradation of vessel elements and fibers on untreated wood upon exposure to T. versicolor for 16 weeks,
whereas in the case of the sample treated with AgNPs the observed biodeterioration was very small.
A micrograph of a healthy poplar wood sample with no degradation is shown for comparison purposes.

Figure 1. Optical micrographs of (a) undecayed control wood sample; (b) decayed control wood
sample; and (c) sample treated with silver nanoparticles (AgNPs) (20 ppm), subjected to the action of
T. versicolor for 16 weeks.

The SEM images (Figure 2) also confirmed that the fungal attack caused severe damage to the
wood cell wall after 16 weeks of exposure in control samples (Figure 2a). The damage was reduced
in the samples treated with propolis (Figure 2b), suggesting that propolis had a protective activity.
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However, the best wood preservation was attained for silver nanoparticles: as shown in Figure 2c,
the cell wall was practically intact. In Figure 2d, at 5000×magnification, silver nanoparticles can be
observed on the cell walls. The composition of AgNPs was confirmed by EDX elemental mapping.

Figure 2. SEM images of wood samples after 16 weeks of exposure to T. versicolor: (a) control samples,
(b) samples treated with propolis (40 mg/mL), (c) samples treated with silver nanoparticles (20 ppm),
and (d) zoomed-in view of silver nanoparticles on the cell wall.

4. Discussion

The optical microscopy images showed that wooden blocks exposed to T. versicolor attack without
any protective treatment (control) suffered a significant degradation of the cell wall, thus confirming
the high susceptibility of poplar wood to white-rot fungus [6]. This was further evidenced in the SEM
micrographs, which also showed that the fungal attack caused severe damage to the wood cell wall
after 16 weeks of exposure in control samples: the middle lamella was degraded and the fibers were
separated due to lignin degradation [38].

In relation to the antifungal effectiveness of the pressure treatment with silver nanoparticles,
the obtained results were similar to those of Akhtari et al. [39]. These authors evaluated the effectiveness
of aqueous solutions of silver nanoparticles against T. versicolor, albeit at much higher concentrations
(400 ppm), and reported a weight loss of only 2.1% for the treated wood 4 weeks after the inoculation.
The low weight losses of around 8.5% for the pieces treated with nanosilver are in agreement with
Clausen et al. [13] and Matsunaga et al. [14], who suggested that the advantageous behavior of
nanometal-based wood protectors would arise from the slow and controlled release of the bioactive
metal ions into the wood cells.

Apropos of the observed decrease in the antifungal activity of chitosan oligomers over time, it was
also reported by Alfredsen et al. [26], who noted that the protective nature of chitosan in the long
term is lower than those of other commercial fungicides, thus confirming that organic compounds are
more prone to biodegradation [8]. According to Larnøy et al. [40], the decrease in the effectiveness
of chitosan over time could be due to fungal degradation, as it would be affected by the action of
enzymes excreted by fungi in cellulose degradation. Other studies that investigated the applicability
of chitosan oligomers as a wood protection agent also observed a gradual loss of its antifungal activity
over time [30,40,41].
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A gradual decrease in the antifungal activity of propolis treatments over time was also noticed,
which may be ascribed either to biodegradability or to a lower retention of the propolis ethanolic
extract solution in wood, both of which are very common problems in organic biocides [8].

Consequently, although the use of these two organic bioagents may be improved by adding stabilizers
to the solution, the nanometal-based approach would be the preferred option for industrial applications.

5. Conclusions

On the basis of biocidal efficacy tests conducted on wood blocks, more realistic than routine
antimicrobial susceptibility tests conducted in agar plates, it was evidenced that the three protective
agents assayed in the vacuum-pressure treatments (AgNPs, chitosan, and propolis) showed a protective
effect on Populus spp. wood. However, the one based on AgNPs featured the highest effectiveness
against T. versicolor over time: even at the lowest concentration (5 ppm), it minimized the biodeterioration
of poplar wood for over 4 months, albeit higher concentrations (of up to 20 ppm) were more effective.
SEM images confirmed the effectiveness of the impregnation with nanosilver and evidenced the severe
cell wall degradation by the fungus on untreated samples. Chitosan oligomers and propolis-based
treatments also showed results with significant differences vs. the non-treated wood, but a noticeable
decrease in their effectiveness over the 16 weeks was observed, pointing to either biodegradation or
adsorption issues (to which all organic bioactive agents are susceptible). Hence, AgNPs can be put
forward as effective protective agents for poplar-wood-based engineering products.
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Abstract: Terrestrial microcosms (TMCs) are frequently used for testing the durability of wood and
wood-based materials, as well as the protective effectiveness of wood preservatives. In contrary
to experiments in soil ecology sciences, the experimental setup is usually rather simple. However,
for service life prediction of wood exposed in ground, it is of imminent interest to better understand
the different parameters defining the boundary conditions in TMCs. This study focused, therefore,
on soil–wood–moisture interactions. Terrestrial microcosms were prepared from the same compost
substrate with varying water holding capacities (WHCs) and soil moisture contents (MCsoil). Wood
specimens were exposed to 48 TMCs with varying WHCs and MCsoil. The wood moisture content
(MCwood) was studied as well as its distribution within the specimens. For this purpose, the compost
substrate was mixed with sand and peat and its WHC was determined using two methods in
comparison, i.e., the “droplet counting method” and the “cylinder sand bath method” in which the
latter turned out advantageous over the other. The MCwood increased generally with rising MCsoil,
but WHC was often negatively correlated with MCwood. The distance to water saturation Ssoil from
which MCwood increased most intensively was found to be wood-species specific and might, therefore,
require further consideration in soil-bed durability-testing and service life modelling of wood in
soil contact.

Keywords: decay; ENV 807; soft rot test; soil moisture content; use class 4 (UC4)

1. Introduction

For determining the durability of wood or the protective effectiveness of wood preservatives
against soft rot fungi and other soil-inhabiting micro-organisms, terrestrial microcosms (TMCs) can be
used. For this purpose, natural top soil or a fertile loam-based horticultural soil should be used and
various requirements need to be fulfilled with respect to the soil substrate.

It is well known that many parameters affect the decay activity of soils [1–5]. Therefore, it is
recommended to consider more than one in-ground field test site for durability testing of wood and
more than one soil substrate for laboratory studies using TMCs [2,6–9].

Consequently, for standardized test protocols several parameters are more or less strictly defined.
For instance, according to the European standard CEN/TS 15083-2 [10], the following soil-related
boundary conditions need to be assured:

• pH 6–8
• no added agrochemical
• water holding capacity (WHC): 25%–60%
• natural soils: peat or top 50 mm removed and not taken from a depth below 200 mm

Forests 2019, 10, 485; doi:10.3390/f10060485 www.mdpi.com/journal/forests25
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• soil collected in moist conditions
• soil passed through a sieve of nominal aperture size 12.5 mm
• storage of soil prior to use only in closed moisture proof containers
• thorough mixing of soil before use
• horticultural soil which was sterilized during its preparation needs to be replenished with 20%

natural soil
• soil not used before

Finally, a moisture content of the soil (MCsoil) equivalent to 95% of its WHC is required and the
TMC should be stored at 27 ◦C ± 2 ◦C and 70% ± 5% relative humidity (RH) during the whole period
of exposure in a dark room.

A previous study by Wälchli [11] showed that MCwood decreased with both decreasing MCsoil and
WHC as determined for two different soils and five different MCsoil. However, mass loss (ML) by decay
of untreated and differently copper–chromium–boron (CCB)-treated Scots pine sapwood was neither
correlated with MCwood nor with MCsoil. Similarly, Mieß [12] found an increase in MCwood with rising
MCsoil in three different soil types and for different untreated and modified timbers. Furthermore,
she found a gradient of MCwood in untreated wood from the highest MCwood in the bottom part and
lowest MCsoil in the top part of the buried test stakes. In contrast, a remarkable 20% of the Scots pine
sapwood specimens showed the highest MCwood in the top or central part of the specimens. Mieß [12]
suggested that the MCwood gradients were the consequence of vertical gradients of MCsoil, which
were differently severe due to the different soil wetting and re-drying regimes. It is further likely that
the gradients were the consequence of ML gradients along the stake-shaped specimens, because the
MCwood of the different specimen segments had been determined not before the end of the test after
17 weeks of incubation when significant ML had already occurred.

Gray [13] performed durability tests in TMCs using different soils at different MCsoil and found
that the highest ML occurred at an MCsoil between 108% and 148% of the WHC of the respective soil.
The highest MCwood after harvesting was found at an MCsoil between 120% and 218% of its WHC
referring to an MCsoil at approximately 40% in all soil types used. Thus, ML increased with increasing
MCsoil, but found an optimum, which was, however, far beyond the recommended 95% WHC. Again,
MCwood data are needed to obtain a set perspective, since they refer to the different severely decayed
specimens after harvesting.

In summary, it becomes evident that both WHC and MCsoil influence MCwood and ML through
fungal decay, and do seemingly interact. Clear relationships between the three moisture-related
parameters have not yet been established.

Others [6,12,14,15] previously demonstrated that all three rot types, i.e., brown, white, and soft rot,
occur in TMCs complemented by tunneling, erosion, and cavity bacteria. However, neither MCwood

nor MCsoil seemed to limit their occurrence. Solely, soft rot apparently copes better with very high
moisture contents, which are not favorable for brown and white rot fungi. Nevertheless, soft rot fungi
can degrade wood in a rather large moisture range. They are early colonizers, so-called “ruderal
organisms” [16], which, in contrast to basidiomycetes (‘combative organisms’), are rarely able to take
over a substrate [17].

The WHC of soil substrates can vary remarkably, and therefore, it needs to be determined before
each test. In both standards, CEN/TS 15083–2 [10] as well as ENV 807 [18], a suitable method for
determining the WHC of soil is described: the so-called “droplet counting method”. The method is
based on determining the ability of a sample of a test substrate to retain water against the pull of a
vacuum pump, as a measure of its WHC. However, the method is rather laborious and time consuming.
Furthermore, the standards lack a definition of the vacuum that needs to be applied, wherefore one
might question the reproducibility of the test results.

Within this study, we conducted comparative WHC measurements on a series of different mixtures
of compost and silica sand using the “droplet counting method” and an alternative method according
to ISO 11268-2 [19], where wet soil samples are allowed to drain on a sand bath. Based on this
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comparison of methods, TMCs should be prepared representing soil substrates of varying WHCs and
MCsoil. The overall objective of this study was to establish relationships between WHC, MCsoil, and
the resulting MCwood of different wood species after exposure in the TMC.

2. Materials and Methods

2.1. Soil Substrates

Three soil substrates were used to prepare TMCs of defined water holding capacities (WHCs).
The basis substrate was a compost produced by the University of Goettingen from horticultural waste
(i.e., leaf litter, grass, cut softwoods, and hardwoods, sand). To lower its WHC, silica sand (grain size >
0.2 mm) was added; to increase its WHC, peat (moderately-to-severely decomposed high-moor peat
(H3–H8), total nitrogen 0.35%, magnesium 0.15%, organic substance 30%) was added. Both peat and
compost were passed through a sieve of a nominal aperture size 8.5 mm. The soil moisture content
(MCsoil) and the WHC were determined according to the “droplet counting method” and the “cylinder
sand bath method”.

2.2. Determination of the soil Moisture Content (MCsoil)

Soil samples of 7–64 g (depending on the soil density) were taken for determining the soil moisture
content (MCsoil). Three replicate samples were taken, weighed to the nearest 0.01 g, oven-dried at
103 ◦C, and weighed again. MCsoil was calculated as follows:

MCsoil =
msoil, wet −msoil,0

msoil,0
× 100 [%] (1)

where MCsoil is the soil moisture content, in %; msoil,wet is the wet soil mass, in g; msoil,0 is the oven-dry
soil mass, in g.

2.3. Determination of the Water Holding Capacity (WHC) of Soil

2.3.1. “Droplet Counting Method”

A small quantity of water was added to soil samples of 200 g, the substrate was mixed well, and
the operation was repeated until the soil particles stuck to another (crumb structure). Further, 25 mL
water were added, mixed well, and allowed to stand for 2 h. A coarse filter paper was placed in the
bottom of a Buchner funnel (100 mm diameter) and moistened to seal the filter paper to the funnel. The
prepared test sample was transferred into the funnel and spread evenly. The bottom of the Buchner
funnel was covered by soil substrate to a height of at least 10 mm. Suction was applied using a vacuum
pump until no more than five drops of water per minute were being withdrawn from the sample,
increasing the suction slowly to avoid perforation of the filter paper. The sample was transferred to an
aluminum container of known mass and weighed. The container was oven-dried at 103 ◦C ± 2 ◦C and
weighed again. The WHC of n = 5 peat samples and n = 3 sand and compost samples was determined
and calculated as follows:

WHC =
msoil, saturated −msoil,0

msoil,0
× 100 [%] (2)

where WHC is the water holding capacity, in %; msoil,saturated is the soil mass at saturation, in g; msoil,0

is the oven-dry soil mass, in g.

2.3.2. “Cylinder Sand Bath Method”

Soil was inserted into polyethylene cylinders with 4 cm diameters. The bottoms of the cylinders
were covered with a fine polymer grid and filter paper (MN 640 W 70 mm). All cylinders were placed
in a vat for 3 h, which was filled with water to a height 1 cm above the soil filling height of 7 cm.
After soaking the soil in water, the cylinders were placed on a water-saturated sand bath for 2 h to
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allow the unbound water to drain. The soil samples were then weighed wet, oven-dried at 103 ◦C ±
2 ◦C, and the WHC of the soil was calculated according to Equation (2) analogously to the “droplet
counting method”.

2.4. Preparation of Mixed Soil Substrates

For a comparison of the “Droplet counting method” and the “cylinder sand bath method” and
for establishing a regression between mixing ratios of the different soil substrates and their resulting
WHC, a total of 22 soil substrate mixtures were prepared as summarized in Table 1.

Table 1. Mixing ratios of soil substrates for water holding capacity (WHC) tests. Percentage is based on
the oven-dried mass.

Percentage Compost (%) 100 95 90 80 70 60 50 40 30 20 10

Percentage silica sand/peat (%) 0 5 10 20 30 40 50 60 70 80 90

For preparing mixed soil substrates, the following equation was used:

msoil x,target, wet = mtarget, total, 0 × (
atarget,0

100
) × ( 100

100−MCsoil x
) (g) (3)

where msoil x,target, wet is the target mass of the wet substrate x, in g; mtarget, total, 0 is the target oven-dry
mass of the total mix, in g; atarget,0 is the target percentage of substrate x based on the oven-dry mass,
in %. MCsoil x, is the soil moisture content of substrate x, in %.

2.5. Terrestrial Microcosms (TMCs)

Miniature terrestrial microcosms were prepared in polypropylene containers of 110 (height) × 110
× 80 mm3 and a volume of 500 mL. In total, 48 different substrates were filled in the containers each to
a height of 100 mm. The combinations of the parameters WHC and MCsoil are summarized in Table 2,
where the latter is expressed as (%WHC). The containers were weighed to the nearest 0.01 g, closed
with a lid, and their total mass maintained over a period of three weeks.

The following regression functions were used (see also Section 3.1):

WHCmix:compost−sand = −0.586× atarget, sand, 0 + 80.81 (%) (4)

WHCmix:compost−tur f = 2.499× atarget, tur f , 0 + 87.15 (%) (5)

where WHCmix:compost-sand is the water holding capacity of compost mixed with silica sand, in %;
WHCmix:compost-peat is the water holding capacity of compost mixed with peat, in %; atarget, sand, 0 is the
target percentage of sand based on the oven-dry mass, in %; atarget, peat, 0 is the target percentage of peat
based on the oven-dry mass, in %.

Table 2. Soil moisture content MCsoil (%) for combinations of target WHC 1 and target MCsoil expressed
as (%WHC).

MCsoil (%WHC) 1 WHC (%) 1

21.8 2 30.0 40.0 50.0 60.0 70.0 80.0 90.0

30.0 6.5 9.0 12.0 15.0 18.0 21.0 24.0 27.0
50.0 10.9 15.0 20.0 25.0 30.0 35.0 40.0 45.0
70.0 15.3 21.0 28.0 35.0 42.0 49.0 56.0 63.0
80.0 17.4 24.0 32.0 40.0 48.0 56.0 64.0 72.0
95.0 20.7 28.5 38.0 47.5 57.0 66.5 76.0 85.5
120.0 26.2 36.0 48.0 60.0 72.0 84.0 96.0 108.0

1 WHC determined according to the “cylinder sand bath method” according to ISO 11268-2 [19]. 2 WHC of pure
silica sand was 21.8% and consequently the lowest WHC achieved.
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The WHC of the substrates used for TMCs were determined exclusively according to ISO
11268-2 [19]. The basic substrate was compost. Silica sand and peat were added according to the
regression obtained by comparative WHC measurements as described in Section 2.4 (Figure 1).
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Figure 1. Interrelationship between the percentage of added sand and peat and the WHC of the
substrate mixtures: (a) WHC determined according to the “droplet counting method” [10]. (b) WHC
determined according to the “cylinder sand bath method” [19].

The soil mixtures used for the TMCs are summarized in Table 3.

Table 3. WHC of different mixtures of compost with sand and peat.

WHC (%) 1

21.8 2 30.0 40.0 50.0 60.0 70.0 80.0 90.0

Percentage compost (%) 0.0 13.2 30.3 47.4 64.5 81.6 98.6 98.6
Percentage sand (%) 100.0 86.8 69.7 52.6 35.5 18.5 1.4 0.0
Percentage peat (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4

1 WHC determined according to the “cylinder sand bath method” according to ISO 11268-2 [19]. 2 WHC of pure
silica sand was 21.8% and consequently the lowest WHC achieved.

2.6. Preparation and Exposure of Wood Specimens

Specimens of 5 × 10 × 100 (ax.) mm3 were prepared from Scots pine sapwood (Pinus sylvestris L.),
Douglas fir heartwood (Pseudotsuga menziesii Franco), English oak heartwood (Quercus robur L.), and
European beech (Fagus sylvatica L.). All specimens were free from defects such as cracks, decay, and
discoloration. For each of the 48 combinations of WHC and MCsoil, n = 5 replicate specimens of each
species were prepared, which corresponded to a total of 960 specimens.

In total, 48 soil substrates, i.e., combinations of WHC and MCsoil, were prepared and each was
used to fill two containers (miniature TMCs). Wood specimens were conditioned at 20 ◦C/65% RH
until constant mass before soil exposure. Afterwards, ten wood specimens were buried to 4/5 of their
length in each container and exposed for three weeks. The MCsoil was maintained by adding water
about every third day if needed.
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2.7. Determination of the Wood Moisture Content (MCwood)

Specimens from selected TMCs were used to determine the MCwood distribution within the
specimens. Therefore, after harvest, the specimens were cleaned from adhering soil particles, cut into
five segments of 20 mm length using ratchet scissors, weighed, dried, and weighed again in each
step separately. Segment-wise MCwood was determined on specimens after exposure in TMC with
substrates of 30, 60, and 90% WHC, and a MCsoil of 30, 75, and 95% of its WHC.

MCwood =
mwood, wet −mwood, 0

mwood,0
× 100 (%) (6)

where MCwood is the wood moisture content, in %; mwood,wet is the wet mass of the wood specimen, in
g; mwood,0 is the oven-dry wood mass, in g.

2.8. Statistical Analysis

Regression functions between different variables were established using the method of least
squares to achieve the best fit. Statistical differences between collectives were considered significant at
a probability of error less than 5% according to a modified Student t-test (Welch test).

3. Results and Discussion

3.1. Water Holding Capacity (WHC) of Soil Mixtures

The WHC of the three initial substrates was highest for peat, followed by compost and sand
according to both methods applied (Table 4).

Table 4. WHC (%) of the initial soil substrates determined according to the “droplet counting method”
and the “cylinder sand bath method”. Standard deviation in parentheses.

WHC (%) 1

Silica Sand Compost Peat

Droplet counting method 6.7 (0.3) 78.9 (1.3) 296.6 (40.9)
Cylinder sand bath method 21.8 (0.4) 75.5 (1.1) 318.3 (38.8)

1 Number of replicate samples was n = 3 and n = 5 for peat tested according to the droplet counting method.

According to both methods, the WHC of the different soil mixtures was linearly correlated with
the percentage of added sand or peat, respectively. With increasing percentage of sand and decreasing
percentage of peat, the WHC decreased (Figure 1).

It became evident that: (1) single WHC values scattered more and (2) the regression between
substrate ratios and WHC was less pronounced when using the “droplet counting method”.
Furthermore, the following advantages of the “cylinder sand bath method” over the “droplet counting
method” became apparent:

• Less time consumption: 7 min/sample compared to more than 60 min/sample using the “droplet
counting method”.

• Consistency of the test setup: Time for counting droplets varied between 6 and 60 min/sample.
Intervals between single droplets varied partly drastically, especially when testing substrates of
high WHC. In contrast, up to several hundred cylinders can be used in parallel and the duration
of test was always constant.

• Clear description of setup: Simple, less expensive, and well described setup. In contrast, the
description of the “droplet counting method” suffers from some vagueness: size of Buchner
funnel, applied vacuum, and type of filter paper are not specified, but likely affect the test results.

• Independency from sample size and volume: In contrast, the given sample thickness according to
the “droplet counting method” led to strongly varying mass of the soil sample in the Buchner
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funnel and affected the WHC, as shown for peat in Figure 2. With increasing sample size
(= sample mass) the WHC increased.

WHC = 4.744mpeat + 208.49
R² = 0.634
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Figure 2. Interrelationship between the WHC of peat according to the ‘droplet counting method’
(CEN/TS 15083-2, 2005) and the mass of the peat sample.

Generally, it was observed that substrates with very high WHC, such as peat, require longer
wetting periods than specified by the standards, i.e., 1–2 h according to CEN/TS 15083-2 [10] and 3 h
according to ISO 11268-2 [19]. After 3 h of submersion, the peat was still not fully water saturated
when oven-dried before, which consequently led to an underestimation of its WHC.

The WHC determined according to both methods were highly correlated, especially for WHC
below 200%, as shown in Figure 3. Therefore, and regarding its numerous advantages, in the following,
all WHC measurements were conducted using the “cylinder sand bath method”.

WHCCEN/TS15083-2 = 0.998WHCISO 11268-2
R² = 0.795
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Figure 3. Interrelationship between the WHC of different substrate mixtures according to the “droplet
counting method” [10] and the “cylinder sand bath method” [19].
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3.2. Impact of WHC and MCsoil on the Moisture Content of Wood (MCwood) Exposed in TMCs

After three weeks of exposure in different TMCs, the average MCwood was highest in Scots pine
sapwood (88%), followed by English oak (75%), Beech (67%), and Douglas fir (48%). In general, MCwood

increased with increasing MCsoil, but was strongly dependent on the WHC of the soil. The lower the
WHC, the higher was the MCwood at a given MCsoil, which coincided with previous findings [12].
Lower WHC in this study corresponded with a higher percentages of silica sand, which can only
physically absorb water in contrast to organic soil substrates such as compost soil and peat, which
also form chemical bonds with water [20]. The capacity to bind water is therefore higher in organic
substrates which restricts the amount of available water which potentially wets the wood specimens.

This effect became especially prominent when considering MCsoil as a percentage of the WHC of
the soil as illustrated in Figure 4. The lower MCsoil (%WHC), the lower the MCwood was at a given
WHC of the substrate in the TMCs. However, it also became apparent that the effect of MCsoil became
more pronounced at higher WHCs, i.e., the range of MCwood between 30% and 120% MCsoil expressed
as percentage of its WHC was higher by up 2 factors in substrates of high WHC (120%) compared to
those with very low WHC (30%).
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Figure 4. The interrelationship between wood moisture content (MCwood) and WHC for different
MCsoil expressed as a percentage of the WHC of the TMC (regression functions are shown in Table 5).
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Table 5. Regression functions for fitting curves shown in Figure 5 (y =wood moisture content MCwood;
x =water holding capacity WHC).

MCsoil

(%WHC)
English Oak Beech Scots Pine Sapwood Douglas Fir

120 −0.20ln(x) + 91.20 6.81ln(x) + 75.78 −16.06ln(x) + 220.01 −21.77ln(x) + 214.39
95 1.56ln(x) + 80.56 −8.52ln(x) + 125.38 −21.77ln(x) + 214.39 −3.25ln(x) + 74.33
80 −0.65ln(x) + 84.98 −26.67ln(x) + 173.92 −99.34ln(x) + 502.65 −14.01ln(x) + 106.82
70 −8.17ln(x) + 110.07 −30.11ln(x) + 175.84 −116.8ln(x) + 543.26 −19.14ln(x) + 121.88
50 −20.27ln(x) + 144.18 −22.67ln(x) + 131.58 −66.53ln(x) + 310.55 −15.69ln(x) + 97.79
30 −25.01ln(x) + 144.87 −20.20ln(x) + 113.81 −14.83ln(x) + 89.25 −13.02ln(x) + 81.44

The difference between MCwood results achieved after three weeks of in-soil exposure was
surprisingly small between Beech and English oak heartwood, because the latter is known to take
up water more slowly due to the formation of tyloses in the vessels. In contrast, Beech wood—apart
from false heartwood which was excluded in this study— usually takes up liquid water very easy,
although its vessel diameters are much smaller compared to the early wood vessels of English oak.
Similarly, the maximum MCwood of Douglas fir heartwood was in the same range of that of Scots
pine sapwood when exposed in soil at an MCsoil of 120% WHC. Solely, at a lower MCsoil, the more
permeable Scots pine sapwood showed higher MCwood compared to the refractory heartwood of
Douglas fir. In summary, it became evident that already after a short exposure period of three weeks
in wet soil, wood anatomy-induced differences in moisture uptake diminished confirming previous
findings [12].

To further illustrate the interdependency between WHC and MCsoil and their effect on MCwood,
the distance to water saturation of the soil substrate (Ssoil) was determined according to Equation (7)
and correlated with MCwood (Figure 5).

Ssoil = MCsoil −WHC (%− points) (7)

where Ssoil is the distance to water saturation of the soil substrate, in %-points; MCsoil is the soil
moisture content, in %; WHC is the water holding capacity, in %.

Generally, with increasing Ssoil, the MCwood increased as well, but followed wood species-specific
curves with differently steep increases and a plateau at Ssoil = 0%, i.e., soil water saturation. For English
oak, Beech, and Douglas fir, the MCwood stayed approximately constant at Ssoil > 0%. Solely, for Scots
pine sapwood, MCwood dropped significantly after exceeding the saturation point, although unlimited
uptake of liquid water was expected to be provided above this threshold.

The distance to water saturation from which MCwood remarkably rose differed also between wood
species and was approximately at −55%-points for English oak, −25%-points for Beech and Douglas fir,
and −20%-points for Scots pine sapwood. Scots pine sapwood showed also by far the highest increase
in MCwood with increasing Ssoil, i.e., between 32% and up to 180% MCwood between −20 and 0% Ssoil.
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Figure 5. The interrelationship between the distance to water saturation of the soil substrates (Ssoil)
and the wood moisture content (MCwood).

3.3. Moisture Content Gradients in Buried Wood Specimens

The MCwood in specimens buried to 4/5 of their length in TMCs showed partly drastic gradients
from high moisture content in the bottom to less in the upper part, which was not buried (Figures 6–9).
Solely, Scots pine sapwood specimens exposed at high MCsoil (95%WHC) showed barely significant
gradients, but very high MCwood in all parts of the specimen. Similarly, deviating MCwood gradients
were reported by Mieß [12] for Scots pine sapwood specimens. As expected, generally, the highest
difference in MCwood was found between the upper segments and upper next segments.

The MCwood in the upper segments of English oak and Douglas fir specimens was in the range of
their equilibrium moisture content (EMC) at fiber saturation. In contrast, the upper segments of Scots
pine sapwood and Beech specimens showed MCwood up to 180 and 80% respectively, indicating strong
capillary water transport along the specimen axis.

The MCwood gradient in the specimens was positively correlated with MCsoil (%WHC). However,
two types of MC gradients became apparent: (1) increasing MCwood from the upper to the next segment,
but rather constant MCwood below (e.g., English oak at WHC = 30%), and (2) a steady increase of
MCwood from the upper to the bottom segment (e.g., Beech and Scots pine sapwood).
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Figure 6. Distribution of MCwood in English oak specimens buried to 4/5 of their length (20–100 mm) in
different TMCs. Different letters indicating significant differences between groups at p < 5% according
to a Student t-test for non-paired samples.
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Figure 7. Distribution of MCwood in Beech specimens buried to 4/5 of their length (20–100 mm) in
different TMCs. Different letters indicating significant differences between groups at p < 5% according
to a Student t-test for non-paired samples.
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Figure 8. Distribution of MCwood in Douglas fir specimens buried to 4/5 of their length (20–100 mm) in
different TMCs. Different letters indicating significant differences between groups at p < 5% according
to a Student t-test for non-paired samples.
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Figure 9. Distribution of MCwood in Scots pine sapwood specimens buried to 4/5 of their length (20–100
mm) in different TMCs. Different letters indicating significant differences between groups at p < 5%
according to a Student t-test for non-paired samples.

4. Conclusions

The findings from this laboratory study on the soil–wood–moisture interactions in terrestrial
microcosms led us to the following conclusions:

• The more advantageous “Cylinder sand bath method” should consequently be seen as an adequate
alternative for the “Droplet counting method”, which turned out disadvantageous regarding
practical applicability, reproducibility, and reliability.
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• Water holding capacityvalues obtained from both test methods applied seemed to be easily
transferable to each other. It is, therefore, recommended to replace the “droplet counting method”
with the “cylinder sand bath method”.

• The average MCwood of specimens buried in TMCs increased with rising MCsoil, but WHC was
often negatively correlated with MCwood.

• The distance to water saturation Ssoil appeared as a more predictive measure for MCwood.
• With increasing Ssoil the MCwood increased but followed wood species-specific curves with

differently steep increase and a plateau at Ssoil = 0%.
• The distance to water saturation Ssoil from which MCwood increased most intensively was found to

be wood-species specific and might, therefore, require further consideration in soil-bed durability
testing. Thus, Ssoil can likely be used to establish moisture conditions which are favorable for a
specific decay type, i.e., brown, white or soft rot.

• The segment-wise determination of MCwood revealed that a combination of low MCsoil and high
WHC of the soil can easily lead to moisture conditions which are not favorable, neither for fungal
decay in general, nor for soft rot decay in particular. They should, therefore, be avoided in
durability testing, but might be of interest for the service life prediction of wood exposed to soil.

Based on the findings from this study, further experiments have been initiated to examine the
effect of soil–wood–moisture interactions on fungal decay, in particular soft rot decay. In addition,
the outstanding role of soil and wood temperature on decay in constantly wet wood will be
further investigated.
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Abstract: Sapling-wood products from different wood species such as willow (Salix spp. L.) and
Common hazel (Corylus avellana L.) are frequently used for gardening and outdoor decoration purposes.
Remaining bark is suggested to provide additional biological durability. Even for temporary outdoor
use it seemed questionable that durability of juvenile sapwood can provide acceptably long service
lives of horticultural products. Therefore, sapling-wood from seven European-grown wood species
was submitted to laboratory and field durability tests. In field tests, specimens with and without bark
were tested in comparison and submitted to differently severe exposure situations, i.e., in-ground
contact, and above-ground situations with and without water trapping. All materials under test were
classified ‘not durable’ independently from any potential protective effect of remaining bark, which
contradicted their suitability for outdoor applications if multi-annual use is desired.

Keywords: basidiomycetes; fungal decay; horticulture; juvenile wood; resistance; sapwood

1. Introduction

The biological durability of most European-grown wood species is often insufficient for outdoor
applications and wood needs protection either by design, wood modification, or wood preservation
as pointed out in prEN 460 (Durability of wood and wood-based products—Natural durability
of solid wood—Guide to the durability requirements for wood to be used in hazard classes [1]).
Nevertheless, more recently, some wood species were advertised and customized for gardening
and outdoor decoration purposes, although their durability is generally considered low, but had
been rarely studied systematically. Among those, Common hazel (Corylus avellana L.) and different
willow species (Salix spp. L.) are suggested for climb supports for clamberers [2,3], paling and woven
fences [4], fascines, screens, flower bed edgings, raised beds, and other decoration items (Figure 1).
Frequently, such products are manufactured from sapling-wood (here defined as roundwood from
stems of less than 10 years of age) and bark is not removed since it is suggested to provide additional
biological durability.

Goat willow (Salix caprea) is classified as ‘non-durable’ (DC 5, [5]), although some previous
studies indicated slightly higher durability [6], i.e., DC 4. The durability of Common hazel is not
classified within EN 350 (Durability of wood and wood-based products—Testing and classification of
the durability to biological agents of wood and wood-based materials [5]). However, sapling-wood is
juvenile wood. The latter has previously been reported to be less durable than adjacent mature wood
for different wood species [7–11]. In addition, sapling-wood is exclusively sapwood, which is per
definition ‘non-durable’ according to EN 350 [5], independent from the wood species. Consequently, it
is hypothesized that sapling-wood is the least durable kind of xylem and manufacturing sapling-wood
products for outdoor use appears questionable, especially when ground contact is proposed such as
for fences and fascines.

Forests 2019, 10, 1152; doi:10.3390/f10121152 www.mdpi.com/journal/forests41
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Figure 1. Examples of using Common hazel wood for gardening, outdoor decoration, and historical
use for stabilization of soil. Left: climb support for roses; Center: miniature woven fence; Right:
reproduction trench during World War I in Belgium.

Bark tissue of various wood species is known for containing substantial amounts of extractives
which can have inhibitory effects on fungal growth and wood degradation. Bark extractives such as
different organic acids, tannins, and alkaloids have, therefore, been used to improve the biological
durability of wood and other lignocellulosic products as previously reported by different authors [12–15].
Bark itself has been used for application where biological durability is requested, that is, such as
for roofing [16,17], boats [18,19], and mulch [20]. Recommendations to leave bark on sapling-wood
products could therefore be meaningful, although it contains rather thin layers of bast and thick layers
of secondary bark. The latter contains usually significantly more extractives than bast, but the ratio as
well as the total amount of extractives is tree species specific [21]. Apart from potential biocidal or
inhibitory effects of extractives, bark might serve as a chemo-mechanical barrier for moisture and can
protect the wood tissue beneath from wetting for instance due to hydrophobic substances (e.g., suberin,
resin acids) or the formation of thyloses. In contrary, re-drying of once wetted wood is inhibited by
bark layers as well.

This study aimed at examining the natural biological durability of sapling-wood comprehensively.
Therefore, sapling-wood from seven European-grown wood species was submitted to laboratory and
field durability tests. In field tests, specimens with and without bark were tested in comparison and
submitted to differently severe exposure situations, i.e., in-ground contact and above-ground situations
with and without water trapping, to fully reflect the anticipated in-use conditions of gardening products
available in specialized trade.

2. Materials and Methods

2.1. Wood Specimens

For laboratory decay resistance tests, sapling-wood was sampled from young trees (less than
10 years old) of English oak (Quercus robur, Oak), Common hazel (Corylus avellana, Hazel), Black cherry
(Prunus serotina), White willow (Salix alba, Willow), European beech (Fagus sylvatica, Beech), Silver birch
(Betula pendula, Birch), Rowan (Sorbus aucuparia), and Scots pine (Pinus sylvestris) at different stands in
Lower Saxony, Germany. For laboratory decay tests, specimens with a length of 50 ± 1 mm and an
average diameter (without bark) between 17.3 and 20.9 mm. The target diameter of the sapling-wood
specimens at a given length of 50 mm was dtarget = 21.9 mm according to Equation (1). However, the
diameter of the collected samples varied around the target value as shown in Table 1.

dtarget =

√
ACEN TS 15083−1

π
·2 (mm) (1)
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where, dtarget is the target diameter of the sapling-wood specimens, in mm; ACEN TS 15083-1 is the
cross-sectional specimen area acc. to CEN/TS 15083-1 (2005) = 375 mm2.

The bark was peeled off immediately after cutting the trees. In addition, sapwood specimens of 15
× 25 × 50 mm3 were cut from Beech, Hazel, Willow, Birch, and Scots pine according to CEN/TS 15083-1
(Durability of wood and wood-based products—Determination of the natural durability of solid wood
against wood-destroying fungi, test methods—Part 1: Basidiomycetes [22]). For each test fungus, 16
replicate specimens were used. Further detailed information about the specimens is summarized
in Table 1. For the different field tests, sapling-wood was sampled from the same species as listed
above, but separate sets of specimens were prepared with and without bark. The length of the field
test specimens was 500 mm, the mid-length diameter varied between 15 and 50 mm (Table 1). For
each test set-up, 10 replicates with and without bark were exposed, resulting in 60 specimens per each
wood species.

Table 1. Wood species and specimen mid-length diameter used in laboratory decay tests (n = 16),
in-ground field tests (n = 10), above-ground tests (n = 10), and above-ground sponge tests (n = 10).

Wood
Species

Botanical
Name

Diameter (mm)

Lab Decay
Test

In-Ground Field
Test

Above-Ground
Field Test

Above-Ground
Sponge Field Test

Without
Bark

With
Bark

Without
Bark

With
Bark

Without
Bark

With
Bark

Without
Bark

English oak Quercus
robur 17–22 20–38 20–29 18–36 12–32 18–33 15–37

European
beech

Fagus
sylvatica 16–18 20–37 23–38 18–35 11–36 20–40 18–39

Common
hazel

Corylus
avellana 17–21 21–33 17–35 17–37 18–36 15–39 18–37

Black
cherry

Prunus
serotina 17–22 17–33 17–34 14–37 14–37 14–28 15–40

Rowan Sorbus
aucuparia 16–25 22–31 18–33 20–33 14–34 22–33 17–30

White
willow Salix alba 18–22 15–50 21–44 14–45 13–42 12–34 13–36

Silver birch Betula
pendula 16–20 20–50 22–39 22–43 21–33 17–35 19–37

Scots pine Pinus
sylvestris 18–22 n.a. n.a. n.a. n.a. n.a. n.a.

2.2. Durability Test with Basidiomycete Monocultures

Laboratory decay resistance tests were conducted according to a modified CEN/TS 15083-1 [22]
protocol as follows: all specimens were oven-dried at 103 ± 2 ◦C for 48 h, weighed to the nearest
0.001 g, and afterwards conditioned at 20 ◦C/65% relative humidity (RH) until constant mass. After
sterilization in an autoclave at 121 ◦C and 2.4 bar for 20 min, two specimens of the same species were
placed on fungal mycelium in a Kolle flask. To avoid direct contact between wood and overgrown
malt agar (4%) stainless steel washers were used. The incubation time was 16 weeks. The following
test fungi were used: Coniophora puteana = (Schum.:Fr.) P. Karsten BAM Ebw. 15 and Trametes versicolor
= (L.:Fr.) Pilat CTB 863A. After incubation, the specimens were cleaned from adhering mycelium,
weighed to the nearest 0.001 g, and mass loss (ML) calculated according to Equation (2).

ML f =
m0,i −m0, f

m0,i
·100 (%) (2)

43



Forests 2019, 10, 1152

where, m0,i is the oven-dry mass before incubation, in g; m0,f is the oven-dry mass after incubation, in g.

2.3. Field Durability Tests

Specimens with and without bark, each of 500 mm length, were exposed outdoors in three different
settings. Firstly, specimens were buried to half of their length in the loamy soil on the in-ground
field test site at the University of Goettingen (51◦33′34.6”N 9◦57′19.1”E) in September 2017. At the
Goettingen test site brown, white, and soft rot decay occur. To avoid the growth of grass and other
plants a horticultural water permeable textile sheet was placed on the soil. Secondly, specimens were
placed horizontally on aluminum L-profiles (4 × 30 × 60 mm) with a distance of 10 mm to each other. In
a third test setting specimens were wrapped with cellulose sponges (thickness: 5 mm, width: 100 mm),
which were fixed with two cable strips at the center of the specimens and served for water trapping
(Figure 2).

  
(a) (b) 

Figure 2. Field tests with sapling wood specimens. (a): in-ground exposure. (b): specimens with and
without bark, partly wrapped with a cotton sponge.

Decay was assessed every 6 months (results during first 1.5 years of exposure are reported).
Therefore, the specimens were evaluated according to EN 252 (Field test method for determining the
relative protective effectiveness of a wood preservative in ground contact [23]) using a pick-test where
a pointed knife was pricked into the specimens and backed out again. The fracture characteristics
of the splinters as well as depth and appearance of decay were assessed visually, and referred to
the evaluation scheme according to EN 252 [23] (Table 2). Due to varying cross-sectional areas of
the specimens and their circular shape, the rating system had to be adjusted. Therefore, based on
the depth of decay the minimum intact cross-sectional area was determined according to Equation
(3). The latter was assigned to the five different rating steps according to EN 252 [23], based on the
percentage minimum remaining intact cross-sectional area Aintact as shown in Table 2. Aintact and the
corresponding adapted decay rating according to EN 252 [23] were determined for each specimen
separately, considering the individual mid-length diameters of the specimens.

Aintact =
( di

2 − sdecay)
2·π

( di
2 )

2·π
(%) (3)

where, Aintact is the minimum remaining intact cross-sectional area, in %; di is the initial diameter of
specimen, in mm; sdecay is the maximum depth of decay in mm.
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Table 2. Decay rating scheme according to EN 252 [23], corresponding maximum depth of decay sdecay,
and remaining minimum intact cross-sectional area Aintact.

Rating Description sdecay Aintact Aintact

(mm) (mm2) (%)

0 No attack 0 1250 100
1 Slight attack 1 1104 88
2 Moderate attack 3 836 67
3 Severe attack 5 600 48
4 Failure 50 0 0

3. Results and Discussion

3.1. Durability against Basidiomycetes

The average mass loss (MLf) caused by C. puteana was between 32% and 50%, and between 24%
and 48% after incubation with T. versicolor (Figure 3). The median MLf caused by C. puteana was well
above 30% corresponding to durability class 5 (DC 5, ‘not durable’) according to CEN/TS 15083-1 [21]
and EN 350 [5]. Sapwood of any wood species is ‘not durable’ as defined in EN 350 [5], although
several studies showed that sapwood of different wood species showed less than 5% median MLf

in laboratory decay tests according to CEN/TS 15083-1 [22] or similar test protocols such as Atlas
cedar (Cedrus atlantica (Endl.) Manetti, [24]), Red maple (Acer rubrum L., [25]), Douglas fir (Pseudotsuga
menziesii Franco., [26]) and different other American conifers [27]. However, in most cases where
durability was assigned better than DC 5 might be related (1) to its within-species variation and (2) to
varying virulence of the respective test fungus with respect to discrete MLf boundaries for the different
DC according to CEN/TS 15083-1 [22].

C. puteana

Scots
pine
sw

Scots
pine
slw

Beech
sw

Beech
slw

Hazel
sw

Hazel
slw

Willow
sw

Willlow
slw

Birch
sw

Birch
slw

Rowan
slw

Black
cherry

slw

Oak
slw

T. versicolor

Figure 3. Mass loss (MLf) of sapwood (sw) and sapling-wood (slw) specimens after 16 weeks of
incubation with Coniophora puteana and Trametes versicolor.

In most cases, MLf of sapling-wood was significantly higher compared to sapwood of the same
wood species, which underpins the hypothesis that juvenile wood, which has still not undergone any
heartwood formation, can be considered less durable than regular sapwood.
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3.2. Durability against Fungal Decay in Field Tests

All in-ground specimens failed after only 1 year of exposure (Figure 4), which coincides with
decay rates determined for beech wood in a test field in Hannover, Germany, where the average service
life of standard graveyard test specimens was between 0.6 and 0.9 years [28]. In-ground decay was
initiated generally faster in specimens without bark, but different decay rates between sets with and
without bark were equalized during the second half-year of exposure.

In ground - with bark Hazel
Beech
Oak
Birch
Rowan
Black cherry
Willow

In ground - without bark

Above ground - with bark Above ground - without bark

Above ground sponge - with bark Above ground sponge - without bark

Figure 4. Mean decay rating of field test sapling-wood specimens with and without bark in-ground and
above-ground exposed as single specimens with and without sponge wrapping for moisture trapping.

Specimens exposed 1 m above ground showed first signs of decay at least after 1.7 years of
exposure, and earlier in most cases. Specimens with bark decayed slightly faster than those where
bark had been removed before exposure. Wrapping a sponge around the center of the specimens led to
higher decay rates only in specimens without bark. Similar acceleration measures were previously
applied to L-joint specimens by Van Acker and Stevens [29] and led to increased decay rates compared
to specimens without water capturing. In contrast, within this study permanent moistening of the
bark might have improved the performance of the bark envelope around the cylindrical specimens.
Especially on Beech, severe flaking of bark was observed, as shown in Figure 5, which then led to an
increased formation of cracks. Consequently, the expected negative effect of wetting on the durability
of the specimens was superposed by positively affecting the integrity of the protective bark layer. In
specimens without bark, decay was significantly accelerated by wrapping sponges.
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(a) (b) 

Figure 5. Visual appearance of above-ground specimens after 6 months of exposure. (a): severe flake
off of bark on Beech specimens with sponge wrapping. (b): formation of cracks in Hazel specimens
without bark.

After 2 years of exposure, all above-ground specimens showed at least moderate decay, most
specimens were severely decayed or had failed. Provided that mechanical strength is not an issue for
the respective application, the service life of all sapling-wood specimens was less than 1 year when
exposed in ground, and less than 2 years when exposed above ground. The serviceability of fences or
load-bearing items such as climbing supports would have been lost earlier. Differences in decay rate
between wood species were statistically insignificant, which can also be related to their general low
durability and thus to short service lives of all tested materials.

4. Conclusions

Sapling-wood from seven different tree species turned out to be not durable, both in laboratory
and different field tests. Against advertisement promises and as expected from studies on the durability
of sapwood and juvenile heartwood of various wood species, the durability of sapling-wood, which is
considered juvenile sapwood, was even lower than common sapwood. Protective effects of remaining
bark were not observed. It is therefore expected that service lives of gardening and outdoor decoration
accessories made from sapling-wood are generally low. In particular, under Central European climatic
conditions the service life is barely 2 years in above-ground and 1 year in in-ground contact. The
effect of additional water capturing seemed to be negligibly small due to the very low durability of the
material itself.
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Abstract: Acetylation has been shown to delay fungal decay, but the underlying mechanisms are
poorly understood. Brown-rot fungi, such as Rhodonia placenta (Fr.) Niemelä, K.H. Larss. & Schigel,
degrade wood in two steps, i.e., oxidative depolymerization followed by secretion of hydrolytic
enzymes. Since separating the two degradation steps has been proven challenging, a new sample
design was applied to the task. The aim of this study was to compare the expression of 10 genes
during the initial decay phase in wood and wood acetylated to three different weight percentage
gains (WPG). The results showed that not all genes thought to play a role in initiating brown-rot
decay are upregulated. Furthermore, the results indicate that R. placenta upregulates an increasing
number of genes involved in the oxidative degradation phase with increasing WPG.

Keywords: brown-rot fungi; oxidative degradation; fenton degradation; acetylation; scots pine;
Pinus sylvestris; Postia placenta

1. Introduction

Wood is an attractive building material that is biodegradable, renewable, stores carbon [1,2], and can
serve as an alternative to concrete and steel due to its mechanical properties [3,4]. Biodegradability is a
disadvantage when wood is used in outdoor construction [5,6], if no adequate preservative method is
applied. Hence, wood protection is necessary to prolong the service life of wooden products made of
nondurable wood. Traditionally, wood is treated with copper-based preservatives, however, ecological
and health issues surrounding copper-based preservatives have led to restrictions and regulations [7–9].
An alternative approach to traditional preservatives is wood modification, which alters the properties
of the wood to enhance its resistance to degradation [8]. Wood can be either physically (heat-treated
wood) or chemically (for example wood acetylation and furfurylation) modified. Acetylation is a
widely studied wood modification method [8,10–13]. During acetylation, hydroxyl groups in the wood
are replaced by acetyl groups [1,8], leading to reduced hygroscopicity and volumetric swelling which
bulks the cell walls and reduces water absorption [8,14–16]. Several studies have found, that a weight
percent gain (WPG) of 10% leads to limited decay inhibition, whereas a WPG of 20% significantly
increases decay resistance [8,17–20].

The exact mechanisms behind the decay resistance in acetylated wood is not known. However,
recent results indicate that diffusion of fungal depolymerizing agents through the wood cell wall
may be inhibited due to decreased equilibrium moisture content [8,21–25]. Hunt et al. [26] reported
a decreased diffusion of K+ ions with an increasing level of acetylation, which supports the theory
that acetylation inhibits diffusion of hydrolytic reductants due to moisture exclusion [25]. Zelinka et
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al. [24,27,28] hypothesized in their studies that an interrupted moisture network inhibits diffusion.
This conclusion was supported by Beck et al. [16], who characterized moisture in acetylated wood
with low-field nuclear magnetic resonance relaxometry (LF-NMR).

Thirty-two percent of the described fungi in the world belong to the Basidiomycota [29]. Wood
decaying fungi, belonging to the Basidiomycota, are filamentous fungi and can be divided into two
groups, white-rot and brown-rot fungi [30–32]. However, because decay mechanisms are much more
diverse than assumed, such a distinction may be too simplistic [33]. Although more species of white-rot
fungi are known, approximately 80% of the wood decay fungi found in wooden constructions belong
to the brown-rot subgroup [34–37]. Because of their preference for softwoods, brown-rot fungi are
the main recyclers of lignocellulose in Northern Hemisphere coniferous forests, and decay associated
with brown-rot is reportedly the most destructive type [5,38,39]. Brown-rot decay rapidly leads to
significant strength loss through depolymerization of the cellulose and hemicellulose fractions through
non-enzymatic oxidative degradation processes [40–44], followed by the secretion of hydrolyzing
enzymes [44–46]. Zhang et al. found, in 2016, that the two decay phases are in fact spatially separated
and that the presence of sugars solubilized during oxidative decay triggers the transition from oxidative
to enzymatic degradation [47].

Brown-rot wood degradation has been studied mainly in the organism Gloeophyllum trabeum
(Pers.) Murrill and verified to some degree in Rhodonia placenta (Fr.) Niemelä, K.H. Larss. & Schigel (also
known as Postia placenta), Coniophora puteana (Schumach.) P. Karst., and Serpula lacrymans (Wulfen) J.
Schröt. The details regarding the non-enzymatic oxidative degradation phase still remains unknown.
The current theory is that during decay brown-rot fungi secrete oxalic acid, which diffuses into the
lumen, where it functions as a chelator to sequester Fe3+ [46,48,49]. Fe2+ is formed through reduction
by hydroquinones, and H2O2 is believed to be formed through a reaction between hydroquinones and
oxygen [50,51]. Hydrogen peroxide and Fe2+ react to hydroxyl radicals, which polymerize cellulose
and hemicellulose, and modifies lignin [45,46,52]. This process solubilizes sugars, which can diffuse
through the cell walls into the lumen, to become accessible to cellulases and hemicellulases [42,53].

Zhang et al. [47] found that thirty-three genes likely associated with redox processes were
upregulated during early stages of decay, and 21 of them may be involved in generating H2O2 and Fe2+.
Martinez et al. [54] identified a putative quinone reductase in R. placenta that is believed to recover iron
reductants (hydroquinones) [50,54–56] and is also putatively mediating the reduction of iron chelators
(oxalic acid) [55]. R. placenta has only one quinone reductase (QRD Ppl124517), compared with the
two in Gloeophyllum trabeum, which have been shown to have different functions; one is involved in
wood degradation and the other in stress defense [57]. R. placenta quinone reductase belongs to the
Carbohydrate-Active enZYmes (CAZy) family AA6 and is likely involved in oxidative processes and the
formation of intracellular enzymes for fungal protection. Mueckler et al. [58] suggested that Ppl44553
is a quinate transporter (PQT), belonging to the major facilitator superfamily domain. This domain
includes sugar transporters, which bind and transport a variety of carbohydrates, organic alcohols, and
acids. A major part of this family catalyzes sugar transport [59]. The exact function of the R. placenta
PQT remains unclear. Laccases appears to play an important role by oxidizing methoxyhydroquinones
into semiquinones that reduce Fe2+ [60] and are believed to be effective producers of H2O2 [61].
Four putative laccases have been found in R. placenta [54] and one of them is included in this
present study (Lac1 Ppl111314). Extracellular H2O2 has also been suggested to be produced by
copper radical oxidases (Cro), gluco-oligosaccharide oxidases, and glucose-methanol-choline (GMC)
oxidoreductases, including alcohol oxidases (AlOx) and glucose oxidases (GOx) [54,62,63]. Alcohol
oxidase is upregulated in the presence of cellulose and wood [38,54]. R. placenta has three genes
encoding alcohol oxidases, belonging to the CAZy family AA3, AlOx1 Ppl44331, AlOx2 Ppl129158,
and AlOx3 Ppl118723. Copper radical oxidase (Cro1 Ppl56703) belongs to the CAZy family AA5.
Cro1, together with glucose oxidase 2 (GOx2 Ppl108489), are oxidoreductases involved in the H2O2

production [47]. Brown-rot fungi accumulate significant amounts of oxalic acid, which has been shown
to be involved in their wood decaying system [64]. Oxaloacetate dehydrogenase (CyOx Ppl112832) is
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presumed to be involved in oxalic acid synthesis, which is important for sequestering and reducing Fe3+

to Fe2+ [13]. Glyoxylate dehydroxygenase (GlyD Ppl121561) is likely involved in oxalic acid synthesis,
by catalyzing the production of oxalate through oxidation of glyoxalate [65]. It is also involved in the
glyoxylate cycle [66]. Munir et al. [66,67] purified a GlyD that catalyzes dehydrogenation of glyoxylate
to oxalate in the presence of cytochrome c. Munir et al. [66] also found that GlyD exhibited a strong
correlation with the biosynthesis of oxalic acid and fungal growth.

Previous studies (mostly on R. placenta) have shown that brown-rot fungi are not killed when
growing on acetylated wood and can express genes needed for both the non-enzymatic oxidative
degradation process and the enzymatic wood degradation process [11,13,68–70]. Even though the
fungi express the genes needed for degradation, the wood remains intact for a prolonged period of
time as compared with untreated wood materials. Since the fungi express genes involved in wood
degradation in modified wood, before mass loss occurs, at similar levels as in untreated wood where
degradation has begun, it is clearly shown that the fungi are attempting to degrade the wood but
fail [11,13,69–71]. Despite previous research, it is still not known which regulatory mechanisms in the
brown-rot degradation machinery are prevalent during degradation of acetylated wood. In order to
improve the decay resistance of acetylated wood, it is of crucial importance to understand the decay
mechanisms of incipient decay.

To investigate and improve wood modification methods, degradation tests are often used, for
example, the miniblock test [72]. Rhodonia placenta (Fr.) M.J. Larsen & Lombard is used as a model
fungus for standardized degradation tests in Europe (FPRL280) and the USA (MAD-698R) (AWPA
E10-16, 1991; EN 113, 1996). Previous comparisons of gene expression when growing on untreated and
modified wood supply hints on fungal behavior [11,24,25,73]. Most studies used only a small number
of biological replicates and often encountered difficulties differentiating the non-enzymatic oxidative
degradation phase from the enzymatic degradation phase. Zhang et al. presented in 2016 a method
making it possible to separate the two phases. They used wood wafers (with the largest area being
the cross-section) placed in an upward position on previously inoculated feeder strips. Fungi were
allowed to grow up along the wafers forming a clear hyphal front. This method has previously never
been used on modified wood.

The aim of this study was to investigate the differences in gene expression of 10 different genes in
R. placenta during the non-enzymatic oxidative degradation phase, when grown on wafers of untreated
wood and wood acetylated to three different levels.

2. Material and Methods

2.1. Wood Samples

Wood boards from Scots pine sapwood (Pinus sylvestris L.) were cut into wafers (80 × 18 × 2.5 mm3),
with the largest area being the cross section [74]. The samples were dried at 103 ◦C for 24 h and their dry
weights were determined. Dried wafers were acetylated for 15 min, 30 min, and 60 min to achieve three
different acetylation levels; 10 (AC10), 15 (AC15), and 20 (AC20) weight percent gain (WPG) (Table 1).
Then, 50 samples (only 25 for AC10) were put in a glass flask (1 L) and a vacuum was attached for
30 min. Then, 50 mL of acetic anhydride was injected, followed by 50 mL of pyridine. After vacuuming
for another minute, the samples were incubated at room temperature for 3 h, followed by lowering
the flask into an 80 ◦C water bath for the corresponding reaction time. The reaction was stopped by
washing the samples twice with ice-cold acetone and twice with an acetone-water mixture with a ratio
of 1:1. Samples were rinsed in distilled water several times for 3 days, vacuum-impregnated with
water, to remove all accessible chemicals, and dried again before the weight gain was measured. All
samples were packed and autoclaved before the decay test.
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Table 1. Mean weight percent gain (WPG) and standard deviation of the wood samples.

Mean WPG Standard Deviation

10 0.18
15 0.13
20 0.14

2.2. Decay Test

R. placenta FPRL 280 (Fr.) was used for the decay test previously described by Zhang et al. [47].
As growth medium, 50 g of soil, 25 g of sand, 20 g of vermiculite, and 45 mL of water were mixed
for each specimen container. The jars were autoclaved. Feeder strips of P. sylvestris sapwood were
autoclaved, and three per glass were placed on the soil medium and inoculated with agar plugs
from pregrown 4% malt agar plates. For each treatment, untreated (UT), 10% acetylated (AC10),
15% acetylated (AC15), and 20% acetylated (AC20), 16 glasses (n = 16) with three samples each were
prepared. After the feeder strips were completely overgrown, one wood wafer was placed on each
feeder strip. The jars were stored in a climate chamber at 22 ◦C and 70% relative humidity. Samples
were harvested according to the height of the hyphal front (3/4 of the wood wafer overgrown). Only
samples with even hyphal growth, around the whole sample, were included in the test. Since the
cross section was the largest area, the mycelia growing up the sample could easily grow into the
sample through the wood cell lumen. With this sample design, it was possible to assure that the
fungi had reached the same level inside the sample as outside the sample [47]. Sections with a size
of five millimeters, including the hyphal front, were cut out of the wafers, immediately frozen in
liquid nitrogen and stored at −80 ◦C awaiting further analysis. The section size was chosen due to
an expected growth rates of about 2.5 mm/day, with the first 5 mm representing approximately a
48 h window, during which the non-enzymatic degradation phase has been shown to take place [47].
Additional tests were done to obtain data on mass loss and growth rates for all treatments. For these
tests a different set of samples was used.

2.3. RNA Purification and cDNA Synthesis

All 5 mm sections from one jar (three samples) were pooled into one biological replicate. A Mixer
Mill MM 400 (Retsch GmbH, Haan, Germany) using one 1.5 cm steel ball and 30 Hz for 2 min was
used to produce wood powder. Containers, beads, and samples were frozen with liquid nitrogen.
Sixty milligrams of each sample were taken for RNA purification. Total RNA was extracted using a
MasterPureTM RNA Purification Kit (Lucigen, Middleton, USA) [24]. RNA was converted to cDNA
using TaqMan Reverse Transcription Reagents using Oligo d(T)16 (Applied Biosystems, Foster City,
USA) with 10 times the standard dNTP concentration.

2.4. Quantitative Real-Time Polymerase Chain Reaction

A rotor-gene SYBRGreen polymerase chain reaction (PCR) kit (Qiagen, Hilden, Germany) was
used according to the manufacturer’s protocol for quantitative real-time PCR. Each sample was run
with three technical replicates. β-tubulin was used as an endogenous control [13]. A list with all used
primers including the number of the Joint Genome Institute (JGI) can be found in Table 2. The ten
genes used in this study were chosen because of their assumed importance during the non-enzymatic
degradation phase. This selection was based on previous findings [11,13,47,68–70,75–79]. Most
importantly, the ten genes included in this paper have never been studied with this sample design
before. Rotor-gene Q series software (Version 2.3.1, Qiagen, Hilden, Germany) was used to evaluate
the runs. Expression levels for each technical replicate of the target genes (Tg) were calculated and
normalized to the endogenous control according to the formula [80]:

Expression level = 104 × 2Ctβt−CtTg (1)
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Table 2. Primer sequences and JGI number of the target genes.

Gene JGI no. Primer Sequence

β-tubulin (bT) 113871 CAGGATCTTGTCGCCGAGTAC/
CCTCATACTCGCCCTCCTCTT

Quinone oxidoreductase (QRD) 124517 CGACGACAAGCCCAACAAG/
GATGACGATGATGGCGATTTTAGG

Alcohol oxidase 1 (AlOx1) 44331 GGAGGTACAGACGGACGAAC/
AGAGTCGACGACACCGTTCT

Alcohol oxidase 2 (AlOx2) 129158 TACTCGACGGCCCTCACTAT/
CCGCTTGAGACTGAACACTG

Alcohol oxidase 3 (AlOx3) 118723 ACACCAAGGAGGACGACGAG/
GACGAGCAAGGCAGACGAGTA

Putative quinate transporter (PQT) 44553 ACTGACCTTTTGCGCAGACT/
CAATGTTGATTGTGGCGAAC

Laccase (Lac) 111314 CGGTGCTCTTGGCCACTTAG/
CCATTGGTTATGGGCAGCTC

Copper radical oxidase (Cro1) 56703 CCTACCAGCTGCTTCCTGAC/
AACGTTCGGCTGTATGAACC

Glucose oxidase (GOx2) 108489 GTCCGCTCTAACGTTGCTTC/
CCGGCGTTATTGGAGAGATA

Glyoxylate dehydrogenase (GlyD) 121561 CGGAGCTGGACCTTTGTTAC/
GCGCGAAGGCAAATCTAATA

Oxaloacetate dehydrogenase (CyOx) 112832 AAGGCGTTCTTCGAGGTCAT/
AAAGCAGCAACCCGAGAAG

A mean concentration was calculated for each sample (n = 11–16) and normalized. Significance
(p < 0.05) was calculated using the Student’s t-test. Expression levels of the four different treatment
levels (UT, AC10, AC15 and AC20) were compared.

2.5. Statistical Evaluation

A simple linear regression in Excel (Version 2016) was constructed for each of the four treatments
for growth rate calculations.

3. Results

3.1. Mass Loss and Growth Rates

Average mass loss data and linear regression values of the growth test for all treatments are
supplied in Table 3. Significantly lower mass loss was found in treated samples as compared with that
in untreated samples. In AC20, a negative mass loss was detected.

Table 3. Mass loss and growth rates of all treatments during the period of colonizing the wood wafers.

Treatment Mass Loss (%) Growth Rate [mm/day] Growth Rate R2 Values

untreated 9.36 0.23 0.9955
10% acetylated 1.63 0.24 0.9955
15% acetylated 0.25 0.22 0.91
20% acetylated −0.16 0.25 0.9897

The growth rates of R. placenta growing on untreated samples, as well as on acetylated samples,
can be seen in Table 3. These correlate well with the findings of Zhang et al. (2016) [47]. However,
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R. placenta growing on AC15 behaved differently with a slower and more uneven growth rate as
compared with the other acetylation levels.

3.2. Expression of Target Genes

3.2.1. Upregulated Genes

The results of all upregulated genes can be found in detail in Figure 1. Note that the figure shows
logarithmic values and that the y-axis scale varies between the different genes.

Figure 1. Logarithmic values for gene expression for upregulated genes (UT, untreated; AC10, 10 WPG
acetylated; AC15, 15 WPG acetylated; and AC20, 20 WPG acetylated samples; GOx2, glucose oxidase
2; Cro1, copper radical oxidase 1; AlOx3 & AlOx2, alcohol oxidases 2 & 3; CyOx, oxaloacetate
dehydrogenase; QRD, quinone oxidoreductase).

Expression levels for AlOx2 on acetylated samples were significantly upregulated as were those for
AlOx3 (except for AC10) as compared with those on untreated samples. For Cro1, all gene expression
levels were upregulated in modified samples as compared with those in untreated samples, with an
extreme upregulation seen in the AC20 samples. All treatments showed highly significant differences in
gene expression for CyOx as compared with each other, except for the untreated samples as compared
with the AC10 samples. The AC15 samples showed the lowest levels of CyOx expression, whereas
expression was clearly upregulated in AC20 samples. Upregulation of GOx2 was unambiguous when
comparing treated samples with untreated samples. AC15 and AC20 did not differ significantly for
this gene, but all other treatments showed highly significant differences. Differences in gene expression
of QRD were highly significant between all treatments. A clear upregulation of QRD was not found
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when comparing treated and untreated samples, although a strong upregulation in samples with high
acetylation was observed.

3.2.2. Downregulated Genes

Figure 2 illustrates the results for all genes that were downregulated in treated samples as
compared with those in untreated samples. As well, Figure 1 shows the logarithmic values and the
y-axis scale differs between the genes. Lac1 showed the highest expression levels among untreated
samples as compared with all treated samples. The lowest values were observed in AC10, increasing
with increased intensity of acetylation. PQT was clearly downregulated in all three acetylation
levels as compared with the untreated samples. Results for AlOx1 showed no significant differences
between untreated and AC15 samples. AC10 and AC20 showed highly significant lower levels of gene
expression as compared the untreated samples. Highly significant differences were also revealed for
expression levels of GlyD in all sample treatments. All treated samples had lower expression rates for
GlyD as compared with the untreated samples.

Figure 2. Logarithmic values for gene expression for downregulated genes (UT, untreated; AC10,
10 WPG acetylated; AC15, 15 WPG acetylated; and AC20, 20 WPG acetylated samples; Lac1, laccase 1;
PQT, putative quinate transporter; AlOx1, alcohol oxidase 1; GlyD, glyoxylate dehydrogenase).

3.2.3. Effect of Acetylation on Overall Gene Expression

For all genes, significant differences were found between treatments, except in three cases (AlOx1:
UT-AC15; CyOx: UT-AC10; and GOx2: AC15-AC20) (Table 4). When UT and AC10 samples were
compared, upregulation was observed for only two genes, Cro1 and GOx2, which are likely involved
in H2O2-production. The comparison of untreated samples with AC15 showned an upregulation of
Cro1, GOx2 and, additionally, AlOx2 and AlOx3 were seen. AlOx2 and AlOx3 are also thought to be
involved in the production of H2O2. The same four genes were also upregulated in the AC20 samples.
In addition to those, an upregulation was also seen for CyOx and QRD, which are involved in Fe2+

supply for the Fenton reaction.
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Table 4. P-values for all genes and treatments calculated with t-test. P-values are “not significant”
for p > 0.05; “significant” for 0.05 ≥ p < 0.01, and highly significant for p ≤ 0.01. Genes in bold are
upregulated, others are downregulated.

AC10 AC15 AC20 Gene

UT 2.08 × 10−9 7.33 × 10−9 2.27 × 10−9

AC10 7.3 × 10−6 9.81 × 10−9 GlyD
AC15 1.14 × 10−5

UT 3.60 × 10−5 5.85 × 10−4 4.07 × 10−5

AC10 3.48 × 10−4 5.19 × 10−4 GOx2

AC15 1.37 × 10−1

UT 1.29 × 10−1 3.14 × 10−6 4.03 × 10−4

AC10 3.16 × 10−6 2.21 × 10−4 CyOx

AC15 4.53 × 10−5

UT 8.95 × 10−9 3.26 × 10−6 1.50 × 10−4

AC10 9.69 × 10−9 1.88 × 10−4 Cro1

AC15 1.60 × 10−4

UT 5.64 × 10−7 6.44 × 10−7 1.21 × 10−6

AC10 7.38 × 10−6 3.18 × 10−4 Lac1
AC15 1.41 × 10−3

UT 1.32 × 10−6 1.26 × 10−6 3.13 × 10−6

AC10 2.25 × 10−7 6.08 × 10−4 PQT
AC15 4.23 × 10−4

UT 7.86 × 10−3 7.71 × 10−5 1.19 × 10−12

AC10 5.48 × 10−5 3.75 × 10−14 AlOx3

AC15 5.32 × 10−4

UT 4.70 × 10−11 1.59 × 10−10 3.72 × 10−10

AC10 1.24 × 10−10 3.51 × 10−10 AlOx2

AC15 7.04 × 10−9

UT 1.83 × 10−12 3.5 × 10−1 1.71 × 10−11

AC10 1.39 × 10−8 6.56 × 10−12 AlOx1
AC15 1.63 × 10−7

UT 1.26 × 10−11 4.99 × 10−6 3.48 × 10−8

AC10 1.79 × 10−8 1.52 × 10−10 QRD

AC15 2.27 × 10−9

Highly significant Significant Not significant

4. Discussion

4.1. Mass Loss and Growth Rates

The negative value for the mass loss in AC20 samples could be due to the weight gain through
fungal hyphae. This phenomenon has been seen in previous studies [71,77,81].

4.2. Expression of Target Genes

4.2.1. Upregulated Genes

The results of this study show that R. placenta upregulates parts of the genes involved in
non-enzymatic oxidative degradation when growing on acetylated samples as compared with untreated
wood, especially on higher levels of acetylation. An upregulation of GOx2 on acetylated samples was
clearly shown as compared with untreated wood (Figure 1). GOx2 belongs to the GMC oxidoreductases,
just as AlOx3. Ringman et al. [76] did not find any significant differences between untreated and
modified samples for GOx2 expression which differs from our findings. This might be explained by
the different sample design and that not only the non-enzymatic degradation phase was captured in
the samples from Ringman et al. [76]. An upregulation in treated samples may be of importance for
production of higher amounts of H2O2 for the Fenton reaction.
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The highest levels of Cro1 were found in AC20 samples, but no clear upward trend was observed
with increasing acetylation level. An upregulation of Cro1 and GOx2 appeared already in the AC10
samples. This differs from the upregulation of AlOx2 and AlOx3 which were lower in AC10 samples
as compared with untreated samples. The reason for the upregulation of Cro1 could be that the fungus
increases the H2O2 production. Maybe the fungus can upregulate Cro1 and GOx2 faster and with
lower effort than the two AlOx genes. Beck et al. [13] found a significant upregulation in samples with
a WPG of 21 during initial decay as compared with other treatments, which supports our findings,
but the values were higher in the present study. In the study by Ringman et al. [76], Cro1 levels were
significantly lower in acetylated samples which is contrary to our findings for all acetylation levels. It
should, however, be noted that the sample and experiment design differ between these studies. In
Beck et al. [13] and Ringman et al. [76] the samples may have contained mycelia that were in both the
non-enzymatic and in the enzymatic phase.

AlOx2 and AlOx3 are both significantly upregulated in AC15 and AC20 samples as compared with
untreated samples. Alfredsen et al. [11] compared three different acetylation levels at the same mass
loss level with untreated samples and found a significant upregulation in AlOx3 between high-level
acetylated and untreated samples. This supports our findings, even though it cannot be decided with
certainty that only the oxidative degradation phase was detected due to the sample design in Alfredsen
et al. [11]. Beck et al. [13] also reported upregulation of AlOx2 and AlOx3 in acetylated samples as
compared with untreated samples, at initial decay. They also found a significantly higher upregulation
in the highest level of acetylated samples when looking at samples in early stages of decay, which is
similar to our results [13], assuming that Beck et al. [13] only looked at mycelia in the non-enzymatic
degradation stage. Ringman et al. [70] reported a small, but not significant, upregulation of AlOx3 in
acetylated samples, which differs from our findings. In another study from Ringman et al. [76], an
upregulation of AlOx3 in modified samples as compared with untreated samples was seen, as well as
in Schmöllerl et al. [69]. This indicates a higher investment in the production of H2O2 on modified
samples as compared with untreated samples.

AC15 showed the lowest values of CyOx gene expression while the highest values were seen in
AC20 [13]. Beck et al. [13] did not find an upregulation in CyOx in acetylated samples, except for the
AC17 samples. The reason for these differences might be the different sample design. They also found
mass loss in the AC21 samples, showing that the fungus had started the enzymatic degradation phase,
which may be another reason for the differences in gene expression. CyOx functions as a catalysator to
form acetate and oxalate in filamentous fungi. Enhanced oxalate production forms soluble Fe2+-oxalate
complexes needed for the Fenton reaction [82]. This could explain the high expression, especially in
samples with high levels of acetylation [83].

R. placenta appears to downregulate the formation of QRD in samples with lower acetylation
levels as compared with untreated samples and upregulates it to a level high than that of the untreated
samples when growing on higher-level acetylated samples. These results indicate that only higher
levels of acetylation induce upregulation of QRD as compared with untreated samples. This suggests
that the R. placenta QRD could be involved in stress defense rather than in the reduction of chelators.
The lower levels of gene expression in AC10 and AC15 could be explained by less stress, since the
fungus is still able to degrade the wood. Ringman et al. [70] showed a significant upregulation of
QRD in acetylated samples after two and 14 days as compared with untreated samples. The results
for QRD gene expression during the initial decay phase differ from the results found in the present
study [70], clearly demonstrating the importance of studying the exact function of the QRD found in R.
placenta in comparison to the two QRD genes found in G. trabeum. Beck et al. [13] found no significant
upregulation of QRD (BqR) between different harvesting points. Alfredsen et al. [11] observed an
increase of QRD expression on treated samples with increasing incubation time which most likely is a
result of the enzymatic degradation.
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4.2.2. Downregulated Genes

The downregulation of the genes Lac1, PQT, GlyD, and AlOx1 clearly shows that not all genes
presumably involved in the non-enzymatic oxidative degradation are upregulated when R. placenta is
growing on acetylated wood as compared with untreated wood. This leads to the assumption that the
downregulated genes may not be as important for the non-enzymatic degradation as assumed or that
the acetylation affects the regulation of the genes.

Significantly lower levels of Lac1 expression were shown, in this study, for acetylated samples as
compared with untreated, which differs from previous studies. Ringman et al. [77] studied Lac1 on
thermally modified wood as compared with untreated wood and no significant differences were shown
between treatments and different mass loss levels. In addition, previously, no significant differences
have been shown by Zhang et al. [47] for gene expression of Lac1 between oxidative and enzymatic
degradation which could indicate that Lac1 does not play an important role during the non-enzymatic
oxidative degradation phase or the expression is inhibited through acetylation. However, they found
the highest activity for laccase in the hyphal front.

Clearly higher amounts of PQT were found in untreated samples; downregulation in AC10
and further downregulation in AC15 seem to show a tendency. However, levels of PQT expression
were higher in AC20, which does not follow any trendline. Since the differences in expression levels
between the treatments in this study do not show any clear trends, they are difficult to interpret. The
downregulation of PQT in acetylated samples seen in our study, may be due to the fact that this gene
may not be involved in oxidative wood degradation after all. On the basisof its sequence, it was
proposed to be a quinate transporter [58], however, it is also possible that it is a sugar transporter [59].
Ringman et al. [76] did not find significant differences in expression of PQT between treatments or
time points during the non-enzymatic degradation phase but an induction of PQT was seen at 3%
mass loss. The results from Ringman et al. [76] indicate that PQT is not induced before the enzymatic
degradation phase.

Expression levels of GlyD were significantly lower in all treated samples as compared with
untreated. AC10 showed the lowest expression levels and gene expression in AC15 samples was
upregulated as compared with the other two treatment levels. Since GlyD levels were lower in AC20
samples as compared with AC15 samples, a clear trend cannot be observed. No significant differences
were shown for GlyD in Beck et al. [13], except at the first harvesting point, where untreated samples
showed higher expression of GlyD as compared with all levels of acetylation. However, Munir et
al. [84] suggested that the major enzyme involved in oxalate production in wood rotting basidiomycetes
could be oxaloacetase, which makes the interpretation of our GlyD results difficult. Determination of
the total oxalic acid production for comparison of the amounts of different treatments and treatment
levels would be a useful goal for further research [85].

In this study, a downregulation of AlOx1 was seen for AC20, and for AC10 markedly lower rates
as compared with untreated samples were seen. However, AC15 behaved differently, since there was
no significant difference between expression levels of AC15 as compared with untreated samples in this
study. Beck et al. [13] reported a downregulation of AlOx1 in AC17 and AC21 samples as compared
with AC10 and untreated samples. The results imply that AlOx1 does not serve the same purpose as
AlOx2 and AlOx3.

4.2.3. Effect of Acetylation on Overall Gene Expression

In this study, not all genes previously proposed to be involved in oxidative processes were
upregulated in acetylated samples as compared with untreated samples. Instead, some were associated
with much lower expression levels in acetylated samples as compared with untreated samples. Because
of a high number of replicates (n ≥ 11) and the high significance of the results, these findings can be
considered reliable.

Zhang et al. [86] suggested that the shift between non-enzymatic and enzymatic wood degradation
is mediated by cellobiose, which is formed through degradation of cellulose. In wood not experiencing
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mass loss, the levels of cellobiose are assumed to be low, keeping the expression of the genes in
the enzymatic degradation phase at a low level. However, the absence of glucose, upregulates the
expression of non-enzymatic genes [86]. Therefore, it is assumed, in modified wood, that there is a
general upregulation of the genes involved in the non-enzymatic degradation phase, since the fungus is
struggling to degrade it. Previous studies have shown that R. placenta both up- and downregulates the
expression of some genes assumed to be involved in oxidative degradation processes when growing
on modified wood, which is in accordance with our results [68–70]. These results, together with
previously published gene expression studies on modified wood [11,69,70,75,76,78,79], imply that
there might be mechanisms in the regulation of the non-enzymatic degradation in addition to the
cellobiose switch proposed by Zhang et al. [86] that are important also in untreated wood. However, it
should be noted that in modified wood, degradation products, such as cellobiose, presumably will
be modified as well during the wood modification process, which may affect their function as gene
expression regulators. Hence, it should be noted that in acetylated wood, the degradation products
might look different from the degradation products in untreated wood since they come from wood
constituents that were acetylated.

The expression of genes involved in the non-enzymatic degradation phase appeared to be
enhanced group-wise according to an increasing level of acetylation. An upregulation of GOx2 and
Cro1 (involved in the H2O2- production) was seen in AC10 as compared with untreated wood. In
AC15, the same two genes were upregulated including two more, also involved in the production of
H2O2, AlOx2, and AlOx3. In AC20, in addition to GOx2, Cro1, AlOx2, and AlOx3, also CyOx and
QRD (both involved in the oxalic acid production) were upregulated. Perhaps the fungus is trying to
increase the output of the Fenton reaction by increasing the input of H2O2. Perhaps this works for
AC10 and AC15, and more sugars are diffusing out into the lumen, but it does not seem to be the case
for AC20. Here the fungus must do something more, so it additionally upregulates the production of
oxalic acid, trying to set more iron free, and thereby increasing the output of the Fenton reaction. It is
possible that upregulating the genes involved in H2O2 production presents the lowest ”cost” for the
fungus and that it is a more direct way to control the Fenton reaction. However, when that does not
work, other measures have to be taken.

A clear downregulation of at least some genes, presumably involved in the non-enzymatic
oxidative degradation mechanism, implies that the downregulated genes either do not have the
function they were assumed to have or that they do not play an important role during the first
degradation step. Comparisons with previous studies proved difficult, due to the differences in sample
designs. A complete picture of all transcribed genes (transcriptome sequencing) during the early stages
of decay and a comparison between untreated samples and treated samples would be of great interest.
Useful data on gene expression levels during enzymatic degradation from the same wood wafers for
comparison would also be valuable.

5. Conclusions

In this study the gene expression of 10 R. placenta genes, presumed to be important in the
non-enzymatic degradation phase, were studied in untreated and wood acetylated to three different
levels. The expression of the genes involved in the non-enzymatic degradation phase appeared to be
enhanced group-wise according to an increasing level of acetylation. R. placenta seemed to first increase
the output of the Fenton reaction by increasing the input of H2O2, trying to establish a satisfying level
of degradation, and when this was not possible, the production of oxalic acid was enhanced. Highly
interesting is the fact that even though growth and degradation were not inhibited in AC10 samples,
results on gene expression showed a relatively strong reaction of the fungus. Furthermore, the results
of this study show that R. placenta upregulates parts of the genes involved in non-enzymatic oxidative
degradation when growing on acetylated samples as compared with untreated wood, especially on
higher levels of acetylation. However, only six of the 10 genes are as important for the non-enzymatic
degradation phase as previously assumed. The results imply, for example, that AlOx1 does not
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serve the same purpose as AlOx2 and AlOx3. This confirms previous findings by Beck et al. [13].
Furthermore, the results indicate that only higher levels of acetylation induce upregulation of QRD
as compared with untreated samples. This suggests that the R. placenta QRD may be involved in
stress defense rather than in the reduction of chelators. Highlighting the importance of finding the
true function of the QRD gene in R. placenta. The results from this study, together with previously
published gene expression studies on modified wood [11,69,70,75,76,78,79], imply that there might be
mechanisms in the regulation of the non-enzymatic degradation in addition to the cellobiose switch
proposed by Zhang et al. [86] in both untreated and modified wood. It would be interesting to
apply this method to other modification methods, such as furfurylated and thermally-modified wood.
Further research on the whole transcriptome including both the non-enzymatic and the enzymatic
degradation phase would be of great interest for an increased understanding of the wood degrading
capacities of R. placenta.
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Abstract: Wood of black pine and poplar species were subjected to thermal modification under variant
conditions, while subsequently, a number of the thermally-modified black pine specimens were
subjected to surface modification with organosilane solutions, and the biological resistances of the
different materials were examined using laboratory agar block tests against the action of basidiomycetes
and microfungi. Thermally-modified pine specimens were exposed to the brown rot fungi Coniophora
puteana and Oligoporus placenta, whereas poplar wood was exposed to the white rot fungus Trametes
versicolor and O. placenta. Regarding the biological durability of thermally-chemically-treated pine
wood with organosilanes, it was tested against the action of C. puteana. Additionally, both of the
thermally-treated wood species, as well as thermally-chemically-treated pine wood were exposed
to a microfungi mixture, so that the wood treatments efficacy would be evaluated through a visual
assessment of fungal growth on the specimen’s surface The thermal treatments seem to increase the
biological resistance of black pine against C. puteana by 9.65–36.73% compared to unmodified wood.
The most significant increase in biological durability among all the thermally-treated wood categories
was recorded by O. placenta, with 28.75–68.46% lower mass losses in treated pine specimens and
31.98–64.72% in thermally-treated poplar, respectively, compared to unmodified wood. The resistance
of treated poplar against T. versicolor was also found increased (13.25–46.08%), compared to control.
Thermal modification affected positively the biological resistance of both species, though it did not
manage to protect effectively pine and poplar wood from the microfungi action. The combination of
thermal and organosilanes treatment revealed a significant improvement of the durability of pine
wood compared to? control (45.68–87.83% lower mass losses against C. puteana), as well as against
the microfungi action, with the presence of benzin to have a positive effect on the silanes solutions
performance and protective action.

Keywords: basidiomycetes; heat; molds; pine wood; poplar wood; silanes; thermal treatment

1. Introduction

The resistance of wood to rot is often considered to be synonymous with its duration. The action
of various micro-organisms may cause damages and deterioration in the appearance, structure and
chemical composition of wood. Several methods have been proposed so far for improving the natural
durability of wood [1]. Apart from chemical protection measures, one of the most effective ways to
prevent or limit the action of microorganisms in wood is to keep the moisture content low enough or
to prevent at least one of the necessary growth requirements of the microorganisms to be fulfilled, such
as the presence of oxygen in wood, proper pH (3–8), appropriate temperature (15 ◦C–40 ◦C), absence
of toxic extracts, presence of other growth factors such as vitamins, nitrogen etc. [2].
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Thermal modification consists of a non-biocidal, environmentally friendly wood protection
method to enhance the behavior of wood and some characteristics critical for its service life expectancy
and its utilization perspectives. Heat induces changes to the chemical constituents of wood, and
therefore, to the chemical, physical and mechanical properties of wood, as well. Despite the fact that
thermal treatment decreases the density and most of the times the mechanical strength of wood, since
it increases its brittleness, it seems to limit the hygroscopic nature and enhance the natural durability of
wood, providing the chance, (especially to species characterized by low water resistance, dimensional
stability and susceptibility to bio-degradation factors), to be adequately utilized, participating in a
much wider range of applications [3–6].

Several researches have been implemented to deal with the biological resistance of
thermally-modified wood, the most significant of which are summarized hereupon. Li Shi et al. [7]
reported that thermally-modified yellow-poplar and jack pine (210 ◦C for 15 min) were found to
be more resistant to the brown rot fungus Gloeophyllum trabeum than the unmodified wood; while
referring to aspen and Scots pine, the resistance was improved after the thermal modification, but it
remained susceptible to this brown-rot fungus decay. Mburu et al. [8] modified the heartwood of silky
oak (250 ◦C for 7 h) and observed that durability against fungi and termites was greatly improved
after treatment, highlighting a good correlation between decay resistance and mass loss due to thermal
treatment. Vetter De et al. [9] exposed many species, thermally-modified under various conditions
in mycological tests of the fungi C. puteana, O. placenta and T. versicolor. Heat-modified Picea abies
recorded a reduced resistance to O. placenta action with mass losses close to the control level, while the
action of C. puteana was inhibited by heat treatment with mass losses less than 3%. Mazela et al. [10]
examined the resistance of thermally-modified (160 ◦C–220 ◦C for 6 h and 24 h) wood of Scots pine
against C. puteana, G. trabeum, O. placenta and T. versicolor, concluding that the brown rot fungi recorded
a more intense action (mass loss of 23–46%) compared to white-rot fungi. T. versicolor did not prefer
coniferous species (low loss of 15.4%), while C. puteana caused a mass loss of 39.4%, G. trabeum 23.5%
and O. placenta a loss of 45.8%, respectively. Mohareb et al. [11] examined the biological durability of
Pinus patula species after its thermal treatment using different treatment intensities, and concluded that
the elemental composition of wood could be used as a valuable marker to predict treatment intensity
and decay durability. Since the results of the studies published in the literature so far reveal different
tendencies, the kind and range of the thermal treatment impact upon the biological resistance of wood
against basidiomycetes seem not to have been thoroughly investigated and elucidated so far.

Organosilicon compounds have been applied by researchers in recent years to modify solid wood
to increase hydrophobicity, durability or water resistance and dimensional stability, to prevent leaching
of active ingredients or to promote adhesion or to improve fire resistance, etc. [12–15]. Although
numerous studies have been conducted on silane modification of solid wood referring to its hygroscopic
properties and dimensional stability, there is scant research on the efficacy and influencing mechanism
of silanes modification on the biological durability of wood. Additionally, aiming to improve the
biological durability of wood, a combination of thermal treatment and organosilanes treatment has not
been proposed or investigated so far, according to the bibliography.

Specifically, Donath et al. [13] used the coupling agent γ-methacryloxypropyltrimethoxysilane
(TEOS), and organo functional alkoxysilanes and found good incorporation into the cell wall, when
conditioned wood was impregnated with alcoholic solutions of the two silanes methyltriethoxysilane
and propyltriethoxysilane. Durability of the treated wood towards the white rot fungus T. versicolor
was increased considerably, but especially when the silane penetrated and bulked the cell wall. In a
soil block test, decay was delayed, but not prevented. Hill et al. [16] treated black pine sapwood with
the two coupling agents γ-methacryloxypropyltrimethoxysilane and vinyltrimethoxysilane and found
incorporation of the silicon material into the cell wall, and concerning the fungal decay tests, only
little increase of resistance to C. puteana was recorded. Incubation with T. versicolor and Phanerochaete
crysosporium displayed decay resistance of the treated wood above weight percent gain (WPG) of 40%
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for T. versicolor and around 40–50% for Phanerochaete crysosporium [16]. Higher decay resistance was
found, when amino-functional silanes were applied.

Donath et al. [13] treated wood with an amino-functional oligomeric silane system and found
complete decay resistance of Scots pine sapwood to C. puteana (16% WPG) even after prolonged
incubation (18 weeks). However, European beech wood treated with the same silane system (11% WPG),
revealed considerable mass loss after incubation with T. versicolor. Wood treated with silicon compounds
without biologically-active substance indicated a rather unsatisfactory resistance against wood decay
fungi [12,15].

Microfungi develop mainly upon the surface of wood and the presence of a mold colony may
make wood more vulnerable to the growth of a fungal colony, as well [17]. Boonstra et al. [2] reported in
their research work that thermal treatment did not manage to inhibit the growth of mold in the surface
of the specimens, while Kocaefe et al. [18], who modified Jack pine and white poplar wood thermally,
recorded an improvement in wood resistance to mold growth, although this improvement did not
correspond to statistically significant differences. Analogous results have been found by Gobakken and
Westin [18] who observed a small resistance improvement, but very low compared to other treatments
and Fojutowski et al. [19] who examined thermally-treated black poplar and black alder wood.

The aim of this research is to examine the biological resistance of black pine (Pinus nigra L.) and
poplar (Populus sp.) wood after short-term thermal modification for three different durations at two
temperature levels, as well as, for the first time, the combination of the described thermal modification
with a subsequent chemical surface modification with water-borne and benzin-borne organosilane
systems of different ratios on black pine wood, against the action of some of the common European
basidiomycetes species and a mixture of commonly found microfungi (molds) species. Poplar has been
chosen as a species of low quality, physical properties and natural resistance, and the black pine species
was chosen, since especially its sapwood is considered to be non-resistant to wood-destroying fungi
attacks, and both species seem to need enhancement e.g., [1]. Additionally, the specific species are
of great importance for the Mediterranean, as well as the whole Europe area, concerning availability,
timber and wood-products trade, etc., and the thermal and chemical treatments could offer them a
chance to compete for specific applications with species of higher cost and value.

2. Materials and Methods

Boards of black pine (Pinus nigra L.) and poplar (Populus sp.) wood of Greek origin (poplar wood
was obtained from the Drama region in North Greece and black pine from the Kalampaka region
in the central part of Greece) were placed for about eight months into an air-conditioned room at a
temperature of 20 ± 2 ◦C and 60% ± 5% relative humidity, and left there to dry naturally until there
existed a constant weight recording an equilibrium moisture content (EMC) of 11.44% for pine and
10.50% for poplar wood (ISO 13061-1) [20]. The mean density (mass/volume, measured with moisture
content at the reported levels) of the pine was 0.662 g/cm3 (presenting dense structure with thin annual
rings) and 0.385 g/cm3 of poplar (ISO 13061-2) [21]. The dimensions of the boards prior to the treatment
were 35 mm thick × 70 mm wide × 400 mm in length, with their length to be in a direction parallel to
the grain, while they consisted mainly from the part of sapwood, and the sampling method was based
on the methodology of ISO 3129 [22].

2.1. Thermal Treatments

The treatment of the boards was carried out in a laboratory drying chamber (800 mm × 500 mm
× 600 mm). The treatments were carried out at 180 ◦C and 200 ◦C under atmospheric pressure in
the presence of air. The moisture content of the boards was 11.44% and 10.5% for black pine and
poplar wood, respectively, when placed in the chamber, which was preheated to the final temperature.
In each treatment, 10 identical non-sanded boards were placed into the chamber in specific places of
equal space from the walls of the chamber and from one another, in order to ensure the uninterrupted
movement of the air between the boards. The treatment durations of 3, 5 and 7 h (shorter than those
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durations industrially used) were applied, counting 15 min more for the recovery of the temperature
in the chamber.

The specific durations were selected as they differentiate from the existing literature of thermal
treatment processes, providing new data. After thermal treatment, the boards were placed into large
desiccators to return gradually to ambient conditions, and stacked in an air-conditioned room at
constant conditions (60% ± 5%, 20 ± 2 ◦C). The mass loss (ML) of the specimens induced by the process
of thermal treatment (thermodegradation) was determined according to the following Equation (1):

ML = [(M0 −M1)/M1] × 100 (1)

where:

ML: Mass loss (%)
M0: Initial oven-dry mass of the specimen before thermal treatment (g)
M1: Oven-dry mass of the same specimen after thermal treatment (g)

The surfaces of the prepared samples were sanded using 80 and 220 grit sandpaper. Only
defect-free material and only sapwood blocks (30 mm × 20 mm × 8 mm) of wood were selected
to be used in decay tests, which were prepared from all the mass of each of the prepared treated
and untreated boards of the species. The present study investigates only the biological durability
of the modified materials against basidiomycetes and mold, but since it constitutes a part of an
experimental work, other critical properties of the materials, such as their physical (EMC, density,
color etc.), hygroscopic (tangential and radial swelling, adsorption) and mechanical properties (static
bending strength, modulus of elasticity, impact bending strength, hardness, compression strength,
surface roughness, etc.) have already been investigated [23–26].

2.2. Chemical Treatment

Some of the thermally-modified black pine wood specimens in dimensions of 30 mm × 20 mm ×
5 mm and in variant EMC and density levels, according to the conditions of thermal treatment they
had been exposed to (Table 1), were subjected to an additional chemical surface treatment with the
hydrophobic agent of organosilanes, in order to form a thin layer of the solution in the surface of
wood, that could potentially improve even more the biological durability, except for other properties
associated to its hygroscopic nature.

Table 1. Mean values of equilibrium moisture content (EMC) and density of unmodified and
thermally-modified pine and poplar wood after four weeks of conditioning.

Treatment
EMC (%) Density (g/cm3)

Pine Poplar Pine Poplar

Control 11.448 (0.172) 1 10.506 (0.521) 0.662 (0.015) 0.385 (0.002)

180 ◦C—3 h 9.075 (0.622) 8.535 (0.377) 0.657 (0.022) 0.381 (0.006)

180 ◦C—5 h 8.875 (0.598) 7.972 (0.500) 0.653 (0.026) 0.356 (0.007)

180 ◦C—7 h 8.441 (0.963) 7.520 (0.871) 0.645 (0.021) 0.346 (0.007)

200 ◦C—3 h 8.026 (0.347) 6.181 (0.654) 0.600 (0.021) 0.336 (0.005)

200 ◦C—5 h 7.531 (0.826) 5.691 (0.246) 0.590 (0.037) 0.333 (0.002)

200 ◦C—7 h 7.049 (0.412) 5.337 (0.402) 0.528 (0.021) 0.291 (0.005)
1 Standard deviation values inside the parentheses.

Concerning the EMC values of the thermally-treated wood, statistically significant differences
were recorded between the EMC value of untreated wood and the respective values of all the different
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categories of thermally-treated wood, which applied to both of the wood species, revealing the impact
of heat upon the hygroscopicity of wood. Referring to treated black pine wood, statistically significant
differences were not recorded, except for the following cases: the EMC value of the mildest treatment
(180 ◦C) differed significantly from the respective values of the specimens treated at 200 ◦C, regardless
of the duration. The EMC values of the specimens treated at 180 ◦C—5 h, 180 ◦C—7 h and 200 ◦C—3 h
were found to differ significantly only from the most intensive treatment (200 ◦C—7 h).

Referring to treated poplar wood, only the following cases appeared to have statistically significant
differences: The EMC value of the mildest treatment (180 ◦C) differed significantly from the respective
values of the different categories of specimens treated at 200 ◦C, as well as the EMC values of the
specimens treated at 180 ◦C—5 h. The value of specimens treated at 180 ◦C—7 h differed significantly
from the respective values of the two most intensive treatments (200 ◦C—5 h and 200 ◦C—7 h).

Concerning the density values of the materials, the following statistically significant differences
were recorded. Referring to the species of pine wood, the density value of the untreated wood, as well
as the treatments of 180 ◦C, were found to differ significantly from all the respective values of the
specimens treated at 200 ◦C, regardless of the duration. The value of the specimens treated at the
most intensive treatment (200 ◦C—7 h) was found to differ significantly from all the other categories
of thermally-treated wood, as well as the untreated wood. Referring to the species of poplar wood,
statistically significant differences were recorded between the density value of untreated wood and the
respective values of all the different categories of thermally-treated specimens. The density value of
specimens treated at the mildest treatment (180 ◦C—3 h) differed significantly from all the values of
the poplar specimens. The density value of specimens treated at 180 ◦C—5 h differed significantly
also from the respective values of all the poplar specimens treated at 200 ◦C, and the density value of
specimens treated at 180 ◦C—7 h differs significantly also from the values of the specimens subjected
to the two most intensive treatments (200 ◦C—5 h and 200 ◦C—7 h). The value of the specimens
treated at the most intensive treatment (200 ◦C—7 h) was found to differ significantly from all the other
categories of thermally-treated wood, as well as the untreated wood.

Prior to the surface modification, the end-grains of the pine samples were sealed with a
single-component polyurethane adhesive in order to prevent penetration of the agents along
the grain [27], a process which was commonly followed in the preparation of all the specimens
(thermally-treated, thermally-chemically-treated), in order to provide comparable results. Three
different organosilanes solutions were used, in which silanes were included as the active substance
(XIAMETER OFS-6020 SILANE, San Francisco, California, USA) and Alkyd resin (FTALAK S-6575;
Plastbud Sp.z.o.o., Pustków, Poland) of 75% solids content, based on different ratios, while distilled
water or benzin were used as a solvent. Specifically, in the three prepared solutions, silanes content
corresponded to 5%, resin to 22% and the remaining 73% was the solvent in three different ratios of
benzin to distilled water, 50:50 (T-C 1), 70:30 (T-C 2) and 100:0 (T-C 3), respectively. Benzin could not
be considered as an environmentally friendly substance, but it was chosen because of its low cost,
high availability, satisfying performance and examined the different ratios with water for comparative
reasons. A stirring machine was used to homogenize the ingredients (YellowLine DI25 basic; IKA
Werke GmbH & Co, Staufen im Breisgau, Germany). Each pine specimen was weighted, immersed in
solution of 100 mL for 120 sec. and then left to be drained, weighed again, and finally left to be dried
for at least one week in a conditioned room (20 ± 2 ◦C, 60 ± 5% relative humidity), before the decay
tests (Figure 1). For each thermally-treated material category, 16–18 specimens were chemically-treated
per each of the three different solutions (T-C 1, T-C 2, T-C 3). For each category of T-C material,
approximately 10 specimens were used for the determination of EMC and density, while the rest of the
6–8 specimens were used for each of the decay tests. The weight percent gain (WPG) of the modified
pine wood specimens was found to range between 8–15%, with the solutions of T-C 3 to present the
highest values of WPG. The EMC and density values of all the different categories of chemically-treated
pine specimens were examined.
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(a) (b) 

Figure 1. (a) Organosilanes formulations, (b) wood specimens left to drain after surface modification

2.3. Mycological Tests

2.3.1. Basidiomycetes

The methodology of the basidiomycetes decay tests was based on the EN 113 standard
processes [28]. According to the mycological test process, 50mL of ‘medium’ (2000 mL water,
40 g agar, 100 g malt) was placed in each Kollev flask, which were closed and placed in the autoclave
for sterilization at 121 ◦C for 60 min.

During the inoculation process, small, round samples were taken from precultures grown on malt
agar in Petri dishes, where there were previously prepared freshly grown monoculture fungi colonies,
and they were placed in the center of each Kolle flask. The flasks were placed in the incubation room
(25 ◦C and relative humidity of 70%). After about two weeks, that the fungal mycelia appeared to
cover the entire surface of the flasks, the wood specimens were aseptically added inside.

Wood samples had been previously dried (103 ◦C for 24 h), placed into glass desiccators for 30
min, and weighed accurately to record their initial dry weight. Subsequently, they were sterilized
in the autoclave (121 ◦C, 60 min), before being inserted in the flasks. For each category of wood, at
least six Kolle flasks were used, as well as a correction value flask. This flask contained only 50 mL of
medium and 2 mL of phenol (as a protective substance against fungi action) without colony fungus, as
well as two specimens of each modified specimens category. This is so that the potential weight loss of
the specimens, (due to their coexistence with the medium), could be subtracted from the final mass
loss results, so that corrected data calculated from the dry mass before and after the test, would be
provided [29].

Therefore, eight specimens were used for each category of modified wood, and 36 control
specimens for each type of wood (poplar or pine) and for each fungus species tested. Pine wood
specimens were exposed to the brown-rot fungi Coniophora puteana (Schumach) P. Karst and Oligoporus
placenta (Fr.) Gilb. & Ryvarden, while poplar specimens to Trametes versicolor (white rot) and Oligoporus
placenta (Fr.) Gilb. & Ryvarden. C. puteana was chosen since it strongly decays softwood species,
especially pine wood, T. versicolor decays hardwood species such as poplar to a large extent, while
O. placenta is a major threat to several species, especially softwoods. Regarding the decay tests of
thermally- and chemically-treated pine wood with organosilanes, the specimens were tested against
the action of C. puteana.

After the addition of the wooden specimens inside the flasks, they were placed again in the
incubation room where they remained exposed to fungal activity for a 4-month period.

Subsequently, the specimens were removed from the flasks, their surface was cleaned from the
adhering mycelium and weighed to the nearest thousandth of a gram to calculate their moisture
content. Oven-drying of all the specimens followed (103 ◦C for 24 h) and reweighting, to calculate the
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dry weight at the end of the decay test. The mass loss due to fungal attack was determined based on
the dry weight before and after the decay test by the following equation 2:

ML =
(W −W1

W

)
× 100 (2)

where W: the dry weight of the specimens before the decay test, W1: the dry weight of the specimens
after the decay test.

2.3.2. Microfungi

The medium used to cultivate microfungi was prepared using water, agar, malt and salt in a
specific ratio (1000 mL water, 20 g agar, 30 g malt, 4 g mixture of salt (CZAPEK DOX: NaNO3 2 g,
KH2PO4 0.7 g, K2HPO4 0.3 g, KCl 0.5 g, MgSOi7H2O 0.5 g) and was introduced into the autoclave
for sterilization, with all the wood specimens and necessary tools. 50 mL of medium was placed
into each of the plastic containers (110 mm × 110 mm) used for the test. The microfungi inoculation
chamber had already been sterilized with alcohol and UV radiation. Five specimens were used per
each modified wood category, and one modified specimen was placed in each container together with
one control specimen.

The dimensions of wood specimens were: 8 mm in thickness × 20 mm in width × 30 mm in
length. A spore suspension was prepared by mixing three common cultures of wood-attacking
microfungi, Aspergillus niger var. niger, Trichoderma viride Pers. ex Fries and Penicillium cyclopium
Westling. Microfungi were inoculated through spreading the spores onto the agar medium surface
of the containers, as well as the specimens. After the inoculation, all the containers were placed into
an incubator for 21 days at 28 ± 2 ◦C with relative humidity of 75% ± 5%. The evaluation of wood
treatment efficacy was performed after 7, 14 and 21 days by means of visual monitoring of fungal
growth on the wood surface in accordance with the scale set out in Table 2, according to ASTM D
5590-17 [30].

Table 2. Rating system for fungal growth [30].

Index Rating System

0z no growth of fungi on the specimen, inhibition zone on the medium
0 no growth of fungi on the specimen
1 less than 10% of the specimen area covered by fungi
2 less than 30% of the specimen area covered by fungi
3 less than 60% of the specimen area covered by fungi
4 specimen totally overgrown by fungi

2.4. Statistical Analysis

SPSS Statistics PASW 18 statistical package was used for statistical analysis and processing of
the results. The Least Significant Difference two way Analysis of Variance (LSD-Two-way ANOVA)
method was also used in the thermal treatment results, which examines the effect of two different
independent variables (temperature and duration), but also the effect of any interaction between these
two factors upon the dependent variable of the biological durability of wood.

3. Results and Discussion

According to the results, thermal treatment of black pine wood under the abovementioned
conditions induced mass losses in the range of 10.63–15.25% of which a 11.44% refers to moisture
content lost, whereas thermally-treated poplar wood recorded mass losses of 11.24–18.88%, of which
10.50% corresponds to moisture, generated by the thermo-degradation during the process (Table 3).
The wood of black pine contains a significant amount of resin, and the mass loss could be partly
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attributed also to the evaporation of the resin during the thermal treatment, as well as other volatile
compounds and unstable components.

Table 3. Mean mass loss values of black pine and poplar wood specimens due to the heat treatment
thermodegradation process.

Species
Mass Loss (%)

180 ◦C—3 h 180 ◦C—5 h 180 ◦C—7 h 200 ◦C—3 h 200 ◦C—5 h 200 ◦C—7 h

Pine 10.629 (0.270) 1 11.262
(0.507)

11.444
(0.572)

12.854
(1.035)

13.984
(1.172)

15.248
(1.516)

Poplar 11.237 (2.512) 11.601
(0.645)

11.935
(0.975)

13.461
(2.192)

16.409
(1.974)

18.884
(2.642)

1 Standard deviation values in parentheses.

3.1. Basidiomycetes

3.1.1. Thermal Treated Black Pine

The results of the biological resistance tests revealed that the thermal treatment improved,
in every case, the biological resistance of the black pine wood specimens against the decay action of
Coniophora puteana and Oligoporus placenta (Figure 2), and this improvement seems to be analogous of
the treatment intensity.

a b  

Figure 2. Mean mass loss (a) and moisture content rates (b) recorded by unmodified (UM) and
heat-modified (1: 180 ◦C—3 h, 2: 180 ◦C—5 h, 3: 180 ◦C—7 h, 4: 200 ◦C—3 h, 5: 200 ◦C—5 h, 6: 200
◦C—7 h) black pine specimens after their exposure to C. puteana and O. placenta.

Specifically, referring to C. puteana test results, the treatments of 200 ◦C appeared to reduce
even more the mass loss rates caused by fungal action and deterioration, compared to treatments
of 180 ◦C. Regardless of the treatment temperature, the treatment duration of 5 h resulted, in each
case, in higher resistance of specimens to fungal action, compared to treatment duration of 3 or 7 h.
This may indicate that a 3-h duration is not enough to achieve the greatest possible improvement in
durability, while the 7-h duration exceeds the point of maximum improvement, and the wood may
have suffered enormous mass loss and probably both the critical wood component de-polymerization
due to thermal treatment and the density decrease leave, once again, the wood quite vulnerable to
fungal biodegradation. The treatments of 180 ◦C and durations of 3, 5 and 7 h reduced the mean mass
loss percentage, compared to unmodified wood, by 9.65%, 21.53% and 10.77%, while the treatments of
200 ◦C (3, 5 and 7 h) reduced the loss by 28.39%, 36.73% and 35.37%, respectively.

The statistical analysis revealed that the mass loss percentage values of unmodified wood, due
to C. putena action, statistically differed significantly only from the respective values of the 200 ◦C
treatments. The mass loss of specimens treated at the mildest treatment (180 ◦C—3 h) as well as the
treatment 180 ◦C—7 h of also differed significantly only from the values of the three 200 ◦C treatments.
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The mass loss of specimens treated at the treatment of 180 ◦C—5 h differed significantly only from the
value of the specimens treated at 200 ◦C—5 h.

Statistical analysis of Two Way ANOVA showed that the effect of treatment temperature was
found statistically significant and influenced its variability by 96.6%, while the treatment duration
also presented a statistically significant effect on the mass loss, affecting its variability by 83.5%.
The interaction between temperature and duration was significant as well, and affected the mass loss
variability by 53.6%. The largest effect of temperature was observed in the 7—h treatments, which
corresponded to statistically significant differences.

The moisture content of the thermally-modified pine specimens after the mycological test was
found to be, in each case, lower than the respective value of the control specimens. In general, the
higher the moisture content value of the specimen found after the mycological test, the more intense
the decay by the fungus seems to be, and therefore, the mass loss rate is usually analogous to the
moisture content rate of the decayed specimen.

However, treatments of 200 ◦C showed high moisture content in the specimens after the biological
resistance test, which could be translated as an extensive presence of C. puteana, but which does not
correspond to the continuity of its intense destructive action, since C. puteana prefers, as a brown-rot
fungus, to degrade holocellulose, e.g., [10], and a significant part of the essential nutrients for this fungi
(hemicelluloses, extracts) have been degraded and evaporated, and some by-products thereof have
been re-polymerized in new structures not recognizable by the fungal enzymes. This improvement
of the thermally-modified wood resistance against fungi action could be possibly attributed to the
increased hydrophobicity it acquires after treatment (lower moisture content, EMC), the decomposition
of hemicelluloses and amorphous areas of cellulose, which constitute nutrients for fungi especially in
the early stages of rot, as well as the production of biocidal extractives during the treatment, which
could act as fungicides, e.g., [31,32]. Furthermore, in thermally-modified wood, the enzymes involved
in fungal degradation have difficulties to identify the modified polymeric components of wood, and to
penetrate in the cell walls due to the decrease in porosity [1].

The results of treated black pine wood resistance against the action of O. placenta also seem to be
encouraging, since all treatments have greatly improved the bio-resistance of wood, and as shown,
this improvement is in line with the intensity of the treatment. As the temperature and duration
of treatment increase, lower mean mass loss percentages are being recorded. The only exception is
the most intensive treatment (200 ◦C—7 h), which recorded a slightly higher mass loss compared to
the previous treatment of the immediately lighter intensity (200 ◦C—5 h), possibly attributed to the
high mass loss and loss of chemical components carried out during the thermal treatment, critical for
the resistance of wood. Specifically, treatments of 180 ◦C and durations of 3, 5 and 7 h reduced the
mass loss compared to the unmodified wood by 28.75%, 34.18% and 48.09% respectively, while the
treatments of 200 ◦C (3, 5 and 7 h) reduced the loss by 55.11%, 68.46% and 62.9%, respectively.

The mean mass loss value recorded by the unmodified pine wood statistically differed significantly
from all the respective treated wood categories, revealing the resistance improvement of the materials,
which is found higher than that of the same wood species against the fungus C. puteana. The mass
loss of specimens treated at the mildest treatment (180 ◦C—3 h) presented similar values to the value
of the specimens of next treatment (180 ◦C—5 h) and both were found to differ significantly from
the respective values of all the other treatments. The mass loss of specimens treated at 180 ◦C—7 h
presented similar values to the specimens of the treatment 200 ◦C—3 h and both were found to differ
significantly from the respective values of all the other treatments. Finally, the value of the specimens
treated at 200 ◦C—5 h presented the lowest mass loss value, which differed significantly from the
values of all the other categories.

Two-Way ANOVA showed that the effect of temperature on mass loss rate was statistically
significant, and influenced its variability by 86.6%, whereas the duration factor did that by 61.4%.
The interaction between temperature and duration was also statistically significant, affecting the loss

75



Forests 2019, 10, 1111

variability by 44.1%. The greatest effect of temperature was observed in 5 h treatments, recording a
statistically significant difference.

Finally, the moisture content of the specimens after the mycological test decreased in each case
compared to control sample, and its trend was found similar to that of the mass loss. Referring to pine
wood, one of the phenolic components arising during thermal treatment (vanillin) may hinder and
slow the growth of fungi by inhibiting the production of their enzymes, and it could also be partially
responsible for the antifungal activity of pine against O. placenta [2]. According to the results of the
current research, both fungi species C. puteana and O. placenta have been proven to be very active and
aggressive to black pine wood, with O. placenta to cause extended decay to unmodified wood, but the
lowest decay in thermally-treated samples.

Mazela et al. [10], who examined the resistance of thermally-treated (160 ◦C–220 ◦C, 6 h–24 h)
Scots pine, recorded also higher mass losses caused by C. puteana (39.4%) and O. placenta (45.8%)
action, with the thermal treatment of the highest intensity to result in the highest levels of biological
resistance recorded.

Tremblay [33] presented an improvement of the biological resistance of Pinus banksiana wood after
thermal treatment, while Chaouch et al. [34], who subjected Scots pine wood to thermal treatment, did
not record differences in resistance levels between modified and unmodified wood to O. placenta action.
Kortelainen and Viitanen [35] recorded resistance improvement of thermally-modified Scots pine and
Norway spruce wood (especially of heartwood) only in the most intense treatment (230 ◦C) used.

3.1.2. Thermally-Chemically-Treated Black Pine

According to the results (Table 4), all the categories of the specimens that had been subjected to
thermal in combination with surface treatment with silanes solutions recorded significantly lower
EMC values compared to the control, as well as compared to all the respective values of specimens
that had been only thermally treated. This suggests that silanes treatment could limit even more the
hygroscopicity of wood, compared to thermal treatment under specific conditions, probably because
silane molecules are capable of filling the large pores of wood cell cavities and reacting with the
hydroxyl groups. Therefore, the long chains of the silane manage to hinder the degree of moisture
uptake [36], improving the dimensional stability and surface hydrophobicity of silane-modified wood.
Additionally, by increasing the participation of benzin in the organosilane solutions against the
participation of water as a solvent, the EMC seems to be even lower, which could be possibly attributed
to better performance and the slightly higher absorption of the silane solution in the mass of wood
during the surface modification. This perspective could be supported also by the fact that the density
values of pine wood were found almost in all cases higher in the solutions with higher participation of
benzin as a solvent (T-C 3).

Table 4. Mean values of equilibrium moisture content (EMC) and density levels of unmodified and
thermally-chemically (T-C) modified black pine after two weeks of conditioning.

Thermally and
Chemically (T-C)

Treatments

EMC (%) Density (g/cm3)

T-C 1 T-C 2 T-C 3 T-C 1 T-C 2 T-C 3

Control 11.45 (0.172) 1 11.45 (0.172) 11.45 (0.172) 0.662 (0.015) 0.662 (0.015) 0.662 (0.015)

180 ◦C-3 h 7.194 (0.622) 7.007 (0.541) 7.082 (0.672) 0.665 (0.142) 0.664 (0.115) 0.666 (0.070)

180 ◦C-5 h 6.433 (0.598) 6.390 (0.738) 6.256 (0.650) 0.667 (0.086) 0.668 (0.042) 0.665 (0.053)

180 ◦C-7 h 6.003 (0.963) 6.120 (0.570) 6.045 (0.783) 0.656 (0.021) 0.660 (0.120) 0.662 (0.080)

200 ◦C-3 h 5.724 (0.347) 5.604 (0.732) 5.340 (0.413) 0.624 (0.076) 0.641 (0.063) 0.658 (0.035)

200 ◦C-5 h 5.231 (0.826) 5.015 (0.280) 4.694 (0.520) 0.601 (0.037) 0.623 (0.048) 0.642 (0.058)

200 ◦C-7 h 4.845 (0.412) 4.630 (0.687) 4.320 (0.580) 0.557 (0.021) 0.575 (0.084) 0.587 (0.043)
1 Standard deviation values inside the parentheses.
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According to the statistical analysis, statistically significant differences were recorded
between the EMC value of untreated wood and the respective values of all the different
categories of thermally-chemically-treated wood, which applied to all the different categories of
thermally-chemically-treated wood (T-C 1, T-C 2, T-C 3), revealing the great impact of the combination
of heat and organosilanes on the hygroscopic nature of wood. Referring to the treated black pine wood,
in the cases of T-C 1- and T-C 3-treated specimens, the EMC value of the specimens of the mildest
thermal treatment (180 ◦C—3 h) differed significantly from the respective values of all the categories
of specimens thermally-treated at 200 ◦C, the value of the specimens treated at 180 ◦C—5 h differed
significantly from the respective values of the most intensively thermally-treated specimens at 200
◦C—5 h and 200 ◦C—7 h. There was also recorded a statistically significant difference between the
EMC values of the specimens treated at 200 ◦C—3 h and 200 ◦C—7 h. In the case of T-C 2-treated
specimens, the EMC value of the specimens of the mildest thermal treatment (180 ◦C—3 h) differed
significantly from the respective values of all the categories of specimens thermally-treated at 200 ◦C,
while the value of the specimens treated at 180 ◦C—5 h differed significantly from the respective values
of the most intensively thermally-treated specimens at 200 ◦C—5 h and 200 ◦C—7 h.

Generally, the density of thermally-chemically-treated pine wood was found slightly higher in most
cases compared to the respective values of specimens treated just thermally. Referring to the statistical
analysis of the density values of black pine wood specimens after their thermal and organosilanes
treatment, in the case of T-C 1, the value of untreated wood was found to differ significantly only from
the respective value of specimens treated at the two most intensive treatments (200 ◦C—5 h and 200
◦C—7 h), and another statistically significant difference was recorded between the value of specimens
treated at 180 ◦C—5 h and the most intensive one (200 ◦C—7 h). In the case of T-C 2, statistically
significant differences were not recorded between the density values, since the values of standard
deviation (SD) were found to be higher than the respective values of thermally-treated material. This
could be possibly attributed to the fact that the density of these thermally-chemically-treated specimens
are strongly influenced, not only by the thermodegradation process during the thermal treatment
that decreases the density, but also by the penetration and absorption percentage of the organosilanes
solution in the mass of wood. In the case of T-C 3, the only statistically significant difference was
recorded between the density value of the untreated wood and the respective value of the specimens
subjected to the most intense treatment (200 ◦C—7 h).

According to the decay tests results (Figure 3), the combination of thermal treatment with silanes
solutions treatment improved significantly the biological durability of wood, recording mass losses,
caused by the action of fungi, much lower than those of the unmodified wood, as well as lower than
the respective mass loss values of thermally-treated wood specimens categories. This improvement of
biological resistance of black pine specimens seems to be also in this case of treatments combination
analogous of the thermal treatment intensity.

The presence of benzin in silane solutions used in this research work seems to increase the
protective effect of the surface modification process on the biological durability of wood. This improved
action of silanes solutions in the case of higher benzin participation can be attributed to the hypothesis
that benzin contributes to a higher dispersion/mixing of the solution or to a deeper penetration of the
solution in wood mass and reaction with its chemical components, and as a result, improved protection
by the action of fungi. Specifically, the treatment of T-C 1 resulted in 45.68–79.74% lower mass losses
compared to unmodified pine wood, while the treatments of T-C 2 and T-C 3 caused 54.76–83% and
70.21–87.83% lower mass losses, respectively against the action of C. puteana.

The statistical analysis of the mass loss values of thermally- and chemically-treated black pine
wood revealed that in each case of T-C treatment there were statistically significant differences between
the mass loss values of untreated wood and the respective values of all the thermally-chemically-treated
wood categories, revealing the positive impact of the methods combination on the biological durability
of wood. In the case of T-C 1, the mean mass loss value of the mildest thermal treatment (180 ◦C—3 h)
was found to differ significantly from all the other categories of treated wood, except for the one of 180
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◦C—5 h. The value of the specimens treated at 180 ◦C—5 h differed significantly from all the respective
values recorded by the specimens of the more intensive thermal treatments. The value of the specimens
treated at 180 ◦C—7 h differed significantly from the respective values of all the other categories of
treated or untreated wood.

 

Figure 3. Mean mass loss rates recorded by unmodified (UM) and heat-modified (1: 180 ◦C—3 h, 2:
180 ◦C—5 h, 3: 180 ◦C—7 h, 4: 200 ◦C—3 h, 5: 200 ◦C—5 h, 6: 200 ◦C—7 h) black pine specimens that
have been subjected also to chemical modification with organosilanes (T-C 1, T-C 2, T-C 3), after their
exposure to C. puteana.

Statistically significant differences were presented between the value of the specimens treated at
200 ◦C—3 h and the respective values of all the other categories of treated or untreated wood, except
for the specimens of the treatment 200 ◦C—5 h. The value of the most intensively treated (200 ◦C—7 h)
specimens differed significantly from all the rest of the categories of specimens. In the case of T-C 2, all
the mean mass loss values of different specimens categories differed significantly from one another,
except for the three treatments of 200 ◦C that presented insignificant differences between one another.
In the case of T-C 3, the mean mass loss value of the mildest thermal treatment (180 ◦C—3 h) was
found to differ significantly from all the other categories of treated wood. The value of the specimens
treated at 180 ◦C—5 h differs significantly from all the respective values recorded by the specimens
of all the treatments, except for the one of 180 ◦C—7 h. Additionally, the mass loss values recorded
by the three specimens categories of 200 ◦C were revealed to be similar to one another, but differed
significantly from all the respective values of the other specimens categories.

3.1.3. Thermally-Treated Poplar

According to the mycological test results of poplar wood against the action of T. versicolor and
O. placenta (Figure 4), the percentage of mean mass loss was found to be, in each case, much lower in
the heat-modified poplar specimens than the unmodified wood, which demonstrates an improvement
of the biological resistance in thermally-modified wood. Alhough, T. versicolor, as well as O. placenta,
has been proven to be quite active and aggressive against untreated poplar wood species, causing high
mass losses.

Referring to the test of T. versicolor, the treatments of 200 ◦C seem to reduce mass loss to a greater
extent compared to those of 180 ◦C. Referring to treatments of 180 ◦C, the 3 h-duration resulted in a great
improvement of resistance, while durations over 3 h (5 or 7 h) contributed to a slight increase in mass
loss. This not statistically significant increase may indicate that duration over 3 h at 180 ◦C contributes
to the formation of some components or the loss of some others, which leave the wood vulnerable
again to the attack of the specific fungus. Specifically, the treatments of 180 ◦C and duration of 3, 5 and
7 h reduced the mass loss compared to the control by 34.63%, 30.84% and 26.36%, respectively, while
the treatments of 200 ◦C (3, 5 and 7 h) reduced the loss by 41.02%, 37.29% and 36.11%, respectively.
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Figure 4. Mean mass loss rates (a) and moisture content (b) recorded by unmodified (UM) and
heat-modified (1: 180 ◦C—3 h, 2: 180 ◦C—5 h, 3: 180 ◦C—7 h, 4: 200 ◦C—3 h, 5: 200 ◦C—5 h, 6: 200
◦C—7 h) poplar specimens after their exposure to T. versicolor and O. placenta.

The statistical analysis revealed that the mean mass loss value of unmodified wood statistically
differed significantly from the respective values of all the other treatment categories. Between the mass
loss values of the thermally-treated poplar of different categories, statistically significant differences
were not recorded, except for the case of the specimens treated at 180 ◦C—7 h that differed significantly
from the respective value of the specimens treated at 200 ◦C—3 h.

The Two-Way ANOVA reported that the effect of temperature appeared to be statistically significant,
affecting the variability of resistance by 62.1%, and the duration by 42%. The interaction between
temperature–duration was also found statistically significant, affecting the resistance variability by
30%. The greatest effect of temperature was observed in 7-h treatments (statistically significant).

Similarly to the case of pine wood, the moisture content of the modified poplar specimens, after
their mycological test process, was found to be in each case lower than the control sample level,
presenting a course analogous to that of the mass loss rate.

In the case of testing the resistance of poplar against the O. placenta fungus, the results are even
more encouraging, since all treatments have increased the bio-resistance of wood. The treatments of
200 ◦C seem to reduce mass loss to a greater extent, compared to those of 180 ◦C. Irrespectively of
the treatment temperature, the duration of 5 h has caused a greater reduction in the mass loss rate,
hence a greater resistance to attack, compared to treatment of 3 or 7 h, indicating probably that the
treatment duration of 7 h exceeds the point of maximum improvement and the wood has undergone
quite intense mass losses during the treatment, which once again leave it vulnerable to fungal activity.
Specifically, the treatments of 180 ◦C and durations of 3, 5 and 7 h reduced the mass loss percentage
compared to unmodified wood by 31.98%, 53.41% and 47.94%, respectively, while the treatments of
200 ◦C (3, 5 and 7 h), reduced the loss by 51.46%, 64.72% and 60.9%, respectively. Finally, after the
mycological test the moisture content of the specimens decreased in each case compared to that of
our control, and demonstrated a similar course to that of the mass loss rate. The research results
are in line with the claim of Boonstra et al. [2], that the hemicellulose reduction due to treatment
favors more the biological resistance of modified wood decayed by brown rot, compared to the white
rot. Boonstra et al. [2] have reported that the action of O. placenta and T. versicolor continues to cause
high mass losses in thermally-treated wood, until thermal degradation during treatment becomes so
intense to ensure the branching of lignin, whereas the fungus C. puteana was inhibited by thermal
modification, causing lower mass loss rates. Mazela et al. [37] recorded also an improvement in
resistance of thermally-treated poplar wood to all the fungi species tested, with the aggressive fungus
O. placenta to mark a mass loss of 18.5%.

The mean mass loss rate of the control specimens was found to statistically differ significantly
from all the treated wood categories, revealing the improvement of the biological resistance against
this fungus species. The mass loss of specimens treated at the mildest treatment (180 ◦C—3 h) differed
significantly from the respective values of all the other treatments. Additionally, among the rest of the
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mass loss values of the thermally-treated poplar, statistically significant differences were not recorded,
except for the case of the respective values of the specimens of the most intensive treatments (200
◦C—5 h and 200 ◦C—7 h).

Two Way ANOVA revealed that the effect of temperature was statistically significant, influencing
the variability of the resistance by 75.8%. An equally important factor was the treatment duration,
affecting its variability by 76%, while the interaction between temperature against duration was weak.
The most remarkable effect of temperature was observed in the treatment duration of 3 h.

3.2. Microfungi

3.2.1. Thermally-Treated Black Pine and Poplar

Results of the microfungi growth test on the surface of thermally-modified and -unmodified
specimens (Figure 5) revealed that thermal modification does not effectively protect pine and poplar
wood from microfungi growth, since the samples were found totally overgrown in the measurement of
the seventh day, probably attributed to the free sugars coming from the hemicellulose decomposition
during thermal treatment [2]. Nevertheless, the treatments recorded a delay of small extent in the
attack and growth of microfungi on the wood surface. The surface of the unmodified specimens, from
the first visual assessment implemented in the fourth day, was almost entirely covered by mold, while
the thermally-modified samples were covered to a lower extent (Figure 6). This retardation tendency
of the microfungi development is evident in both of the wood species tested.

As the intensity of treatment (temperature and duration) increases, the degree of mold growth
(coverage) in poplar and pine specimens is found to decrease, compared to the unmodified wood, only
until the fourth day. In this resistance improvement course, which is analogous to treatment intensity
course, exceptions include the two more intensive treatments (200 ◦C—5 and 7 h) in both wood species,
the specimens of which presented a small increase of surface coverage by mold, compared to the lighter
treatments; nevertheless, these percentages do not approach the respective values of unmodified wood.

 

Figure 5. Microfungi growth degree evaluation according to the fungal growth rating system (Table 2)
on the surface of unmodified (UM) and thermally-modified (1: 180 ◦C—3 h, 2: 180 ◦C—5 h, 3: 180 ◦C—7
h, 4: 200 ◦C—3 h, 5: 200 ◦C—5 h, 6: 200 ◦C—7 h) poplar and black pine wood.
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a. b. c. .

Figure 6. (a) Plastic containers, (b) mold growth on the surface of a thermally-modified pine sample at
180 ◦C-7 h (on the top) and the control specimen (on the bottom) recorded in the 4th day of exposure,
(c) the respective mold growth on the surface of a thermally-modified pine sample at 180 ◦C–5 h (top)
and the control specimen (bottom) (4th day of exposure)

3.2.2. Thermally-Chemically-Treated Black Pine

The combination of thermal treatment and surface modification process seems to increase in great
extent the resistance of black pine wood against the action of microfungi (Figure 7). The unmodified
wood was found fully covered with mold from the first visual assessment in the fourth day of exposure,
while the thermally-chemically-modified pine wood was in a very small extent covered only in the last
measurements in the 14th and 21st days of exposure. As the intensity of thermal treatment increases,
the growth of mold is lower, except for the most intensive treatment, which reveals the protective effect
of thermal treatment on wood. The results of these treatments combination could be considered as an
evidence of an adequately protective technique against the action of microfungi.

 

Figure 7. Microfungi growth degree evaluation according to fungal growth rating system (Table 2) on
the surface of unmodified (UM) and thermally (1: 180 ◦C—3 h, 2: 180 ◦C—5 h, 3: 180 ◦C—7 h, 4: 200
◦C—3 h, 5: 200 ◦C—5 h, 6: 200 ◦C—7 h) and silanes modified black pine wood.

4. Conclusions

According to the findings, short-term thermal treatments (even in the presence of air, performed
in simple drying laboratory equipment) could enhance the biological resistance of wood, and therefore
expand its service life.

Thermally-treated black pine wood presented 9.65–36.73% lower mass loss caused by C. puteana
compared to the unmodified wood. As the intensity of thermal treatment increases, black pine presents
a higher resistance against the O. placenta fungus and the mass loss of treated wood was found
28.75–68.46% less than that of the unmodified wood. Both fungi species, C. puteana and O. placenta,
have been proven to be very active and aggressive to black pine wood, with O. placenta to cause
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extended decay to unmodified wood, but the lowest decay action in thermally-treated samples of
this research.

Thermally-treated poplar displayed a significant decrease in mass losses (26.36–41.02%) caused
by the action of T. versicolor compared to control. All thermal treatments improved the biological
resistance of poplar wood against the fungus of O. placenta, presenting a mass loss reduction of
31.98–64.72%, compared to our control. The treatment duration of 5 h (middle intensity) revealed the
highest biological resistance values for almost all fungi and both wood species tested, which suggests
that the 3-h duration was not adequate to achieve the desirable chemical reactions in wood mass,
necessary to improve durability at the highest possible level, while the 7-h treatment duration seemed
to be long enough to induce great weight losses (poplar: 18.88%, black pine: 15.25%), leaving wood
once again susceptible to the catastrophic action of basidiomycetes.

The variability of biological resistance improvement referring to thermal treatments was found
to be highly influenced by the factor of treatment temperature, to a lower extent by the treatment
duration, and even less by the interaction between the temperature-duration factors.

The combination of thermal treatment with silanes components treatment improved significantly
the biological durability of black pine wood, recording mass losses, caused by the action of fungi,
much lower than those of the unmodified wood, as well as lower than the respective mass loss values
of thermally-treated wood specimens, with this biological resistance improvement to be analogous
to the thermal treatment intensity. T-C 1, T-C 2 and T-C 3 resulted in 45.68–79.74%, 54.76–83% and
70.21–87.83% lower mass losses, respectively, compared to unmodified wood against the action of
C. puteana. The presence of benzin in silane solutions increased the protective effect of the surface
modification process and the biological durability of wood, probably attributed to the fact that benzin
contributed to a higher dispersion of the solution or a deeper penetration of the solution in wood mass
(WPG approximately 15%).

Thermal modification did not manage to effectively protect pine and poplar wood from microfungi
growth, but it only contributed to a retardation of the attack and growth process, confirming the
tendency and results of previous studies, examining the durability of other thermally-treated species.
On the contrary, the combination of thermal treatment and surface modification process increased in
great extent the resistance of black pine wood against the action of microfungi, and can be considered
as an adequately protective technique against the mold action.

Generally, the biological strength of thermally-treated pine and poplar wood against
basidiomycetes was found to be enhanced to a small extent, and they should not be exposed directly
above ground without the application of additional protective techniques, whereas the treatment with
silane components enhanced significantly the resistance against basidiomycetes and mold action, and
could be suitable for numeral interior, under shelter or even exterior applications. Additional research
should be carried out on this direction of thermal and silanes treatment methods combination, in
order to achieve even more enhanced durability by optimizing the treatments conditions and process
through the simultaneous testing of the physical, chemical and mechanical properties of the studied
wood species.
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Abstract: The European beech (Fagus sylvatica L.) wood was thermally modified in the presence of
paraffin at the temperatures of 190 or 210 ◦C for 1, 2, 3 or 4 h. A significant increase in its resistance to
the brown-rot fungus Poria placenta (by 71.4%–98.4%) and the white-rot fungus Trametes versicolor
(by 50.1%–99.5%) was observed as a result of all modification modes. However, an increase in the
resistance of beech wood surfaces to the mold Aspergillus niger was achieved only under more severe
modification regimes taking 4 h at 190 or 210 ◦C. Water resistance of paraffin-thermally modified
beech wood improved—soaking reduced by 30.2%–35.8% and volume swelling by 26.8%–62.9% after
336 h of exposure in water. On the contrary, its mechanical properties worsened—impact bending
strength decreased by 17.8%–48.3% and Brinell hardness by 2.4%–63.9%.

Keywords: beech; paraffin; thermal modification; fungi; swelling; mechanical properties

1. Introduction

European beech (Fagus sylvatica L.) is one of the most popular commercial broad leaved tree
species in Central Europe [1,2]. Beech wood is preferred due to its properties; especially because
it is easily workable and impregnable. On the contrary, beech wood suffers from low resistance
to fungi and insects, and also from high volume shrinking, i.e., during drying it warps and splits,
and under changing weather conditions its dimensions change significantly [3]. Low decay and mold
resistance is considered one of the basic disadvantages of beech wood. According to the Standard
EN 350 [4], it is non-durable and in exterior cannot be used without convenient treatments, mainly for
structural elements.

In comparison to traditional chemical treatment of wood with toxic biocides, the processes of
its thermal, biological and chemical modification do not usually affect the environment; therefore,
investigation of new wood modification modes is very prospective [5,6].

Thermal modification of wood at high temperatures is connected with changes in its molecular
structure. These changes are associated primarily with the hemicelluloses degradation, creation of
hemicelluloses–lignin linkages and extinction of some hydroxyl groups [7–9]. An increase in the
resistance of wood to water and biotic agents is the main aim of its thermal modification [5,10]. Types
and extent of changes in molecular structure and subsequently in properties of thermally modified
wood depend not only on the temperature and its duration, but also on the wood species, its initial
moisture content, as well as on parameters of air, nitrogen, plant oil or other heating medium [5,6,10,11].
Biological resistance of wood is not affected positively by the thermal modification carried out in the
atmosphere at lower temperatures ranging from 130 to 160 ◦C [10,12,13]. In practice, an increase in
wood resistance to wood-decaying fungi and insects results from the application of higher temperatures
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of air ranging from 160 to 220 ◦C, or also from temperatures up to 260 ◦C at the limited quantity of
oxygen present [5,12,14,15].

In comparison to standard thermal modification of wood in hot air, higher resistance to decaying-fungi
and water is ensured when hot plant oils and other hydrophobic agents are applied [12–14,16–18].

Waxes are due to hydrophobic properties used to protect wood against water, as the water sorption
kinetics of wood is reduced and dimensional stability is improved [19]. Waxes also improve resistance
of wood to termites [20,21]. Mechanical properties, as compressive strength [22], bending strength [21]
and hardness [21,22], of wood treated with waxes do not change or increase slightly. Moreover, waxes
are almost non-toxic and environmentally acceptable, so they can also be used in other sectors, e.g.,
pharmaceutical, beauty and food-processing industries.

Paraffin belongs to the group of waxes. It is a mixture of solid linear aliphatic hydrocarbons,
especially straight chain alkanes synthesized from crude oil using Fischer–Tropsch synthesis or
from coal tar. Paraffin is cheap, healthy clean and hydrophobic substance used in beauty industry,
candle-making business, civil engineering, as well as in preservation of wood materials in order to
reduce the hygroscopicity and to improve the dimensional stability. Paraffin and paraffin emulsions
have been used to reduce water soaking and to improve dimensional stability of particleboards [23,24]
and in hydrophobic treatment of solid wood [19,21,25] over a long period. Combining the technology
of paraffin impregnation of wood with subsequent thermal modification in paraffin can have a synergic
effect resulting in an effective improvement of selected wood properties [21,26,27].

The aim of the experiment was to determine the effect of thermal modification of European beech
wood in the presence of paraffin in order to increase its resistance to rot, mold and water and at the
same time to evaluate the effect of modification on selected mechanical properties of wood.

2. Materials and Methods

2.1. Wood

European beech (Fagus sylvatica L.) heart-wood specimens of high quality, i.e., without rot,
insect gallery, growth defects, tension wood or red-false wood were prepared from the sawn timber
naturally seasoned to a moisture content of 13.5% ± 2%. Three types of specimens were used in
the experiment—type (a): 25 mm × 25 mm × 5 mm in mycological tests and in testing the Brinell
hardness; type (b): 5 mm × 50 mm × 25 mm in testing the soaking and swelling, and type (c):
120 mm × 10 mm × 10 mm in testing the impact bending strength (Figure 1). The top and bottom
surfaces of specimens of the type (a) and type (b) were milled.

Figure 1. Types of beech wood specimens used in the paraffin-thermal modification and for testing the
selected properties. Note: Type (a): 64 modified and 32 reference specimens for attack by wood-decaying
fungi; 32 modified and 16 reference specimens for attack by the mold Aspergillus niger; 54 modified
and six reference specimens for testing the Brinell hardness. Type (b): 54 modified and six reference
specimens for testing the soaking and swelling. Type (c): 54 modified and six reference specimens for
testing the impact bending strength.
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Prior to modification, the beech specimens were dried at 103 ± 1 ◦C to the oven-dry state in the
kiln Memmert UNB 100 (Memmert, Schwabach, Germany), and subsequently cooled in desiccators to
a temperature of 20 ± 2 ◦C and weighed with an accuracy of 0.001 g.

2.2. Paraffin

Clear paraffin wax (MOL, Hungary) with the melting point ranging from 60 to 62 ◦C was used to
modify the beech specimens.

2.3. Paraffin-Thermal Modification

The beech specimens were thermally modified with hot paraffin in the kiln Memmert UNB 100.
In the first phase, paraffin melted in stainless steel containers at the temperatures from 80 to 100 ◦C/1
h. In the second phase, beech wood specimens were impregnated in the melt of paraffin wax at
atmospheric pressure and at a temperature of 100 ◦C/1 h. In the third phase, the temperature of paraffin
increased continuously to 190 ◦C (or 210 ◦C) during 1 h. In the fourth phase, the temperature in the
containers with paraffin and beech specimens remained at 190 ◦C (or 210 ◦C) for 1, 2, 3 or 4 h. In the last
fifth phase, non-absorbed hot paraffin ran off surfaces of beech specimens. The process of modification
is shown in Figure 2a.

 

 
(b) 

Figure 2. Phases of the paraffin-thermal modification of beech specimens (a) and weight percent
gain (WPG) values of the paraffin modified specimens and also so-called real WPG* values of the
paraffin-thermally modified specimens—within the 4th phase lasting from 1 to 4 h (b). Note: WPG
values of paraffin at the end of the 2nd modification phase: Type (a) 23.91%; Type (b) 33.37% and Type (c)
13.98%. Calculation of the theoretical weight losses (ΔmThermal =WPG −WPG*) of paraffin-thermally
modified specimens caused by thermal effects in the 4th phase could be performed as well, for example,
for specimens of Type (a): ΔmThermal at 190 ◦C/1 h = 0.10%; 2 h = 3.14%; 3 h = 7.82%; 4 h = 12.02%; and
ΔmThermal at 210 ◦C/1 h = 2.72%; 2 h = 8.68%; 3 h = 15.78%; 4 h = 20.81%.
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Modified specimens of beech wood were cooled in desiccators to a temperature of 20 ± 2 ◦C,
weighed with an accuracy of 0.001 g, their dimensions were determined with an accuracy of 0.01 mm,
and transferred were to the desiccators again.

The weight percent gain (WPG, and also WPG*) values of paraffin into beech wood specimens
were affected by their dimension, at which the lowest WPG (or WPG*) values had specimens of Type
(c) 120 mm × 10 mm × 10 mm (L × T × R) with the smallest portion of axial surfaces (Figure 2b).
The so-called WPG* (WPG − ΔmThermal) values were simultaneously affected by weight losses of
specimens caused by degradation of hemicelluloses and other components of wood at the high
temperatures of 190 or 210 ◦C acting from 1 to 4 h (Figure 2b).

Specimens used in mycological tests (i.e., resistance to wood-decaying fungi and molds) and in
testing the mechanical properties (i.e., impact bending strength and hardness) were air-conditioned at
a temperature of 20 ± 2 ◦C and a relative air humidity of 60% ± 5% for 14 days. Oven-dry specimens
with 0% moisture content were used in soaking and swelling tests.

2.4. Attack by Wood-Decaying Fungi

The specimens (25 mm × 25 mm × 5 mm) were subjected to attack by the brown-rot fungus
Poria placenta (Fries) Cooke sensu J. Eriksson, strain FPRL 280 (Building Research Establishment,
Garston-Watford-Herst, UK) or to attack by the white-rot fungus Trametes versicolor (Linnaeus ex Fries)
Pilat, strain BAM 116 (Bundesanstalt für Materialforschung und -prüfung, Berlin, Germany).

Fungal attack of specimens was performed in Petri dishes with a diameter of 100 mm according to
modified Standard EN 113 [28], i.e., specimens with another shape and another method of sterilization
were used, and their exposition in fungal mycelia at a temperature of 24 ± 2 ◦C and a relative air
humidity of 90% ± 5% lasted for 6 weeks instead of 16 weeks, according to the rapid screening test by
Van Acker et al. [29].

Two replicates of the equally modified beech specimen and one replicate of the reference beech
unmodified specimen were placed into each Petri dish in the vaccination box (Merci Ferrera, Italy)
(Figure 3). Specimens were deposited on plastic mats under which a fungal mycelium had already been
grown on a sterilized 4.5 wt% malt agar medium (HiMedia, Ltd., Mumbai, India) with a thickness from
3 to 4 mm. After the fungal attacks, mycelium was carefully cleaned from the surface of specimens.
Specimens were then air-conditioned for 14 days at a temperature of 20 ± 2 ◦C and a relative air
humidity of 60% ± 5%, and weighed to determine the weight loss (Δm), using Equation (1):

Δm =
m0 −m0deg

m0
× 100 (%) (1)

where: m0—mass of specimen in the conditioned state before mycological test (g) and m0deg—mass of
specimen in the conditioned state after mycological test (g).

Figure 3. Petri dish with three beech wood specimens (a, b—modified by the same mode, c—reference)
and fungal inoculum (i).
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2.5. Attack by the Mold Aspergillus niger

The mold resistance test of the specimens (25 mm × 25 mm × 5 mm) was performed with
the microscopic fungus Aspergillus niger Tiegh. according to modified Standard EN 15457 [30], i.e.,
specimens with other shape and other methods of sterilization were used. Firstly, all surfaces of
specimens were sterilized with the 30 W germicidal lamp (Chirana, Medical, a. s., Stará Turá, Slovakia)
from a distance of 1 m at a temperature of 22 ± 2 ◦C/0.5 h. Sterilized specimens were placed into Petri
dishes with a diameter of 100 mm on a sterilized 4.9 wt% Czapek-Dox agar medium (HiMedia, Ltd.,
Mumbai, India) with a thickness from 3 to 4 mm and inoculated with a spore suspension of A. niger
in a sterile water (106–107 spores/mL). Incubation of inoculated specimens in the thermostat Nahita
636 Plus (Nahita, France) took 21 days at a temperature of 24 ± 2 ◦C and a relative air humidity of
90%–95%. Growth activity of the mold A. niger on the top surfaces of specimens was evaluated on the
7th, 14th and 21th day by these criteria: 0→ growth 0% = no growth of the mould on the top surface
of specimen; 1→ growth ≤10%; 2→ growth >10% and ≤30%; 3→ growth >30% and ≤50% and 4→
growth >50%.

2.6. Soaking and Swelling

In order to determine the ability of the reference and modified beech wood specimens
(5 mm × 50 mm × 25 mm) to absorb distilled water (Si), the soaking test according to the Standard STN
49 0104 [31] was performed, using Equation (2):

Si =
mi − m0

m0
× 100 (%) (2)

where: mi—mass of the moist specimen at the defined time of soaking (g) and m0—mass of the oven-dry
specimen (g).

At the same time, volume swelling of wood (βVi) was evaluated, using Equation (3):

βVi =
Vi −V0

V0
× 100 (%) (3)

where: Vi—volume of the moist specimen at the defined time of soaking (mm3) and V0—volume of
the oven-dry specimen (mm3).

2.7. Impact Bending Strength and Brinell Hardness

Impact bending strength of specimens in tangential direction (I) was determined according to the
Standard ISO 3348 [32], using Equation (4):

I =
W

b× h

(
J.cm−2

)
(4)

where: W—work done for cutting the specimen (J) and b and h—specimen cross section dimensions
(cm).

Brinell hardness of specimens in radial direction (HB) was evaluated according to the Standard
EN 1534 [33] using a steel ball with a diameter of 11.284 mm impressed into the wood surface with
a force of 500 N. It was calculated by Equation (5):

HB =
F
S
=

2× F

π×D× (D− √D2 − d2)
(MPa) (5)

where: F—force on the ball (N), D—ball diameter (mm) and D—diameter of the impressed area (mm).
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3. Results and Discussion

3.1. The Rot Resistance

All paraffin-thermal modifications of beech wood specimens resulted in an increase in their rot
resistance (Table 1). The highest weight losses (Δm) caused by wood-decaying fungi were observed
in the case of the reference beech specimens (22.14% with Poria placenta and 29.65% with Trametes
versicolor). On the contrary, the lowest weight losses <1% were observed in the specimens modified
with the most severe modification regimes, i.e., at 210 ◦C for 3 h or 4 h. The modified specimens were
usually more intensively attacked by the white-rot fungus T. versicolor (Δm from 0.15% to 14.8%) than
by the brown-rot fungus P. placenta (Δm from 0.35% to 6.34%). However, in the case of their exposure
to the most severe regimes (210 ◦C/3 or 4 h) the result obtained was opposite. This disproportion
arose probably due to a greater inhibitory effect of specific carbonized wood components created with
prolonged exposure to 210 ◦C on the growth and enzymatic activities of T. versicolor.

Table 1. Weight losses (Δm) of the reference and modified beech specimens after action of the
wood-decaying fungi Poria placenta and Trametes versicolor.

Paraffin-Thermal Modification P. placenta Δm (%) T. versicolor Δm (%)

Reference 22.14 (4.50) 29.65 (6.53)
190 ◦C/1 h 6.34 (2.91) a 14.80 (6.19) a
190 ◦C/2 h 5.32 (2.17) a 10.05 (3.86) a
190 ◦C/3 h 5.33 (2.04) a 9.68 (3.70) a
190 ◦C/4 h 3.76 (1.66) a 7.83 (3.02) a
210 ◦C/1 h 5,25 (1.95) a 7.74 (2.98) a
210 ◦C/2 h 2.67 (1.07) a 4.87 (1.93) a
210 ◦C/3 h 0.92 (0.42) a 0.25 (0.19) a
210 ◦C/4 h 0.35 (0.28) a 0.15 (0.11) a

Note: mean values are from four replicates, and from 16 reference replicates. Standard deviations are in italics and
parantheses. The Duncan test, with significance levels a = 99.9%, b = 99%, c = 95% and d < 95%, was performed in
relation to reference specimens—at which differences always occurred at the 99.9% significance level (a).

Lesar and Humar [34] found out that wood attacked with wood-decaying fungi could degrade
slower when impregnation with waxes is applied. The wax-barrier located in the cell lumens of
wood slows down the diffusion, both of fungal enzymes and products resulting from the cell wall
degradation, between hyphae of wood-decaying fungi and wood structural components. Specific
changes in the molecular structure of wood, causing an increase in its resistance to decay, occur as
a result of its parallel wax and thermal modification. The fungal growth inhibition is here also caused
due to polysaccharide dihydroxylation and resulting in a lower moisture content of wood [35]. Boonstra
et al. [36] mentioned that the thermal modification of wood could result in chemical transformation
of components like minerals, vitamins and lower molecular weight carbohydrates necessary for the
activity of wood-decaying fungi. At the higher temperatures of 210 ◦C, hemicelluloses degrade to
substances with lower hygroscopicity and higher toxicity to fungi, e.g., like furfural polymers [37,38].
According to Lacić et al. [39], an increase in the rot resistance of alder wood, markedly to the brown-rot
fungus P. placenta and less significantly to the white-rot fungus T. versicolor, resulted from its thermal
modification at the temperatures of 180 ◦C and 200 ◦C for 6 h and 10 h in proportion to an increase
in temperature and time. Similarly, several researchers found out that the rot resistance of spruce,
pine and other wood species to wood-decaying fungi Coniophora puteana and T. versicolor is increased
by their thermal modification in atmosphere [40] or in plant oils [14,41]. For example, Rapp and
Sailer [14] determined that the rot resistance of thermally modified spruce wood and sapwood of
pine to C. puteana increased at the plant oil temperature ranging from 190 ◦C to 220 ◦C—since the
weight losses of wood during the decay processes decreased from 40% to 5.5% in the case of spruce
wood or from 48% to 11% in the case of pine sapwood. Yılgör and Kartal [15] found out that the rot
resistance of the thermally modified sugi (Cryptomeria japonica D.) sapwood, exposed to a temperature

90



Forests 2019, 10, 1102

of 180 ◦C for 2 and 4 h or to a temperature of 220 ◦C for 2 h, increased significantly against the white-rot
fungus T. versicolor—since its weight losses decreased evidently from 41.4% to 4.1% in dependence
to an increase in the temperature and time. According to Kartal [42], thermal modification of sugi
sapwood at a temperature of 180 ◦C for 2 and 4 h did not result in an increase in its rot resistance to the
brown-rot fungus Fomitopsis palustris, but there was a slight increase in its resistance to the white-rot
fungus T. versicolor.

3.2. The Mold Resistance

The growth intensities of the mold Aspergillus niger on the surface of beech wood specimens
subjected to different paraffin-thermal modifications were markedly reduced only at the beginning
of testing, after the 7th and 14th day (Table 2). Only beech specimens modified for the longest time,
for 4 h at the temperatures of 190 ◦C or 210 ◦C, showed lower growth intensity of this mold (GIM ≤ 2)
on the final 21st day of testing (Table 2).

Table 2. Growth intensities of the mold Aspergillus niger (GIM from 0 to 4) on the top surfaces of beech
wood specimens subjected to different paraffin-thermal modifications.

Paraffin-Thermal
Modification

A. niger
GIM (0–4)

A. niger
GIM (0–4)

A. niger
GIM (0–4)

7th day 14th day 21st day

Reference 3 3 4
190 ◦C/1 h 1 2 2.75
190 ◦C/2 h 1 2 3
190 ◦C/3 h 0.5 1.5 2.5
190 ◦C/4 h 0.25 1 2
210 ◦C/1 h 1 1.75 3
210 ◦C/2 h 1 2.25 2.5
210 ◦C/3 h 0 1.5 2.25
210 ◦C/4 h 0 1 1.25

Note: mean values are from four replicates, and from 16 reference replicates..

Results of the experiment can be compared to the results obtained by [17] who searched mold
resistance of beech and pine woods thermally modified by by the oil heat treatment (OHT) technology
in rapeseed oil—when both wood species showed markedly increased resistance to the mold A. niger
only in the case of modification performed at the highest temperature of 220 ◦C for 3 h or 6 h. Similarly,
Yılgör and Kartal [15] found out that the resistance of sugi wood, modified at a temperature of 180 ◦C
for 2 and 4 h and at a temperature of 220 ◦C for 2 h, to the molds Rhizopus javanicus and Trichoderma
virens increased slightly, whereby to the mold A. niger increased only negligibly. Impregnation of
beech and spruce woods with various wax emulsions had no significant impact on an increase in the
resistance of mentioned wood species to molds [34].

3.3. The Soaking and Swelling Resistance

Paraffin is a hydrophobic substance. In the impregnated wood it is located in the cell lumens and
on the S3 layer of cell walls, due to what it reduces its soaking and swelling [43]. However, paraffin
does not penetrate the wood cell walls, which allows water vapor diffusion in its structure, and thus
the effect of paraffin on improving the dimensional stability of wood is only temporary [26]. Lesar and
Humar [34] mentioned the effect of waxes in spruce wood on a decrease in the moisture absorption
and soaking kinetics of modified wood.

Similar inhibition effects of paraffin in wood against its soaking and swelling in distilled water
were investigated and founded in this experiment (Table 3, Figures 4 and 5). The alone paraffin reduced
the capacity of water penetration into wood during the soaking test (Figure 4). Paraffin up to 8 h
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evidently suppressed kinetics of wood swelling, however, after 24 h its anti-swelling effect was already
smaller (Table 3, Figure 5).

Table 3. Soaking and volume swelling in distilled water of beech wood specimens subjected to different
paraffin-thermal modifications—results after 24 h and 336 h.

Paraffin-Thermal
Modification

Soaking—Si (%) Swelling—βVi (%)

24 h 336 h 24 h 336 h

Reference 74.34 (10.82) 96.92 (12.52) 19.43 (3.46) 20.55 (3.83)
Paraffin only 27.67 (0.78) a 78.68 (1.45) b 16.56 (3.19) c 19.19 (1.16) d

190 ◦C/1 h 38.15 (4.67) a 66.46 (2.88) a 14.46 (0.99) b 14.67 (1.20) a
190 ◦C/2 h 39.49 (2.90) a 64.46 (2.37) a 14.68 (0.59) b 15.04 (0.82) a
190 ◦C/3 h 34.03 (3.41) a 63.26 (2.16) a 13.58 (0.71) a 14.25 (0.81) a
190 ◦C/4 h 31.24 (3.18) a 65.50 (1.46) a 12.21 (0.98) a 12.81 (1.08) a
210 ◦C/1 h 36.06 (4.46) a 66.13 (1.38) a 12.36 (0.61) a 12.16 (1.04) a
210 ◦C/2 h 31.95 (3.55) a 67.61 (1.33) a 10.14 (0.96) a 10.86 (0.82) a
210 ◦C/3 h 22.75 (1.08) a 67.22 (1.79) a 7.81 (0.45) a 8.37 (0.24) a
210 ◦C/4 h 20.26 (2.29) a 62.20 (1.62) a 6.99 (0.53) a 7.62 (0.52) a

Note: mean values are from six replicates. Standard deviations are in italics and parantheses. The Duncan test, with
significance levels a = 99.9%, b = 99%, c = 95% and d < 95%, was performed in relation to reference specimens—at
which differences usually occurred at the 99.9% significance level (a), or at swelling also at lower significance levels,
the 99% (b) and 95% (c), respectively none for specimens modified only with paraffin (d)

In accordance with several research studies [44–46] the fact that swelling of wood was reduced
especially due to its thermal modification while the role of paraffin was only to slow down kinetics
of swelling was confirmed (Table 3, Figure 5). Thermal modification of wood results in changes
in its molecular structure, i.e., the polysaccharides (especially hemicelluloses) depolymerized, the
microcrystalline cellulose portion increased, the lignin linkage occurred and therefore, the presence of
free hydroxyl groups in wood decreased [47].

 
Figure 4. Soaking kinetics of reference and paraffin-thermally modified beech wood specimens.
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Figure 5. Volume swelling kinetics of reference and paraffin-thermally modified beech wood specimens.

The values of soaking and swelling of paraffin-thermally modified beech wood were in all cases
lower in comparison to the reference beech wood specimens (Table 3, Figures 4 and 5). The swelling of
beech wood reduced proportionally to an increase in temperature and time of modification (Table 3,
Figure 5). Significantly reduced swelling of beech wood, by approximately 60%, was observed in
the case of specimens modified under the regimes at higher temperature of 210 ◦C for 3 h and 4 h.
However, significantly reduced soaking, by approximately 30%, already occurred when modifying the
wood under the mildest regime at a temperature of 190 ◦C for 1 h, especially due to a high presence of
paraffin in cell lumens (Table 3, Figure 4).

Similarly by Reinprecht and Vidholdová [17], the soaking and swelling of beech and spruce
woods modified by the OHT process in rapeseed oil were reduced especially in the case of the highest
temperature of 220 ◦C acting for the longest time of 6 h. Bal [48] determined physical properties,
including volume swelling, of beech thermowood modified in the hot oil medium or hot air at the
temperatures of 160 ◦C, 190 ◦C and 220 ◦C for 2 h. In accordance with our experiment, the volume
swelling decreased in the case of the most severe modification regime from 17.6% to 4.2%—i.e., in
percentage it reduced proportionally to higher temperature and prolonged time of thermal modification
from about 8.5% up to 76%. The swelling of beech wood thermally modified in hot oil was reduced
more in comparison to the modification process performed in hot air.

In general, the fact that the effect of thermal modification of wood in hot oils or waxes on reducing
the swelling is more significant than the effect of thermal modification by hot air can be stated. It can
be due to the presence of hydrophobic media located in cell lumens also after thermal modification,
therefore, the barrier reducing the process of water absorption by cell walls is made [16,34,49,50].
The correlation between the weight loss of wood during the process of thermal modification and
soaking and swelling was mentioned in several previous research works [51–53]. It is observed mainly
in the case of wood modification at higher temperatures when an increase in hydrophobicity is affected
more by degrading and linking its structural components.

3.4. The Impact Bending Strength and Brinell Hardness

Lots of researchers found out that mechanical properties of wood like compressive strength [22]
bending strength [21] and hardness [21,22] can be improved by impregnating the wood with waxes.
Mechanical properties of wood like hardness [17,54], bending strength [54], compressive strength [54–56]
and modulus of elasticity [57] were improved also under milder conditions of its thermal modification.
An increase in the compressive strength of thermowood can be explained with a relative increase
in the lignin content and its condensation confirmed by the near infrared spectroscopy (NIR) [55].
It is supposed that an increase in the modulus of elasticity of thermowood relates to forming new
chemical bonds with higher bond energy in comparison to the energy of absent hydrogen bonds [57].
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However, the mechanical properties get worse when modified temperatures are higher, usually above
220 ◦C, and the time of modification is longer [10,17,54,58–61]. It is especially due to significant
thermal degradation of hemicelluloses situated between cellulose microfibrils in wood cell walls and
also due to organic acids resulting from the hemicellulose decomposition catalyzing the cleavage
of lignin–carbohydrate complex of wood [62]. Mechanical properties of commercial thermowood
get worse by 10%–30% and such wood is not recommended to be used in load-bearing structural
elements [63].

The impact bending strength of beech wood decreased slightly about 20.63% due to the presence
of paraffin, however, more rapidly after paraffin-thermal modifications in the range from 17.84% to
48.33%—proportionally to an increase in temperature and time of modification (Table 4). The impact
bending strength of poplar wood heated at a temperature of 210 ◦C for 3 h decreased even by about
61% [64]. The fact that this mechanical property decreases significantly at higher temperatures
especially in the case of hardwoods is generally known. It is owing to pentosans decomposition and
loss of their elastic-mechanical function in cell walls. Beech and other hardwoods contain 2 or 2.5 times
more of pentosans in comparison to coniferous wood [65].

Table 4. Impact bending strength and Brinell hardness of beech specimens subjected to different
paraffin-thermal modifications.

Paraffin-Thermal Modification Impact Bending Strength I (J.cm−2) Brinell Hardness HB (MPa)

Reference 5.38 (0.83) 31.56 (5.29)
Paraffin only 4.27 (0.40) b 32.22 (4.86) d

190 ◦C/1 h 3.76 (0.65) a 30.81 (5.02) d
190 ◦C/2 h 4.42 (0.47) c 29.09 (1.94) d
190 ◦C/3 h 3.87 (0.23) a 25.46 (4.96) c
190 ◦C/4 h 3.36 (0.77) a 27.86 (3.47) d
210 ◦C/1 h 3.90 (0.31) a 18.87 (1.88) a
210 ◦C/2 h 3.66 (0.31) a 18.46 (0.94) a
210 ◦C/3 h 3.40 (0.22) a 13.15 (0.70) a
210 ◦C/4 h 2.78 (0.55) a 11.38 (1.37) a

Note: mean values are from six replicates. Standard deviations are in italics and parantheses. The Duncan test, with
significance levels a = 99.9%, b = 99%, c = 95% and d < 95%, was performed in relation to reference specimens—at
which mechanical properties of specimens modified at 210 ◦C always decreased on the 99.9% significance level (a).

The Brinell hardness of paraffin-thermally modified beech wood decreased in the range from 2.38%
to 63.94%, especially at a higher temperature of 210 ◦C. However, harness was not affected by alone
paraffin (Table 4). Significant decrease in hardness was investigated especially in the case of specimens
modified at 210 ◦C. Reinprecht and Vidholdová [17] determined a decrease in the Brinell hardness by
1.5%–33% when modifying beech wood in rapeseed oil at a temperature of 180 ◦C and 220 ◦C for 3 h to
6 h. Bakar et al. [63] investigated a decrease in hardness of oak wood by 33.3% resulting from thermal
modification at a temperature of 190 ◦C for 8 h. Borůvka et al. [66] determined different changes in the
Brinell hardness of thermally modified beech and birch woods (210 ◦C/3 h)—the hardness of beech
wood decreased by 37% and the hardness of birch wood increased by 9%. An increase in hardness
of birch wood was explained due to a higher content of mannans in hemicelluloses. By Bonstra et
al. [36], the finding for pine and spruce woods that the Brinell hardness parallel to grains increased by
48% or perpendicular to grains by 5%—as a result of their primary hydrothermal modification and
subsequent thermal modification—can be considered interesting.
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4. Conclusions

• Paraffin-thermal modification resulted in a significant increase in the rot resistance of beech wood
to decaying fungi—the brown-rot fungus Poria placenta by 71.4%–98.4% and the white-rot fungus
Trametes versicolor by 50.1%–99.5%. The lowest weight loss, less than 1%, was observed in the case
of beech wood specimens modified in paraffin at a temperature of 210 ◦C for 3 h or 4 h.

• The mold resistance of paraffin-thermally modified beech wood to the microscopic fungus
Aspergillus niger increased significantly in the first days of testing. However, on the final 21st day
of the mold test, the growth intensity of A. niger reduced only in the case of specimens modified
under the most severe modification regimes.

• The soaking and volume swelling of beech wood reduced markedly as a result of paraffin-thermal
modification—the soaking was reduced in all cases by more than 30% and the volume swelling
was reduced by 26.8%–62.9%. The specimens of beech wood modified at a temperature of 210 ◦C
for 3 h or 4 h were the most resistant to swelling. On the contrary, soaking was not affected by the
temperature and the time of modification.

• Mechanical properties of beech wood got worse as a result of an increase in temperature and time
of modification. There was a decrease in the impact bending strength in the range from 17.8% to
48.3% and in the Brinell hardness in the range from 2.4% to 63.9%.

• Generally, beech wood modified with hot paraffin showed significantly better resistance to
wood-decaying fungi, slightly better resistance to mold growth, and reduced soaking and swelling.
Wood modified this way can be used as a material for making products especially in the demanding
interior projects, e.g., sauna, bathroom, kitchen paneling, as well as in exterior projects, e.g.,
facade or swimming pool panels. However, due to lower values of the impact bending strength
and Brinell hardness, the wood modified this way is not convenient for load-bearing structural
elements and in projects where good mechanical properties are necessary.
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wax-impregnated wood to enhance its physical, mechanical, and biological properties. Holzforschung 2017,
71, 57–64. [CrossRef]

28. EN 113. Wood Preservatives. Test Method for Determining the Protective Effectiveness against Wood Destroying
Basidiomycetes. Determination of the Toxic Values; European Committee for Standardization: Brussels, Belgium, 1996.

29. Van Acker, J.; Stevens, M.; Carey, J.; Sierra-Alvarez, R.; Militz, H.; Le Bayon, I.; Kleist, G.; Peek, R.D. Biological
durability of wood in relation to end-use. Holz als Roh-und Werkstoff 2003, 61, 35–45. [CrossRef]

30. EN 15457. Paints and Varnishes. Laboratory Method for Testing the Efficacy of Film Preservatives in a Coating
against Fungi; European Committee for Standardization: Brussels, Belgium, 2014.

96



Forests 2019, 10, 1102

31. STN 490104. Skúšky Vlastností Rasteného dreva. Metóda Zist’ovania Nasiakavosti a Navlhavosti. (Tests of Native
Wood Properties. Method of Water Absorptivity and Hygroscopicity Determining); Slovak Standards Institute:
Bratislava, Slovakia, 1987.

32. ISO 3348. Wood—Determination of Impact Bending Strength; International Organization for Standardization:
Geneva, Switzerland, 1975.

33. EN 1534. Wood Flooring. Determination of Resistance to Indentation. Test Method; European Committee for
Standardization: Brussels, Belgium, 2010.

34. Lesar, B.; Humar, M. Use of wax emulsion for improvement of wood durability and sorption properties. Eur.
J. Wood Wood Prod. 2011, 69, 231–238. [CrossRef]

35. Archer, K.; Leebow, S. Primary Wood Processing: Principles and Practice; Springer: Dordrecht, The Netherlands,
2006; Chapter 9–J.C.F. Walker, Wood Preservation; pp. 297–338. ISBN 978-1-4020-4393-2.

36. Boonstra, M.J.; Van Acker, J.; Kegel, E.; Stevens, M. Optimisation of a two-stage heat treatment process:
Durability aspects. Wood Sci. Technol. 2007, 41, 31–57. [CrossRef]

37. Stamm, A.J. Wood and Cellulose Science; Ronald Press Co.: New York, NY, USA, 1964; p. 549. ISBN
978-0826084958.

38. Kamdem, D.P.; Pizzi, A.; Jermannaud, A. Durability of heat treated wood. Holz als Roh-und Werkstoff 2002,
60, 1–6. [CrossRef]
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Abstract: In Taiwan, it is important to maintain sustainable development of the forestry industry in
order to raise the self-sufficiency of domestic timber. Japanese cedar (Cryptomeria D. Don and Formosa
acacia (Acacia confusa Merr.(Leguminosae)) have abundant storage options and are the potential
candidates for this purpose. Heat treatment is a new environment-friendly method used to enhance
the dimensional stability and durability of wood. On treatment, a surface with new characteristics is
produced because of wood component changes. Consequently, an inactivated surface and a weak
boundary layer are generated, and the wettability for adhesives and coatings is reduced. Furthermore,
it decreases the pH value of the wood surface, and results in delay or acceleration during the curing
of adhesives. This phenomenon must be paid attention to for practical applications of heat-treated
wood. Ideal heat-treated conditions of C. japonica and A. confusa woods with productive parameters
such as temperature, holding time, heating rate, and thicknesses of wood were identified in our
previous study. In this research work, we focus on the normal shear strength of heat-treated wood
with adhesives such as urea-formaldehyde resin (UF) and polyvinyl acetate (PVAc), and the finishing
performances of heat-treated wood with polyurethane (PU) and nitrocellulose lacquer (NC) coatings
as well as assessing the decay-resistance of heat-treated wood. The results show that heat-treated
wood had a better decay resistance than untreated wood. The mass decrease of heat-treated wood
was only 1/3 or even less than the untreated wood. The normal shear strength of heat-treated wood
with UF and PVAc decreased from 99% to 72% compared to the untreated wood, but the wood
failure of heat-treated wood was higher than that of the untreated one. Furthermore, the adhesion
and impact resistance of wood finished by PU and NC coatings showed no difference between the
heat-treated wood and untreated wood. The finished heat-treated wood had a superior durability
and better gloss retention and lightfastness than that of the untreated wood.

Keywords: heat-treated wood; decay resistance; adhesion; finishing

1. Introduction

Wood is an excellent and environment-friendly renewable material, which possesses good
mechanical strength, low thermal expansion, aesthetic appeal and is easy to process for a variety of
applications. Owing to these characteristics and its abundance, wood has been used for building,
structure, furniture, and other objects that meet the demands of people in the modern world.
However, being a biological material, it is susceptible to warping, splitting, photodegradation and
biodeterioration, highlighting natural anisotropic and hygroscopic characteristics. These defects
restrict its use in certain applications. It is thus necessary to enhance its dimensional stability and
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durability to expand applications of the material. Wood treatments include chemical modification
methods such as esterification and etherification [1,2] and using chromated copper arsenate (CCA) or
alkaline copper quaternary ammonium compounds (ACQ) preservatives [3–5], which, however, cause
environment concerns.

A new environment-friendly method used to enhance the dimensional stability and durability
of wood is heat treatment. This technique is suitable for wood due to its non-toxic characteristics.
In heat-treated wood, physical and chemical properties such as density, equilibrium moisture content,
roughness, and strength are altered by submitting wood to high temperatures (150–230 ◦C) in
an inert or restricted air environment. The dimensional characteristics and decay resistance of
wood can be improved and the treatment results in a uniform dark color. However, its strength is
decreased as compared to those of untreated control samples. The use of heat treatment as a wood
modification method and its products have increased significantly over the last decade and have been
well studied [6–15]. However, in practical utilization, the adhesion, finishing, and decay resistance
performances of heat-treated wood have not been examined enough.

After heat treatment, new surface characteristics are produced because of wood component
changes. The results affect the wettability of heat-treated wood and further affect its bonding
strength [11,12,16]. In addition, the hydrophobic extractives and volatile organic compounds that are
derived from the depolymerization of wood components, especially from hemi-cellulose [17], moved to
or deposited on the wood surface. As a result, an inactivated wood surface and a weak boundary layer
were produced. Consequently, the wettability of wood for adhesives and coatings [18–21] was reduced.
Furthermore, it decreases the pH value of wood surface and results in delay or acceleration during the
curing of adhesives [18,22]. This phenomenon must be paid attention to for practical applications of
heat-treated wood.

In Taiwan, the domestic timber yield accounts for merely 0.5% of its timber consumption,
which implicates that raw timber materials are almost completely imported. In view of this, relevant
policies—such as enlarging planting area and increasing the utilization of domestic woods—should
be formulated to raise the self-sufficiency of domestic timber, which is vital for Taiwan to maintain
sustainable development of its forestry industry. Japanese cedar (Cryptomeria japonica D. Don),
a softwood, and Formosa acacia (Acacia confuse Merr.(Leguminosae)), a hardwood, have abundant
storage options and are potential candidates for this purpose. The total cultivation area of C. japonica
in Taiwan is 39,100 ha (or 2.68%) and of A. confusa is 21,200 ha (or 1.43%) [23]. C. japonica and A. confusa
woods be used for making furniture, building, structures and other objects.

In our previous study, the heat treatments of C. japonica and A. confusa woods with moisture content
of 12% were performed using a steel kiln under an N2 atmosphere. The parameters of heat-treated
conditions such as temperature (130, 160,190, 220, 250 and 280 ◦C), holding times (1, 2 and 3 h),
thicknesses (30, 50 and 70 mm) and heating rates (10, 20 and 30 ◦C /h) were examined for the best
performances of heat-treated woods. The results indicated that the best heat-treated conditions for the
superior of dimensional stability, hardness and static bending strength of woods included heating rates
of 10 ◦C/h, temperature of 190 ◦C, wood thickness of 50 mm, and holding time of 2 h for C. japonica and
3 h for A. confusa [24]. Furthermore, for practical utilization, in this report, we focus on the normal
shear strength of heated C. japonica and A. confusa woods with urea-formaldehyde resin (UF) and
polyvinyl acetate (PVAc) wood adhesives, the performances of finishing properties of woods with
polyurethane (PU) and nitrocellulose lacquer (NC) wood coatings, and decay-resistance of woods by
soil block test.

2. Materials and Methods

20–30-year-old A. confusa and C. japonica woods were obtained from Hui-Sun Forest Station of the
Experimental Forest of National Chung Hsing University in Nan-Tou County, Taiwan. The wood was
cut into the desired dimensions after air-drying and then conditioned for one week at 20 ◦C and 65%
relative humidity. The adhesives, including urea-formaldehyde resin (UF) with a solid content of 65%,
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was purchased from Wood Glue Industrial Co., Ltd., Tainan, Taiwan. Polyvinyl acetate (PVAc) was
supplied by Nan Pao Resins Chemical Co., Ltd., Tainan, Taiwan. The coatings, including two-package
polyurethane resin (PU) and nitrocellulose lacquer (NC), were purchased from Yan Chang Trading Co.,
Ltd., Taichung, Taiwan.

2.1. Heated Treatment of Wood

A. confusa and C. japonica with dimensions of 50 mm (T) × 50 mm (R) × 330 mm (L) and moisture
content of 12% were placed in a stainless steel cylindrical equipment (390 mm diameter and 800 mm
height), as shown in Figure 1. The autoclave body was flushed with a continuous N2 gas flow first
with a flowing rate of 500 mL/min for 30 min and then the flowing rate was adjusted to 50 mL/min for
the heated procedure. The temperature was first heated from room temperature to 100 ◦C at a heating
rate of 10 ◦C/min and holding time of 6 h and then heated to 190 ◦C under the same heating rate and
holding time of 2 h for C. japonica wood and 3 h for A. confusa wood. After the heated treatment,
the wood samples were cooled to room temperature and conditioned for one week at 20 ◦C and 65%
relative humidity. The moisture content, density, environmental moisture content (at 40 ◦C, a relative
humidity of 65%), contact angle of radial section, modulus of rupture were measured in our previous
study [24], and the results were 2.6%, 387 kg/m3, 2.7%, 23.4%, 57.2 MPa for C. japonica heat-treated
wood, and 2.6%, 684 kg/m3, 5.4%, 37.8%, 44.4 MPa for A. confusa heat-treated wood.

Figure 1. Schematic diagram of the heat-treated equipment. (1) N2 cylinder, (2) Controller, (3)
Thermocouple, (4) Air supply tube, (5) Heat-treated body, (6) Condenser, (7~10) Liquid-collecting
vessels, (11) Water cooling tower, (12) Exhauster.

2.2. Compression Shear Bonding Strength of Heat-Treated Wood

The shear bonding strength of heat-treated wood specimens were measured by compression
loading in accordance with Chinese National Standards (CNS) 5809. The heat-treated and untreated
woods were cut into thickness of 10 mm specimens and the out-layer with radial section of the
heat-treated wood was as a glue surface. The UF resin (with adding 1% NH4Cl as a catalyst) and PVAc
were applied on both sides of the interface (200 g/m2 for each layer), respectively. The specimens were
pressed by compression molding machine at room temperature and pressure of 1.47 MPa for 48 h.
After conditioning at room temperature for 48 h, the glued samples were cut into 30 mm (L) × 25 mm
(R) × 20 mm (T) as shown in Figure 2. Normal shear strength test of the specimens was conducted
with a Universal Testing Machine (Shimadzu UEH-10, SHIMADZU Co., Kyoto, Japan) at a crosshead
speed of 1 mm/min with duplicates of 10, and wood failure was noted.
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Figure 2. Dimension of testing sample for the compression shear bonding strength test.

2.3. Heat-Treated Wood Finishing and Characterization of Finishing Performances

The specimens for wood finishing were quarter-sawed, and had a dimension around 15 cm
(L) × 10 cm (R) × 1.5 cm (T). The viscosity of 2-package PU coating (polyol mixed with aliphatic
isocyanate hardener by wt. of 1:1) and NC lacquer were adjusted to 20 s with thinner using No. 4 Ford
cup at room temperature. The two coatings were finished on the heat-treated and untreated woods,
respectively, by using an air spray gun with the proper ratio of compressed air and fluid coatings to
obtain a smooth pattern of spay flow, and thickness of films. The thickness of the dry film on the
wood specimens surface were 100 μm and 60 μm for the PU coating and NC lacquer, respectively.
The finished specimens were then reconditioned at room temperature for 1 week prior to examination
of the properties of the films.

The adhesion of tested films was determined by the cross-cut method according to CNS K 6800
with duplicates of 3; the best adhesion was 10 grade followed by 8, 6, 4, 2 and 0 grade. The impact
resistance of the films was determined based on the striking height of the finished wood panels that do
not crack on a knowing falling weight of 300 g and impact hammer diameter of 1/2 inch by using a
Dupont Impact Tester IM-601 (DU PONT Co., Wilmington, DE, USA) according to American Society
for Testing and Materials (ASTM) D5420. The gloss of films finished on wood and parallel to grain was
detected by using Dr. Lange Reflectometer 60◦ Gloss Meter (DR LANGE Co., Dusseldorf, Germany)
according to Deutsches Institut für Normung & International Organization for Standardization (DIN
ISO) 4630 with duplicates of 10. The durability of films was evaluated using hot and cold cycling tests,
in which one tested cycle of the specimens were first placed them into −20 ◦C refrigerator for 2 h, and
then transferred to 50 ◦C oven for another 2 h according to CNS15200-7-4. The cycle number was
recorded if the sample film cracked. If the films were intact after the cycling test, gloss retention of film
was measured.

The lightfastness of films finished on wood was carried out with a Paint Coating Fade Meter
(SUGA TEST INSTRUMENTS Co., Tokyo, Japan), the light source was mercury light (H400-F) and
chamber temperature was at 32 ± 4 ◦C. After 100 h exposure, the changes in color of the specimens
were measured with nine points on the radial section using a spectrophotometer (CM-3600d, Minolta.
Osaka, Japan) fitted with a D65 light source with a measuring angle of 10◦ and a test-window diameter
of 8 mm. The tristimulus values X, Y, and Z of all specimens were obtained directly from the colormeter.
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The brightness (L*), redness-greenness (a*), and yellowness-blueness (b*) color parameters were then
computed according to the Commission internationale de l’éclairage (CIE) 1976 L*a*b* color system,
followed by calculating the brightness difference (ΔL*), color difference (ΔE*) and yellowness difference
(ΔYI, calculated by ASTM E313) directly from the Minolta Managed Content Services (MCS) software
system (version of 3.1, Newport Beach, CA, USA).

2.4. Soil Block Test for Decay Resistance of Heat-Treated Woods

The soil block test was performed, with partial reference to the AWPA E14-94 standard. The samples
were cut into a size of 200 mm (L) × 20 mm (R) × 20 mm (T) with duplicates of 5. The test samples were
buried upright with 200 mm length of the samples in the ground and each sample was installed 50 mm
apart. The testing site was located in National Chung Hsing University, Taichung, Taiwan. The surface
layer ca. 100 mm of the soil is humus and underlayer is yellow-brown color soil. The experiment was
performed for 50 days and the weight loss, brightness difference (ΔL*) and color difference (ΔE*) of the
test samples were assessed.

3. Results and Discussion

3.1. The Normal Shear Strength

The normal shear strength of heat-treated and untreated C. japonica and A. confusa wood with UF
and PVAc adhesives are listed in Table 1. For UF adhesive, the shear strength of heat-treated C. japonica
and A. confusa woods were 7.66 and 13.98 MPa, respectively, slightly lower than those of untreated
woods at 7.73 and 19.50 MPa, respectively. The results may be due to preferential degradation of the
less-ordered molecules of amorphous cellulose and hemi-cellulose with heat-treatment, and the increase
of the crystallinity of cellulose as well as the affecting of wettability of UF adhesive on the heat-treated
wood surface [13,25]. It also may be caused by the extractives of wood migrating to the surface
with higher temperature heat treatment, which affected the wettability of the UF adhesive [20,26,27].
In addition, the decomposition products during the heat-treated processing (such as acidic components
including acetic acid and formic acid) decrease the pH value on the wood surface, which accelerate the
curing of the UF adhesive and further reduce the gluing ability of wood [20,28]. The wood failure of
heat-treated C. japonica was 90% and was higher than the untreated one at 40%. The appearance of
wood failure occurred in the wood itself and not in the interface of the glue layer, as shown in Figure 3.
This result was due to the degradation of hemi-cellulose and cellulose of wood during the heat-treated
processing and the decrease of the hardness as well as the brittle surface of heat-treated wood [29,30].
Similar results were also obtained for heat-treated A. confusa wood with wood failure of 100% and
untreated wood of 80%.

Table 1. Normal shear strength of untreated and treated Japanese cedar (Cryptomeria japonica D. Don)
and Formosa acacia (Acacia confuse Merr.(Leguminosae)) wood with urea-formaldehyde resin (UF) and
polyvinyl acetate (PVAc) adhesives.

Wood
Shear Strength (MPa)

UF PVAc

C. japonica Untreated 7.73 ± 0.35 (40) 2 8.25 ± 0.30 (90)

Heat-treated 1 7.66 ± 0.33 (90) 7.43 ± 0.33 (100)

A. confusa Untreated 19.50 ± 0.22 (80) 15.39 ± 0.31 (20)

Heat-treated 13.98 ± 0.30 (100) 11.39 ± 1.05 (40)
1 Heat-treated conditions are heating rates of 10 ◦C /h, temperature of 190 ◦C, wood thickness of 50 mm, and holding
time of 2 h for C. japonica and 3 h for A. confusa. 2 represents wood failure (%).
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Figure 3. Appearance of untreated and heat-treated Japanese cedar (Cryptomeria japonica D. Don) (a)
and Formosa acacia (Acacia confuse Merr.(Leguminosae)) (b) wood with urea-formaldehyde resin (UF)
adhesive after the shear strength test.

For the PVAc adhesive, the similar results of adhesion performances were as the UF adhesive.
The shear strength of heat-treated C. japonica and A. confusa wood was 7.43 and 11.39 MPa, which was
lower than that of untreated wood at 8.25 and 15.39 MPa, respectively. However, the wood failure of
heat-treated C. japonica and A. confusa wood was 100 and 40% and was higher than that of untreated
ones at 90 and 20%, respectively. The appearances of untreated and heat-treated C. japonica (a) and
A. confusa (b) wood with PVAc adhesives after normal shear strength test are as shown in Figure 4.

 
Figure 4. Appearances of untreated and heat-treated Japanese cedar (Cryptomeria japonica) (a) and
Formosa acacia (Acacia confusa) (b) wood with polyvinyl acetate (PVAc) adhesive after the normal shear
strength test.

3.2. The Finishing Performances

The appearance, adhesion and impact resistance of untreated and heat-treated C. japonica and
A. confusa wood after PU and NC lacquer finishing are shown in Table 2, respectively. The result
showed that the heated wood had a more even and darker color than the untreated wood. The adhesion
of both PU and NC lacquer films of heat-treated and untreated C. japonica and A. confusa was grade
10, showing excellent adhesion. The striking height was the same of 10 cm for PU finished untreated
and heat-treated C. japonica. However, it was 40 and 35 cm for untreated and heat-treated A. confusa,
respectively, highlighting that the impact resistance of heat-treated A. confusa was slightly inferior
to that of untreated wood. This may be due to the generation of a hydrophobic surface after heat
treatment, resulting in a decrease of wettability for coatings. In addition, the NC lacquer finished on
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untreated or heat-treated C. japonica and A. confusa wood had the same values of 5 cm. In summary,
the adhesion and impact resistance of heat-treated wood is similar to those of untreated wood for PU
and NC lacquer finishing.

Table 2. Adhesion and impact resistance of untreated and heat-treated Japanese cedar (Cryptomeria
japonica) (a) and Formosa acacia (Acacia confusa) wood finished with polyurethane (PU) and nitrocellulose
lacquer (NC) coatings.

Wood

PU NC

Adhesion
(Grade)

Impact Resistance
(cm)

Adhesion
(Grade)

Impact Resistance
(cm)

C. japonica Untreated 10 10 10 5

Heat-treated 1 10 10 10 5

A. confusa Untreated 10 40 10 30

Heat-treated 10 35 10 30
1 Heat-treated conditions are heating rates of 10 ◦C /h, temperature of 190 ◦C, wood thickness of 50 mm, and the
holding time of 2 h for C. japonica and 3 h for A. confusa.

The hot and cold cycling test and gloss retention of untreated and heat-treated C. japonica and
A. confusa woods finished with PU and NC lacquer coatings are shown in Table 3. The results indicated
that all samples were intact after 20 cycles of the hot and cold cycling test. However, the gloss retention
of both heat-treated woods was higher than that of the untreated woods for both PU and NC lacquer
finishing. Because the dimension stability of wood could be improved after heat-treatment, the gloss
lowering of film derived from wood swelling and shrinkage during the hot and cold cycling test could
be reduced.

Table 3. Cycling test and gloss retention of untreated and heat-treated Japanese cedar (Cryptomeria
japonica) and Formosa acacia (Acacia confusa) wood finished with polyurethane (PU) and nitrocellulose
lacquer (NC) coatings.

Wood

PU NC

Cycling Test
(Cycles)

Gloss Retention
(%)

Cycling Test
(cycles)

Gloss Retention
(%)

C. japonica Untreated >20 93 >20 93

Heat-treated 1 >20 96 >20 100

A. confusa Untreated >20 90 >20 95

Heat-treated >20 100 >20 98
1 Heat-treated conditions are heating rates of 10 ◦C /h, temperature of 190 ◦C, wood thickness of 50 mm, and holding
time of 2 h for C. japonica and 3 h for A. confusa.

The lightfastness of films finished on wood was carried out on a Paint Coating Fade Meter with
100 h exposure; the brightness difference (ΔL*), color difference (ΔE*) and yellowness difference (ΔYI)
are listed in Tables 4 and 5. The light induced degradation of wood is mainly due to the photochemical
radical reactions occurring in lignin and the generation of chromophoric groups. These structures are
responsible for the wood color changes. For both PU and NC lacquer finishing, the ΔE* and ΔYI values
of heat-treated woods after UV-light irradiation were lower than those of untreated woods. During the
heat-treatment of wood, the mainly thermal degradation occurs in hemicellulose and cellulose and the
relative content of lignin increased in the heat-treated wood. The best photostability of heat-treated C.
japonica and A. confusa woods’ color could be partially explained by the increase of lignin stability by
condensation during the heat-treatment [31]. Furthermore, the ΔL* values of heat-treated wood were
higher than those of untreated woods, meaning the heat-treated woods possessed a brighter surface.
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This may be due to the producing of more Stab lignin and less chromophoric groups of heat-treated
wood after UV-light exposure. In addition, the ΔE* and ΔYI values of both heat-treated and untreated
woods finished with PU were lower than those with NC lacquer, showing that the PU finished wood
had superior lightfastness.

Table 4. Lightfastness of untreated and heat-treated Japanese cedar (Cryptomeria japonica) and Formosa
acacia (Acacia confusa) wood finished with polyurethane (PU) coating.

Wood
Brightness

Difference (ΔL*)
Color Difference

(ΔE*)
Yellowness

Difference (ΔYI)

C. japonica Untreated −6.17 ± 0.19 32.61 ± 0.57 15.25 ± 0.24

Heat-treated 1 −0.47 ± 0.97 18.68 ± 2.63 3.28 ± 0.87

A. confusa Untreated −5.27 ± 2.24 11.22 ± 2.26 0.89 ± 0.09

Heat-treated −0.25 ± 0.23 1.70 ± 0.66 0.07 ± 0.15
1 Heat-treated conditions are heating rates of 10 ◦C /h, temperature of 190 ◦C, wood thickness of 50 mm, and the
holding time of 2 h for C. japonica and 3 h for A. confusa.

Table 5. Lightfastness of untreated and heat-treated Japanese cedar (Cryptomeria japonica) and Formosa
acacia (Acacia confusa) wood finished with nitrocellulose lacquer (NC) coating.

Wood
Brightness

Difference (ΔL*)
Color Difference

(ΔE*)
Yellowness

Difference (ΔYI)

C. japonica Untreated −8.28 ± 0.87 63.63 ± 1.67 23.42 ± 1.00

Heat-treated 1 4.56 ± 0.63 28.22 ± 4.14 4.23 ± 0.15

A. confusa Untreated −8.10 ± 0.81 11.04 ± 0.62 5.46 ± 1.15

Heat-treated 1.69 ± 0.69 7.98 ± 1.29 3.02 ± 2.81
1 Heat-treated conditions are heating rates of 10 ◦C /h, temperature of 190 ◦C, wood thickness of 50 mm, and the
holding time of 2 h for C. japonica and 3 h for A. confusa.

3.3. Decay Resistance Performances

The appearances of untreated and heat-treated wood after a 50-day soil block decay resistance
test is shown in Figure 5. The untreated woods showed an uneven color on the surface; there were
several dark spots in the untreated A. confusa. However, the heat-treated wood had a uniform color
after the decay resistance test. The weight loss and color changes of untreated and heat-treated C.
japonica and A. confusa wood after the resistance test are drawn in Figure 6. The weight loss of untreated
C. japonica and A. confusa were 9.3 and 1.6%, while that of the heat-treated woods were 3.0 and
0.3%, respectively. In a study by Vidholdová and Reinprecht [32], 21 tropical woods were attacked
intentionally for six weeks by brown-rot fungus, resulting in 0.08% to 6.48% weight loss of the wood.
However, our results showed higher values (1.6% and 9.3%). This pheromone can be explained by
multiple factors in our soil block test—moisture vibration changes, water flow, temperature cycles,
and microorganisms. Nonetheless, the medium difference shows that the brown-rot fungus is a key
factor in the decay. The results showed that the heat-treated wood had superior decay resistance
properties due to the increase of hydrophobicity and decrease of water absorbency [17,25]. There also
was a decrease in OH group content, which affected enzyme recognition blocking of the fungi [33],
and reduced the hemicellulose content of the wood, therefore cutting down on the main nutritive
source for the fungi [3,14,34]. In addition, the extractives of wood and pyrolysis products such as
acidic or phenolic compounds, which have fungicidal efficiency, are deposited on the wood surface,
suppressing the growth of fungi [20,27,33,35]. The color changes on ΔL* of untreated C. japonica and
A. confusa were −11.3 and −15.8 after the 50-day block decay test, meaning a darkening color was
observed on the untreated wood surface; the ΔL* was 4.0 and 3.5, respectively for the heat-treated
wood, indicating a slight bright color obtained after the decay test. The ΔE* of the untreated woods
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were 11.5 and 20.9, which was greater than the values of 5.9–0.5 from a previous study [32]. The ΔE*
values of heat-treated wood were also lower than that of the untreated wood. The best photostability of
heat-treated wood color could be partially explained by the increase of lignin stability by condensation
during the heat-treatment, restricting light from attacking the lignin. In addition, the phenol content
increased after heating and the antioxidant compounds can limit degradation caused by oxygen and
radicals [31].

 

Figure 5. Appearances of untreated and heat-treated Japanese cedar (Cryptomeria japonica) (a) and
Formosa acacia (Acacia confusa) (b) wood after the 50-day decay resistance test.

Figure 6. Weight loss (a) and color changes (b,c) of untreated and heat-treated Japanese cedar
(Cryptomeria japonica) and Formosa acacia (Acacia confusa) wood after the 50-day decay resistance test.

4. Conclusions

The results showed that the normal shear strength of heat-treated C. japonica and A. confusa with
UF and PVAc adhesives was lower than that of untreated wood (the decrease is around 99% to 72%),
but the wood failure of heat-treated wood was higher than that of the untreated one. Furthermore, the
adhesion and impact resistance of heat-treated C. japonica and A. confusa finished with PU and NC
coatings showed no difference with untreated wood. The finished heat-treated wood also showed
superior durability and had better gloss retention and lightfastness than those of the untreated wood.
The heat-treated wood also had better decay-resistance than untreated wood, ascertained by a soil
block test. The weight loss of heat-treated C. japonica and A. confusa were 3.0% and 0.3%, respectively.
Both values of mass decrease were only 32% and 19% compared to the untreated wood.
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Abstract: Acetylation is one of the most common types of wood modification and is commercially
available throughout the world. Many studies have shown that acetylated wood is decay resistant at
high levels of acetylation. Despite its widespread use, the mechanism by which acetylation prevents
decay is still not fully understood. It is well known that at a given water activity, acetylation reduces
the equilibrium moisture content of the wood cell wall. Furthermore, linear relationships have been
found between the acetylation weight percent gain (WPG), wood moisture content, and the amount
of mass loss in decay tests. This paper examines the relationships between wood moisture content
and fungal growth in wood, with various levels of acetylation, by modifying the soil moisture content
of standard soil block tests. The goal of the research is to determine if the reduction in fungal decay of
acetylated wood is solely due to the reduction in moisture content or if there are additional antifungal
effects of this chemical treatment. While a linear trend was observed between moisture content
and mass loss caused by decay, it was not possible to separate out the effect of acetylation from
fungal moisture generation. The data show significant deviations from previously proposed models
for fungal moisture generation and suggest that these models cannot account for active moisture
transport by the fungus. The study helps to advance our understanding of the role of moisture in the
brown rot decay of modified wood.

Keywords: acetylated wood; wood modification; brown rot decay; fungal decay; soil block test; wood
moisture content; soil bottle assays

1. Introduction

When wood is used in exterior applications it is subject to biodeterioration from wood decay
fungi. Wood modifications, such as acetylation, are often used to protect wood from decay [1]. Unlike
preservative treatments where the chemical treatments are targeted to repel or kill wood decay fungi,
acetylation modifies many wood properties and a complete understanding of how acetylation prevents
decay is a topic of active research. Ringman et al. reviewed the literature and concluded that diffusion
inhibition through the reduction of void volume was the only mechanism that was consistent with all
observed behaviors in modified wood [2]. Researchers have further proposed that diffusion likely
occurs through regions of softened hemicelluloses and that acetylation may prevent decay by arresting
diffusion by increasing the moisture-induced glass transition temperature of the hemicelluloses [3–5].
Recent work by Hunt et al. has confirmed that acetylated wood indeed has a higher relative humidity
threshold for the diffusion of potassium ions [6]. Furthermore, Ringman et al. have suggested several
possible alternative mechanisms for the inhibition of diffusion beyond cell wall plasticization [7].

Much of what is known about how treatments and wood modifications affect fungal decay comes
from laboratory soil bottle tests, such as the American Wood Protection Association (AWPA) E-10
soil block assay, and the corresponding European tests, such as EN-113 [8,9]. In these tests, a fungal

Forests 2020, 11, 299; doi:10.3390/f11030299 www.mdpi.com/journal/forests111



Forests 2020, 11, 299

monoculture is cultivated in a sterile bottle with soil and a wood feeder strip and then a wood test
block is added once the fungus is established. The efficacy of the treatment is typically examined by
measuring the mass loss (ML) of the wood test block, which is calculated using the following equation:

ML =
mod, pre −mod, post

mod, pre
(1)

where m is the mass of the specimen and the subscripts “pre” and “post” refer to the mass before
and after the soil block test, respectively, and the subscript “od” stands for oven dried. Note that
in this paper, the mass, m, includes the added mass of the acetylation chemical, where applicable.
In the standard soil block tests, the wood moisture content is not controlled, but instead the soil is
preconditioned to a certain moisture content (specified as a percent of the water holding capacity of
the soil), and the moisture content of the wood test block is affected by capillary uptake from the soil
and feeder strip, water vapor sorption from the humidity within the soil bottle, the moisture produced
from the breakdown of wood polymers, and the moisture translocated from the fungus.

Soil block tests have shown that increasing the level of acetylation results in lower mass loss [10–14].
Typically, the mass loss of the test block after the test is plotted as a function of the weight percent
gain (WPG, a measure of the intensity of the wood modification). An example of such a plot is shown
in Figure 1a from the thesis of Forster [10]. Note that the mass used in all calculations includes the
mass of the treatment chemical. These plots are helpful for determining the level of modification at
which decay is negligible; however, such plots cannot give us insight as to the mechanism by which
the wood modifications provide protection. In addition to measuring the weight loss caused by decay,
Forster [10] also measured the moisture content at the end of the decay test and normalized to the
dry mass after degradation, which we show in Figure 1b. We can see that there is a strong correlation
between the moisture content and the mass loss, and, in fact, when the wood moisture content at the
end of the test is plotted against the mass loss (with the WPG plotted implicitly, Figure 1c), we see that
the mass loss increases with the moisture content at the end of the test.

Figure 1. The interrelationship between the amount of acetylation, mass loss caused by decay, and
wood moisture content at the end of the test. (a), mass loss as a function of weight percent gain. (b) final
moisture content as a function of weight percent gain. (c) mass loss as a function of the final moisture
content. The data replotted from Forster [10], � = Gloeophyllum trabeum and •= Coniophora puteana.

The fact that the wood moisture content in soil bottle tests varies with acetylation level has
important implications for understanding the mechanism of protection as well as understanding
whether wood that appears to be decay resistant in soil bottle tests may be subject to decay under
different environmental conditions [7]. Decay fungi are most active when the wood moisture content
is between 40% and 80% moisture content (MC) [15]. In the absence of fungi, wood moisture content
would depend on the water activity of the environment and the kinetics of water absorption [16].
In the soil block tests, the moisture content of the wood specimen would also depend on moisture
generation from the breakdown of wood polymers by the fungus and active water translocation by the

112



Forests 2020, 11, 299

fungus. It has been shown that for untreated wood in the standard soil block tests, the wood moisture
content increases during the first 3 weeks of the decay test and then levels off in an optimal range for
fungal growth [17]. Measurements of this type are lacking for acetylated wood. Given the differences
in moisture properties between acetylated and unmodified wood and the various phenomena that
influence wood moisture content during decay tests, from the available literature data, it is unclear
whether acetylation would provide protection against decay under higher wood moisture contents.

Thybring reviewed literature data and developed a model based upon assumed cell wall chemistry
and structure that suggested that it is not surprising that wood moisture content and mass loss are
correlated [18]. The model includes the theoretical amount of water produced by degradation of
cellulose and hemicellulose, which is 0.56 g of water per 1 g of polymer, and is similar to an earlier
model developed by Peterson and Cowling in the 1970s [19]. Thybring suggested that instead of
plotting conventional moisture content as a function of mass loss, a “reduced moisture content” should
instead be used where the MC is calculated with the original dry mass [18]. Since there are several
definitions associated with “reduced moisture content”, we use the nomenclature “MCO”, where the
subscript stands for the moisture content calculated from the original dry mass, i.e.,

MCo =
mpost −mod, post

mod, pre
(2)

in this paper to describe the “reduced moisture content” described in the work of Thybring [18].
Thybring stated that MCo should be directly proportional to the mass loss as the consumption of
lignocellulosic biomass results in the production of water [18]. However, Thybring did not provide
additional experimental tests to confirm whether this model can fully explain the effects of moisture
dynamics on decay in acetylated wood.

In this paper, we attempt to separate the moisture exclusion effects of acetylation from other
mechanisms of wood protection provided by acetylation. To do this, we examine the relationship
between the soil moisture content and the wood moisture content at different levels of acetylation in the
presence and absence of fungus. By adjusting the soil moisture content, we are able to test different levels
of acetylation at the same wood moisture content in the absence of fungus. Furthermore, performing
parallel experiments with and without fungus allow us to investigate the moisture generated by
the fungus.

2. Materials and Methods

2.1. Materials

Southern pine (Pinus spp.) sapwood was examined. The southern pine was cut into 10 mm
cubes (“mini-blocks”). Four different levels of acetylation were examined: 0 WPG (control, untreated),
8 WPG, 11 WPG, and 18 WPG. The acetylation was performed in a similar fashion to our previous
work [6,20]. Wood was vacuum-impregnated with acetic anhydride and cured in an oven at 140 ◦C for
various times to provide a range of WPGs. The specimens were then rinsed to remove unbound acetic
acid. For each different test and treatment combination.

2.2. Soil Block Tests

With the exception of the soil moisture content, the soil block tests followed the AWPA E-10
standard [9]. The soil bottles were made by adding soil, water, and a feeder strip of southern pine
sapwood to a flint glass jar with a metal lid and autoclaving it. In this study, Rhodonia placenta (Fr.)
Niemelä, K.H. Larss. and Schigel 2005 (Mad-698-R) was examined. Following the autoclave, two 5-mm
plugs from the leading edge of a fungus grown on 2% malt extract plus a 0.1% yeast extract agar
plate incubated in a 30 ◦C, 70% RH room were placed in each bottle, one at each end of the feeder,
and this was allowed to colonize the bottle for 3 weeks before introducing an autoclaved test block
to the jar. The test was allowed to continue for 8 weeks, after which the blocks were removed. Prior
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to autoclaving the test block, an initial oven-dry weight was determined. After removal from the jar,
the mycelia were removed, the test block was weighed, oven dried at 105 ◦C overnight, and reweighed.
The mass loss caused by decay was determined by Equation (1) and the moisture content after the test
(MC) was determined by the following equation:

MC =
mpost −mod, post

mod, post
(3)

In some experiments, the wood moisture content without the fungus was examined. In these
tests, the soil, water, feeder strip, and test block were all autoclaved at the same time and the bottle
was disassembled after eight weeks and the block was examined.

2.3. Soil Water Holding Capacity

The E-10 standard specifies that the testing should utilize a soil moisture content that is 130% of
the soil water holding capacity (SWHC). For our soil, collected from an agricultural site, the SWHC
was found to be 31% soil moisture content (by mass, dry basis). SWHC was varied in the tests as one
of the main variables.

In the control experiments, which were intended to follow the AWPA standard, the soil moisture
content prior to soil bottle preparation was not independently verified and was assumed to be the
same as the previous experiment. Therefore, it was inadvertently lower than expected and, as a result,
the “standard” measurements were conducted with a soil moisture content of 38.3% MC or 124%
SWHC instead of the desired 130%.

In addition to the tests at 124% SWHC, additional experiments were run at 120% SWHC and 140%
SHWC on all levels of the acetylated wood.

2.4. Wood Moisture Content Preconditioning

In preliminary experiments, the starting moisture content of the wood block was examined as
another variable. It is expected that the moisture content of the blocks will change throughout the test
as the specimen comes into equilibrium with the soil. If the moisture uptake of the acetylated wood
has different kinetics than untreated wood, preconditioning the wood may affect the final moisture
content or the amount of decay exhibited by the block. Figure 2 shows data collected at 124% SWHC
for blocks that had been autoclaved in the presence of liquid water to bring their starting moisture
contents above 40% MC; the actual MCs varied between 40% and 55% MC. The starting moisture
content was shown to have little effect on the amount of mass loss; a t-test with unequal variance
(Welch test) showed no statistical differences between the mass loss for dry and pre-wetted blocks 0%,
8%, and 11% WPG (p = 0.05). The final moisture content of the blocks was shown to be statistically
different (p = 0.05) for the 8% WPG and 18% WPG but not the 0% and 11% WPG conditions. Because
preconditioning had such a small effect on the mass loss, except at the highest level of acetylation, it
was not investigated further.
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Figure 2. (a) mass loss and (b) moisture content as a function of percent weight loss from preliminary
experiments where specimen pre-wetting was examined. The dry blocks had starting moisture contents
(MCs) of less than 10%, and the pre-wetted blocks had starting moisture contents between 40% and
55%. Error bars represent the standard deviation from 5 replicates.

3. Results

3.1. Effect of Acetylation and Soil Moisture Content

In order to assess the effects of soil moisture on the final block MC, a preliminary trial was
conducted using the standard E10 soil bottle setup only without fungi. We refer to the moisture content
from this test as MCster and calculate it as:

MCster =
mster

post −mster
od, post

mster
od, pre

(4)

where the superscript “ster” indicates sterile, uninoculated controls. Soil water holding capacities were
varied at 110%, 120%, 140%, and 150% (Figure 3). A Tukey Honest Significance Difference (HSD) test
was performed on the data. For each SWHC, the MCster of acetylated wood was significantly different
(at p = 0.05) from the untreated controls, however, the amount of acetylation did not cause significant
difference in MCster.

These results indicate that the standard soil bottles at 130% SWHC should achieve an MC that is
well suited for fungal decay activity.

The effect of SWHC and acetylation on mass loss are presented in Figure 4. The amount of
decay decreases with increasing levels of acetylation. This is not surprising as many others have
demonstrated similar results [10]. Furthermore, the wood acetylated to 18% WPG showed almost no
mass loss; this is in line with previous works suggesting that wood acetylated to 20% WPG is very
decay resistant [11,21]. The most interesting results for this investigation, however, are the results of
the 8% and 11% WPG. These two levels of acetylation show measurable amounts of decay but less
decay than the untreated wood. These groups will later be used to examine the interactions between
acetylation, wood moisture content, and susceptibility to decay.
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Figure 3. Effect of the soil water holding capacity on the wood moisture content after 8 weeks with no
fungus present (MCster). The error bars represent the standard deviation from five replicates.

Figure 4. Percent weight loss caused by decay as a function of the soil water holding capacity and the
level of acetylation. The error bars represent the standard deviation from five replicates.

The data in Figure 4 are also useful for understanding the effect of the soil moisture content on the
decay fungi; for reference, the AWPA standard soil bottle test specifies 130% SWHC. For all treatments,
the soil water holding capacity affected the mass loss caused by the fungus. It appears that for the
three soil moisture contents examined, Rhodonia placenta is most active at 120% SWHC. For the 0%, 8%,
and 11% WPG samples, the mass loss increases with the decreasing SWHC. For the samples acetylated
to 18% WPG, the 124% SWHC exhibited a higher mass loss than the 120% SWHC group (p = 0.01),
however, all the SWHCs had a mass loss of less than 10%.

3.2. Relationships Between Moisture Content and Mass Loss

A major motivation of this work was to understand the relationship between acetylation, wood
moisture content, and decay. This is illustrated in Figure 5, which plots the mass loss against the
post-test moisture content calculated three different ways. In all subfigures, the level of acetylation is
plotted implicitly; the four data points correspond with the average moisture content and mass loss
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of the four levels of acetylation with the 18% WPG specimen being the closest to the origin and the
control specimen having the highest moisture content and mass loss.

Figure 5. Relationship between mass loss and the moisture content at the end of the experiment
calculated three different ways from Equations (3), (5), and (6) in rows 1, 2, and 3. The columns
represent different soil water holding capacities. The error bars represent the standard deviation from
five replicates.

In the first row, the data are plotted as a function of the moisture content at the end of the test
calculated in the traditional manner (Equation (3)). A clear linear trend can be seen with higher mass
losses having higher moisture content, similar to literature data (Figure 1c). Because the fungus that
causes the mass loss itself produces water, it is not possible to determine from the data the first row
whether the lower mass loss is a result of the lower wood moisture contents or whether the lower
moisture contents are a result of the lower mass loss.

To examine the extra effect of fungal growth on the final moisture content, we plot “ΔMC” as a
function of mass loss in the middle row of Figure 5. We define ΔMC using the following equation:

ΔMC = MC−MCster =
minoc

post −minoc
od,post

minoc
od,post

−
mster

post −mster
od,post

mster
od,post

(5)

where “inoc” indicates inoculated specimens and “ster” indicates sterile uninoculated controls. We are
able to calculate ΔMC because we ran the identical experiment two times; once where wood was
exposed to the soil bottle for 8 weeks in the absence of fungus and the second time where it was placed
in the soil bottle for 8 weeks with the culture of R. placenta. In theory, ΔMC should represent the extra
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amount of moisture generated by the fungus beyond any changes in the wood moisture content that
occur from being in contact with moist soil.

Two observations can be made from the ΔMC. The first is that all samples show a linearly
increasing trend with mass loss. That is, higher amounts of fungal metabolism are associated with
higher final moisture contents. This is not surprising as water is a byproduct of fungal metabolism.
The slope of the line in the middle column of Figure 5 cannot, however, be directly related to the
stoichiometry of the metabolic reaction since the slope is in units of water per gram of post-test dry
mass and the metabolic reaction can only be understood in terms of grams of water per grams of
polymer consumed (mass loss and moisture content both need to be expressed with respect to pre-test
dry mass).

The second, and more surprising observation from the middle row of Figure 5 is that some of the
data from the 120% and 140% SWHC experiments are negative. That is, in the experiments conducted
with fungus, the moisture content was lower than in the experiments without the fungus. The reason
for this behavior is not clear. One potential explanation of this result is that the block was potentially
inhibited from reaching the higher MC due to physiological envelopment by the fungus, thereby
reducing the overall block MC. The blocks in the soil bottle begin at less than 10% MC and get to
100% MC without fungus after 8 weeks of exposure in the test. This suggests that the fungus is either
inhibiting the block from taking up moisture or physically excluding moisture from entering the block.
Similar trends were also reported by Peterson and Cowling, where a durable species (Sitka spruce)
exposed to T. versicolor exhibited a lower final moisture content (68%) after 8 weeks in comparison to
an uninoculated block (98%) [19]. They concluded that T. versicolor can adjust the MC of the wood by
the transfer of water through its own mycelium.

In short, both the plots of ΔMC and show linear trends with increasing fungal mass loss. While
not surprising, it unfortunately not possible to separate out the moisture effects and acetylation from
these plots. Thybring suggested that instead of examining the conventional moisture content, MCO
should instead be analyzed. ΔMCO represents the moisture generated by the fungus and, in theory,
should be linearly related to the mass loss with a slope of 0.56 g g-1 [18].

We plot ΔMCO as a function of mass loss in the third row of Figure 5. We define ΔMCO using the
following equation:

ΔMCO = MCO −MCster =
minoc

post −minoc
od,post

minoc
od,pre

−
mster

post −mster
od,post

mster
od,post

(6)

where the superscripts and subscripts have the same meanings as Equations (1)–(5). ΔMC is calculated
here the same way as Thybring [18]. The theoretical slope of 0.56 g g-1 is shown in each of the subfigures
in the third row for reference. The data roughly follow the theoretical line for the 124% SWHC condition,
however, the data at 120% and 140% SWHC deviate strongly from the expected values.

It is worth further discussion of why Thybring suggested that ΔMCO should be proportional
to the mass loss and why this was not observed in some of our experiments. The calculations of
Thybring assume that biomass is converted to water and carbon dioxide and that this extra water is
maintained within the wood. Clearly, this is true instantaneously as the stoichiometry of the reaction
dictates the amount of water generated by the biodegradation. However, the composition of the
polymers changes during degradation becoming less hydrophilic and as degradation progresses there
are more fungal hyphae in the wood which are hydrated by the fungi. Furthermore, the post-test
moisture content is measured at the end of an eight-week experiment and both the fungus and the
wood are passively and actively transporting moisture throughout the experiment. Peterson and
Cowling have already demonstrated that fungi actively lower the wood moisture content in soil bottle
experiments on unmodified wood [19]. While the relationship between ΔMCO and mass loss must be
true instantaneously, this analysis does not account for moisture redistribution and therefore cannot
reliably predict the moisture content at the end of the test. Therefore, one possible explanation of

118



Forests 2020, 11, 299

the data is that some of the moisture generated by the fungus was translocated by the fungus before
the end of the test. If that were the case, however, it is unclear why the data for the 124% SWHC
experiment closely follow the expected behavior.

Although every effort was made to examine the effect of wood moisture content on mass loss
independently of fungal moisture generation, it was not possible to separate out the effect of acetylation
from fungal moisture generation and to a lesser extent fungal activity in different soil moisture contents.
While higher amounts of acetylation were correlated with both lower moisture contents and lower
mass losses, it is impossible to fully separate the effect of reduced hygroscopicity on decay resistance
from these experiments.

4. Conclusions

The pre-wetting of the wood was examined as a potential way to better understand the effect of
the moisture excluding properties of acetylation on the decay process. However, pre-wetting had only
minor effects on the mass loss except for the 18% WPG samples.

As observed in previous studies, the moisture content at the end of the test is linearly related to
the amount of mass loss. However, it was not possible to separate out the moisture generation from
the fungus from the reduced hygroscopicity of the wood for acetylated samples.

The parameter ΔMCO, proposed by Thybring represents the moisture generated by the fungus
and should in theory be linearly proportional to mass loss [18]. While the data roughly follow the
theoretical line for the 124% SWHC condition, the data at 120% and 140% SWHC deviate from the
expected values. Similar deviations were also observed by Peterson and Cowling who observed that
ΔMCO overestimated moisture generation due to the fungus by roughly three times [19].

While the reduction in wood moisture content caused by acetylation may play a role in the decay
resistance of acetylated wood, the fungus actively controls the moisture in the wood and it is not
possible to independently control the wood moisture content during the decay process. Because of
active water transport by the fungi, it is not possible to understand the role of moisture reduction in
the decay process of acetylated wood by altering the soil bottle moisture content.
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Abstract: This study deals with the influence of chemical modification on elasto-mechanical properties
of Scots pine (Pinus sylvestris L.). The elasto-mechanical properties examined were impact bending
strength, determined by impact bending test; tensile strength; and work to maximum load in
traction, determined by tensile tests. The modification agents used were one melamine-formaldehyde
resin (MF), one low molecular weight phenol-formaldehyde resin, one higher molecular weight
phenol-formaldehyde resin, and a dimethylol dihydroxyethyleneurea (DMDHEU). Special attention
was paid to the influence of the solution concentration (0.5%, 5%, and 20%). With an increase in the
concentration of each modification agent, the elasto-mechanical properties decreased as compared
to the control specimens. Especially impact bending strength decreased greatly by modifications
with the 0.5% solutions of each agent (by 37% to 47%). Modification with DMDHEU resulted in
the highest overall reduction of the elasto-mechanical properties examined (up to 81% in work to
maximum load in traction at 20% solution concentration). The results indicate that embrittlement is
not primarily related to the degree of modification depended on used solution concentration. It is
therefore assumed that molecular size and the resulting ability to penetrate into the cell wall could be
crucial. The results show that, in the application of chemically modified wood, impact and tensile
loads should be avoided even after treatment with low concentrations.

Keywords: wood modification; melamine-formaldehyde resin; phenol-formaldehyde resin;
DMDHEU; impact bending strength; tensile strength

1. Introduction

Among others the main objectives of chemical modifications of wood are to improve dimensional
stability and resistance against wood-decaying fungi in order to offer an alternative to tropical
hardwoods. The modification may, however, also cause undesirable changes of other wood
characteristics, mainly elasto-mechanical properties. The reasons why chemical modification systems
influence biological and physical properties of wood have been the subject of numerous studies [1–4].
There is still a lack of knowledge about the mode of action of the resins. However, mechanisms
via which impregnation modifications work according to Hill [5] are: (1) permanent swelling by
incorporating the resin in the cell wall structure (bulking); (2) moisture content is reduced; (3) cell
wall pores with a size of 2–4 nm are blocked and it is assumed that a chemical reactions between
modification agents and cell wall polymers (cross-linking) occurs.

Impregnation modifications based on reactive resins have been shown to result in embrittlement
of wood [6–8]. The embrittlement is most evident in a decrease of tensile properties and dynamic
strength properties like impact bending strength [9,10].

Studies have shown that a treatment with melamine-formaldehyde (MF) resin, besides
providing decay resistance and dimensional stability, increases compressive strength and hardness,
while decreasing tensile and impact bending strength compared to untreated wood [11–13].
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As early as the 1930s, Stamm and Seborg [7] modified wood with phenol-formaldehyde (PF) resins
and thereby enhanced the dimensional stability as well as the durability of the wood. Bicke et al. [9]
found bending strength and modulus of elasticity in bending of plywood increased after modification
with a PF-resin. At the same time, the impact bending strength decreases. Alike modification with
MF-resins, tensile strength of wood modified with PF-resins also exhibits a lower tensile strength [14].
Furuno, Imamura, and Kajita [15] as well as [16] examined the influence of the molecular weight of the
PF-resin on its ability to penetrate the wooden cell wall using microscopy. They stated that, with an
increase of the molecular weight, a higher share of the resins remained in the cell wall lumen.

It has been shown that wood modification with dimethylol dihydroxyethyleneurea (DMDHEU)
increases resistance against wood decaying fungi, dimensional stability, compressive strength,
and hardness while reducing tensile and impact bending strength [6,17–19]. Bollmus [20] showed that
wood modification with DMDHEU causes a large reduction of the impact bending strength already at
a very low concentration of 0.5%.

In this study, the influence of modifications with curing resins on the most susceptible
elasto-mechanical properties was examined. In addition to tensile strength and impact bending
strength, work to maximum load in traction of modified wood was investigated in order to be able to
compare tensile and dynamic bending properties. Four different modification systems were applied in
three different concentrations to Scots pine sapwood.

The main objectives of this study were to investigate the impact of (1) the concentration of the
modification solution and (2) the modification agent itself on impact bending strength, tensile strength
and work to maximum load in traction.

2. Materials and Methods

2.1. Specimens and Modification Agents

The specimens were made from sapwood of Scots pine (Pinus sylvestris L.). The modification
was conducted on specimens of the dimensions 28 × 28 × 470 mm3 (radial × tangential × axial) for
tensile tests and 10 × 10 × 150 mm3 for impact bending tests. The agents for modification were a
methyl-etherified melamine formaldehyde resin (MF), a low molecular weight phenol-formaldehyde
resin (Phenol1), a higher molecular weight phenol-formaldehyde resin (Phenol2) as well as dimethylol
dihydroxyethyleneurea (DMDHEU, Table 1). Each of these modification agents was applied at
concentrations (mass-%) of 0.5%, 5%, and 20%. Untreated specimens functioned as controls.

Table 1. Properties of stock resins according to manufacturer specifications.

Resin pH-Value Solid Content (%)
Molar Weight

(g/mol)
Solvent Catalyst Additive

MF 10–11 73.5 840 Water Triethanolamin, 1% *
Phenol1 9.2 43.5 159 Water

Phenol2 8–10 54.9 452 20% Ethanol
Water mixture

DMDHEU 5–6 71.8 Water Magnesium
Nitrate, 2% *

* Concentration based on resin.

2.2. Oven-Dry Density

Specimens were sorted according to their oven-dry density before modification in order to
minimize the influence of the density on the examined elasto-mechanical properties. Specimens for the
tensile test showed a maximum deviation from the median oven-dry density of ±15%. Specimens for
the impact bending test showed a maximum deviation from the median oven-dry density of ±5%.
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2.3. Equilibrium Moisture Content (EMC)

Specimens were conditioned at 20 ◦C and 65% relative humidity (RH) in order to minimize the
influence of the moisture content on the examined elasto-mechanical properties. The EMC of control
specimens was calculated as

EMC =
(m1 −m0)

m0
× 100 (%) (1)

where EMC = equilibrium moisture content, %; m1 =mass of untreated, conditioned specimen, g; m0 =

mass of untreated, oven-dry specimen, g.
There are two possible reference values to calculate EMC of modified wood. Material moisture

content MC is defined as the proportion of moisture of wood based on the dry mass of the modified
wood. Reduced equilibrium moisture content EMCR is defined as the proportion of moisture in wood
based on the oven-dry mass of the untreated wood, thus eliminating the influence of the weight added
by the resin.

MC =
(m3 −m2)

m2
× 100 (%) (2)

EMCR =
(m3 −m2)

m0
× 100 (%) (3)

where MC = material moisture content, %; m3 = mass of modified, conditioned specimen, g; m2 =

mass of modified, dry specimen, g; EMCR = reduced equilibrium moisture content, %; m0 =mass of
untreated, oven-dry specimen, g.

EMCR of treated and EMC of untreated specimens were reached if the mass has not changed more
than 0.1% within an interval of 24 h after storage at 20 ◦C and 65% RH.

2.4. Modification

The modification was performed identically for all modification agents. The first modification
step, the impregnation, was conducted in a vacuum pressure impregnation plant. The three phases of
the impregnation were (a) vacuum (−0.096 Mpa, 1 h), (b) pressure (1.2 Mpa, 2 h), and (c) diffusion
(no pressure, 1 h). The second modification step, the curing, was conducted by slowly increasing the
temperature up to 120 ◦C in a drying oven using the following drying scheme (Table 2).

Table 2. Drying scheme for modification.

Temperature (◦C) Climate Chamber/Drying Oven Time (h)

20 climate chamber 168
40 drying oven 4
80 drying oven 4

103 drying oven 4
120 drying oven 36

Specimens for tensile testing were further processed into a bone-like shape only after modification
in order to achieve a high manufacturing accuracy.

2.5. Weight Percent Gain (WPG)

The deposition of the modification agent in the wood caused a permanent weight percent gain.
This is an indicator of the degree of modification. The WPG was examined in each specimen after the
curing and calculated as

WPG =
(m2 − m0)

m0
× 100 (%) (4)

where WPG =weight percent gain, %; m2 =mass of modified, dry specimen, g; m0 =mass of untreated,
dry specimen, g.
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2.6. Elasto-Mechanical Testing

Specimens that were warped or showed cracks after modification were excluded, which lead to
different numbers of specimens. All specimens were conditioned at 20 ◦C and 65% RH before testing.

2.6.1. Impact Bending Strength

Impact bending strength ω was tested with the hammer method (load of XXXJ) in tangential
direction following DIN 52 189-1 [21] by means of dynamic impact bending tests. The specimen
dimensions were deviant from the standard 10 × 10 × 150 mm3. The tests were performed using the
Resil Impactor (CEAST) with a supporting width of 115 mm. Numbers of specimens varied between
23 and 37 (Table 3).

ω =
1000 × W

a × b

(
kJ/ m2

)
(5)

where ω = impact bending strength, kJ/m2; W =work necessary to break the specimen, J; a = height of
conditioned specimen, mm; b =width of conditioned specimen, mm.

Table 3. Number of specimens depending on the modification agent and concentration.

Number of Specimens

Impact Bending Specimens Tensile Test Specimens

Treatment Control 0.5% 5% 20% Control 0.5% 5% 20%

Control 23 35
MF 37 37 37 33 33 33

Phenol1 36 37 37 33 31 33
Phenol2 37 37 36 33 33 33

DMDHEU 37 37 36 33 33 32

2.6.2. Tensile Strength Parallel to Grain and Work to Maximum Load in Traction

Tensile strength βZ was tested parallel to grain following DIN 52 188 [22]. The tests were performed
using a Zmart.Pro with a 100 kN load cell (ZWICK ROELL, Ulm, Germany). Specimens were of
470 mm length. The clamping surface was 50 × 50 mm2 with a height of 15 mm. The tapered part of
the specimens showed a height a (tangential) of 6 mm and a width b (radial) of 20 mm in the area of
the smallest cross-section (numbers of specimens varied between 31 and 35) (Table 3).

The software TestExpert II (ZWICK ROELL, Ulm, Germany) calculated the tensile strength βZ

according to the formula

βZ =
Fmax

a × b

(
N/mm2

)
(6)

where βZ = tensile strength, N/mm2; Fmax = maximum force necessary to tear the specimen, N; a =
height of conditioned specimen in the area of the smallest cross-section, mm; b = width of conditioned
specimen in the area of the smallest cross-section, mm.

Strain to failure (mm) was measured by the VideoExtens camera system (ZWICK ROELL, Ulm,
Germany). Work to maximum load in traction (kJ/m2) was calculated by TestExpert II (ZWICK ROELL,
Ulm, Germany) as the integral of the stress–strain curve from the origin to the maximum force Fmax.

2.7. Statistical Analysis

Each group of modified specimens was tested for significant difference in contrast to the control
group using ANOVA and Tukey HSD tests at an error level of α = 0.05. Both ANOVA and Tukey HSD
are parametric hypothesis tests and as such are based on the assumptions of normal distribution and
of homogeneity of variances. Most groups fulfilled the criterion of normal distribution, some did not
fulfill the criterion of homogeneity of variances. However, homogeneity of variance is considered less
important for balanced samples. As the numbers of specimens were balanced (Table 3) and due to the
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higher power of parametric tests, it was decided to apply parametric hypothesis test (i.e., ANOVA and
Tukey HSD).

3. Results and Discussion

3.1. Density and Moisture Content

Density and moisture content (below fiber saturation) of native wooden specimens have a strong
influence on their elasto-mechanical properties [23]. In this study, density and moisture content were
examined based on the impact bending specimens.

Table 4 shows the oven-dry density of the specimens. Since the specimens were sorted according
to their oven-dry density before modification, the maximum deviation from the mean oven-dry density
within each group was only ±15% for tensile specimens and ±5% for impact bending specimens.

Table 4. Native and modified oven-dry density (g/cm3) of impact bending specimens depending on
the modification agent and the concentration (mean).

Native Oven-Dry Density (kg/m3) Modified Oven-Dry Density (k g/m3)

Treatment Control 0.5% 5% 20% 0.5% 5% 20%

Control 471.76
Melamine 476.23 471.74 474.74 490.43 493.78 598.35
Phenol1 475.11 470.06 470.48 470.38 490.58 595.31
Phenol2 469.33 471.25 478.82 465.50 489.91 601.02

DMDHEU 472.92 475.77 470.89 467.56 488.44 578.68

Material moisture content (MC) decreased with increasing intensity of the modification (Figure 1a).
This was to be expected as the additional weight due to the modification changed the basis on which
the MC is calculated. Reduced equilibrium moisture content EMCR, however, avoids this effect by
calculating the moisture content on the basis of the dry weight before modification [5,17]). In contrast
to MC, EMCR decreased only after modification with either one of the phenol-resins (Figure 1b).
Since EMCR values varied between 8.9% and 12.8%, an influence of the moisture content on the
examined elasto-mechanical properties cannot be eliminated.

Figure 1. (a) Material moisture content MC (%) and (b) reduced equilibrium moisture content EMCR

(%) at 20 ◦C and 65% RH of impact bending specimens depending on the modification agent (mean
and SD).

Hosseinpourpia et al. [24] stated that modification with a phenol-resin (molecular weight of 191
g/mol) decreased EMCR stronger than modification with MF. It is therefore assumed that the molecular
weight and therefore the cell wall penetration, irrespective of the resin, has a great influence on the
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penetration and thus on wood properties. Xie [25] reported a slightly increased EMCR also after
modification with DMDHEU.

3.2. Weight Percent Gain (WPG)

Figure 2 shows an increasing WPG with increasing concentration for each modification agent
tested. Modifications with 0.5% solutions of both phenol-resins and DMDHEU led to negligible WPG
values of less than 0.6%. The highest WPG (ca. 39%) was caused by the lower molecular weight
Phenol1 at a concentration of 20%. There was no clear difference in the WPG between smaller impact
bending specimens and larger tensile specimens (slats) which demonstrates good penetration into
wood species.

Figure 2. Weight Percent Gain (%) of impact bending and tensile specimens depending on modification
agent and concentration (mean and SD).

3.3. Elasto-Mechanical Properties

3.3.1. Impact Bending Testing

The impact bending strength of defect-free control specimens (Table 5) was rather low.
Wagenführ [26] states values of 15 . . . 40 . . . 130 kJ/m2 for Scots pine. An explanation for the
low values might lie in the smaller specimen dimensions and shorter supporting width of the testing
device than stated in DIN 25 189-1 [21]. According to Krech [27] impact bending strength increases
with increasing specimen dimensions and increasing supporting width.

Table 5. Impact bending strength (kJ/m2) and change compared to control (%) depending on the
modification agent and the concentration (mean ± SD).

Impact Bending Strength

Treatment
Control 0.5% 5% 20%

(kJ/m2) (kJ/m2) (%) (kJ/m2) (%) (kJ/m2) (%)

Control 18.8 ± 3.3

MF 11.9 ±
2.0 −37 1 10.8 ±

2.5 −43 1 8.8 ± 3.0 −53 1

Phenol1 9.9 ± 2.1 −47 1 7.1 ± 2.0 −62 1 5.8 ± 1.2 −69 1

Phenol2 10.4 ±
1.9 −44 1 8.6 ± 2.3 −54 1 7.7 ± 2.4 −59 1

DMDHEU 10.9 ±
3.1 −42 1 7.3 ± 2.2 −61 1 5.0 ± 1.8 −74 1

1 indicates that the value is significantly different from control at α = 0.05.

Modified specimens exhibited significantly lower impact bending strength values than control
specimens (Table 4). The values decreased with increasing concentrations of the agent for each
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modification. Specimens modified with 0.5% solutions already showed a decrease in the impact
bending strength of up to 47% (Phenol1). Other authors also found the impact bending strength of
chemically modified wood to be reduced [8,19]

Modification caused an increase of density due to deposition of the resin (Table 3). Results
from the impact bending test indicate, that this increase in density did not have the same effect on
elasto-mechanical properties as higher density in native wood (Figure 3).
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Figure 3. Relationship between impact bending strength (IBS) (kJ/m2) and oven-dry density (kg/m3) of
native wood species (data from Brischke [28]) and differently modified wood with varying WPG.

Impact bending strength depends on the force applied as well as the deflection the specimen
performs before breaking. Modified specimen absorbed similar amounts of force as control specimens
(Figure 4). The deflection of modified specimens at Fmax showed a decreasing tendency with increasing
solution concentrations for each modification agent. This shows that the reduction of impact bending
strength is mainly caused by the reduction of resiliency as the modification increases the stiffness of
the specimens [8].
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3.3.2. Tensile Testing Parallel to Grain

Tensile strength parallel to grain of control specimens was within the range [26] stated for Scots
pine (35 . . . 104 . . . 196 N/mm2). Modified specimens showed lower tensile strength values than control
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specimens (Table 6). The values decreased with increasing concentrations of the agents. The strongest
decrease was observed in the specimens modified with DMDHEU (51%). Other authors also found the
tensile strength of chemically modified wood to be reduced [9,13,29].

Table 6. Tensile strength (N/mm2) and change compared to control (%) depending on the modification
agent and the concentration (mean ± SD).

Tensile Strength

Treatment
Control 0.5% 5% 20%

(N/mm2) (N/mm2) (%) (N/mm2) (%) (N/mm2) (%)

Control 93.9 ± 25.1
MF 79.3 ± 22.2 −16 0 75.6 ± 23.7 −19 1 69.1 ± 18.8 −26 1

Phenol1 75.7 ± 22.9 −19 1 72.1 ± 17.9 −23 1 59.0 ± 13.2 −37 1

Phenol2 85.8 ± 22.4 −9 0 70.6 ± 18.1 −25 1 70.7 ± 13.7 −25 1

DMDHEU 84.7 ± 21.3 −10 0 60.6 ± 18.6 −35 1 45.6 ± 11.4 −51 1

1 indicates that the value is significantly different from control at α = 0.05, 0 indicates that the value is not significantly
different from control at α = 0.05.

Modified specimens exhibited significantly lower values of work to maximum load in traction than
control specimens (Table 7). For each modification, values decreased with increasing concentrations of
the modification agents. Similar to impact bending strength, specimens modified with 0.5% solutions
already showed a significant decrease in the work to maximum load in traction of up to 36% (Phenol1).
Again, the strongest decrease over-all was observed in the specimens modified with DMDHEU (81%).

Table 7. Work to maximum load in traction (kJ/m2) and change compared to control (%) depending on
the modification agent and the concentration (mean ± SD).

Work to Maximum Load in Traction (kJ/m2)

Treatment
Control 0.5% 5% 20%

(kJ/m2) (kJ/m2) (%) (kJ/m2) (%) (kJ/m2) (%)

Control 28.2 ± 9.6
MF 19.3 ± 7.2 −32 1 17.0 ± 6.9 −40 1 13.5 ± 4.3 −52 1

Phenol1 17.9 ± 7.0 −36 1 13.7 ± 4.7 −51 1 8.8 ± 2.4 −69 1

Phenol2 20.4 ± 7.3 −27 1 14.4 ± 4.5 −49 1 11.7 ± 3.2 −58 1

DMDHEU 21.0 ± 8.4 −25 1 10.2 ± 4.6 −64 1 5.4 ± 2.3 −81 1

1 indicates that the value is significantly different from control at α = 0.05.

In contrast to results from impact bending tests, both Fmax and maximum strain in traction were
reduced with increasing concentrations of each agent (Figure 5).

Figure 5. Maximum force (N) and strain (mm) in traction depending on modification agent and
concentration (mean and SD).
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Tensile properties are mainly determined by the properties of the single cellulose fiber [23,30].
Tests among others by [19] suggest that chemical modification reduces tensile properties of the fibers
by embrittlement as a result of deposition of the agent in the fiber cell walls.

3.4. Influence of (Low) Concentration

The influence of the solution concentration was evident in all examined elasto-mechanical
properties and for each modification agent. The higher the concentration, the stronger was the
reduction. As stated by Bollmus [20] for DMDHEU, this study affirmed the strong influence of chemical
modifications, especially on impact bending strength, and work to maximum load in traction already
at a concentrations as low as 0.5%.

As the curing temperature was the same regardless of the modification concentration, it thus
might be a possible explanation for the strong influence of the low concentration modification on the
elasto-mechanical properties. Fengel and Wegener [31] as well as Nicholas and Williams [32] state
that under certain circumstances (duration, pressure, moisture content) temperatures above 100 ◦C
might lead to mass losses and reduced elasto-mechanical properties. Thus, it was assumed that the
curing temperature of 120 ◦C, applied for 24 h, could have caused slight decreases in elasto-mechanical
properties. However, it is highly unlikely that this curing process caused a decrease of up to 47% of
impact bending strength (Table 3). Further investigations should be conducted on the strong influence
of very low modification concentrations on elasto-mechanical properties of wood.

3.5. Influence of Modification Agents

Reasons for reduced elasto-mechanical properties of chemically modified wood have been
discussed widely [23,33,34]. In which manner, a modification agent affects the elasto-mechanical
properties of wood is determined by various factors. The most important factors are: penetration in to
the cell wall, cross-linking, pH value, and formaldehyde content. To assess the influence of each factor
separately is very difficult, and as the factors might inter- or counteract, the topic is very complex.

One reason for the strong influence of Phenol1 on the elasto-mechanical properties already at a
low concentration could be its low molecular weight compared to Phenol2 and MF. This enables the
resin to penetrate into the cell wall through nano-pores, whereas only a fraction of those modification
systems with a higher molecular weight was able to enter the cell wall [15,16,20,35,36]. However, at a
concentration of 0.5%, even if the modification system penetrated the cell wall completely, a reduction
as strong as measured in this study was probably not solely due to the modification agent.

Penetration of the cell wall is a requirement for the modification agent to be able to affect
EMCR of wood. Lower EMCR of specimens modified with phenol-formaldehyde resins, especially
Phenol1 at 20%, could have had a positive influence on elasto-mechanical properties [20,23]. However,
the results of this study did not show a positive effect of a lower EMCR on elasto-mechanical properties
as specimens modified with Phenol1 exhibited strong reductions of properties just like specimens
modified with other modification agents.

During curing, the molecules of the modification agent build a network. If reactions between the
modification agent and wood cell wall polymers take place, this is called cross-linking. Cross-linking
restricts the flexibility of the wood and thus decreases the ability to relieve mechanic stress through
strain [10,32,37]. It has been discussed whether the modification agents applied in this study are able
to cross-link with the cell wall [6,38–40]. However, it is rather unlikely that cross-linking occurs at a
concentration as low as 0.5%. Even if no cross-linking takes place, the rigid structure of the cured resin
itself stiffens the wood to some extent [5]. Since embrittlement of chemically modified wood is one of
the biggest drawbacks, further investigations regarding cross-linking are necessary.

The pH-values of the modification agents at initial composition varied (Table 1). The pH-values
at the concentrations used for modification were not measured, but it was assumed that they
varied between the modifications agents as well. Depending on the pH-value in combination with
temperature, different chemical reactions take place [1]. Which milieu occurred during the modification
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and how it affected the elasto-mechanical properties [10,28] should be subject to further investigations.
As DMDHEU was the only modification agent with an acidic pH value, this could be a reason for the
fact that it caused the strongest reductions of all elasto-mechanical properties examined. It is known
that treatment with high or low pH values has an effect on wood properties.

All of the modification systems applied in this study contained formaldehyde (methanal, CH2O)
at different concentrations. Formaldehyde tends to form networks as it is bifunctional [41]. According
to Burmester [42] as well as Rowell [43], treatment of wood with formaldehyde alone leads to a
considerable embrittlement of the wood. Reasons for this are cross-linking and hydrolysis of cellulose.
A higher formaldehyde content of DMDHEU compared to the other modification agents could be a
reason for the strong reduction of elasto-mechanical properties of wood modified with DMDHEU.
Research in the past focused on formaldehyde containing resins, which have the advantage of faster and
more complete curing. However, more recent developments show [44] that even without formaldehyde,
some resins do show good potential for wood modification.

4. Conclusions

This study investigated the influence of four chemical modification agents (MF, Phenol1, Phenol2,
DMDHEU) in three concentrations (0.5%, 5%, 20%) on impact bending strength, tensile strength,
and work to maximum load in traction of Scots pine. The main findings were:

1. Influence of the concentration of the modification solution. A clear concentration-dependent
reduction was evident in impact bending strength, tensile strength and work to maximum load
in traction of the modified specimens of each modification agent. The significant reduction in
impact bending strength and work to maximum load in traction already after modifications with
0.5% solutions of each agent was remarkable.

2. Influence of the modification agent. There was a difference in the intensity of the influence, but
inherently each modification caused a reduction of the examined elasto-mechanical properties.
In fact, the modification agents showed similar influences regardless of differences in molecular
weight or pH-value. Each modification agent caused a striking reduction of elasto-mechanical
properties already at a very low concentration of 0.5%. Presumably, the strongest influence of the
modifications on the elasto-mechanical properties was through embrittlement, which restricts
mechanical stress relief through strain.

The results show that in the application of chemically modified wood, impact and tensile loads
should be avoided even after treatment with low concentrations.

Author Contributions: C.B., together with S.B. and H.M., were mainly responsible for the conceptualization,
methodology used, and data evaluation; C.B. and S.B. were mainly responsible for the data validation, and formal
analysis; Investigations and data curation were conducted by C.B.; The original draft of this article was prepared
by S.B. who was also responsible for the review and editing process of this article; C.B., together with S.B. and
H.M., oversaw the visualization; S.B. was responsible for funding acquisition and project administration and H.M.
supervised the project. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the German Federal Ministry of Food and Agriculture through the Agency
for Renewable Resources (FNR) grant number FKZ 22024211.

Acknowledgments: The authors gratefully acknowledge support with Phenol modification from Sacha Bicke and
support with MF and DMDHEU modification as well as curing process from Georg Behr.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Devallencourt, C.; Saiter, J.M.; Capitaine, D. Reactions between melamine formaldehyde resin and cellulose:
Influence of pH. J. Appl. Polym. Sci. 2000, 78, 1884–1896. [CrossRef]

2. Hansmann, C.; Deka, M.; Wimmer, R.; Gindl, W. Artificial weathering of wood surfaces modified by
melamine formaldehyde resins. Holz Als Roh-Und Werkstoff 2006, 64, 198–203. [CrossRef]

130



Forests 2020, 11, 84

3. Lukowsky, D.; Büschelberger, F.; Schmidt, O. In situ testing the influence of melamine resins on the enzymatic
activity of basidiomycetes. In Proceedings of the IRG Annual Meeting, Rosenheim, Germany, 6–11 June 1999.
IRG/WP 99-30194.

4. Stamm, A.J.; Seborg, R.M. Minimizing wood shrinkage and swelling. Eng. Chem. Res. 1936, 28, 1164–1169.
[CrossRef]

5. Hill, C.A.S. Wood Modification: Chemical, Thermal and Other Processes; John Wiley & Sons Ltd.: Bath, UK, 2006.
6. Krause, A. Wood Modification with N-Methylol Crosslinking Agents. Ph.D. Thesis, University of Gottingen,

Gottingen, Germany, 2006.
7. Militz, H. Treatment of timber with water soluble dimethylol resins to improve their dimensional stability

and durability. Wood Sci. Technol. 1993, 27, 347–355. [CrossRef]
8. Stamm, A.J.; Seborg, R.M. Resin-treated plywood. Ind. Eng. Chem. Res. 1939 31, 897–902. [CrossRef]
9. Bicke, S.; Mai, C.; Militz, H. Modification of beech veneers with low molecular weight phenol formaldehyde

for the production of plywood: Durability and mechanical properties. In Proceedings of the European
Conference on Wood Modification, Ljubljana, Slovenia, 17–18 September 2012; pp. 363–366.

10. Mai, C.; Xie, Y.; Xiao, Z.; Bollmus, S.; Vetter, G.; Krause, A.; Militz, H. Influence of the modification with
different aldehydebased agents on the tensile strength of wood. In Proceedings of the European Conference
on Wood Modification, Cardiff, UK, 15–16 October 2007; pp. 49–56.

11. Lukowsky, D. Wood Protection with Melamine Resins. Ph.D. Thesis, University of Hamburg,
Berlin/Heidelberg, Germany, 1999.

12. Mahnert, K.-C. Development of a Non-Bearing Flooring for Shipbuilding Based on Selected Wood
Modification Processes. Ph.D. Thesis, University of Gottingen, Gottingen, Germany, 2013.

13. Pittman, C.U.J.; Kim, M.G.; Nicholas, D.D.; Wang, L.; Kabir, F.A.; Schultz, T.P.; Ingram, L.L.J. Wood
enhancement treatments I. Impregnation of southern yellow pine with melamine-formaldehyde and
melamine-ammeline-formaldehyde resins. J. Wood Chem. Technol. 1994, 14, 577–603. [CrossRef]

14. Evans, P.D.; Kraushaar Gibson, S.; Cullis, I.; Liu, C.; Sèbe, G. Photostabilization of wood using low molecular
weight phenol formaldehyde resin and hindered amine light stabilizer. Polym. Degrad. Stab. 2013, 98, 158–168.
[CrossRef]

15. Furuno, T.; Imamura, Y.; Kajita, H. The modification of wood by treatment with low molecular weight
phenol-formaldehyde resin: A properties enhancement with neutralized phenolic-resin and resin penetration
into wood cell walls. Wood Sci. Technol. 2004, 37, 349–361. [CrossRef]

16. Biziks, V.; Bicke, S.; Militz, H. Penetration of phenol formaldehyde (PF) resin into beech wood studied by
light microscopy. In Proceedings of the IRG Annual Meeting, Vina del Mar, Chile, 10–14 May 2015. IRG/WP
15-20558.

17. Dieste Märkl, A. Wood-Water Relationships in Wood Modified with 1,3-dimethylol-4,5-dihydroxy Ethylene
Urea (DMDHEU). Ph.D. Thesis, University of Gottingen, Gottingen, Germany, 2009.

18. Dieste Märkl, A.; Krause, A.; Bollmus, S.; Militz, H. Physical and mechanical properties of plywood
produced with 1.3-dimethylol-4.5-dihydroxyethyleneurea (DMDHEU)-modified veneers of Betula sp. and
Fagus sylvatica. Holz Als Roh-Und Werkstoff 2008, 66, 281–287. [CrossRef]

19. Xie, Y.; Krause, A.; Militz, H.; Turkulin, H.; Richter, K.; Mai, C. Effect of treatments with
1,3-dimethylol-4,5-dihydroxy-ethyleneurea (DMDHEU) on the tensile properties of wood. Holzforschung
2007, 61, 43–50. [CrossRef]

20. Bollmus, S. Biological and Technological Properties of Beech Wood after Modification with
1,3-dimethylol-4,5-dihydroxy Ethylene Urea (DMDHEU). Ph.D. Thesis, University of Gottingen, Gottingen,
Germany, 2011.

21. DIN 52 189. Testing of Wood; Determination of Impact Bending Strength; Deutsches Institut für Normung e.V.:
Berlin, Germany, 1981.

22. DIN 52 188. Testing of Wood; Determination of Ultimate Tensile Stress Parallel to Grain; Deutsches Institut für
Normung e.V.: Berlin, Germany, 1979.

23. Kollmann, F. Technology of Wood and Wood-Based Materials; Springer: Berlin/Heidelberg, Germany, 1951.
24. Hosseinpourpia, R.; Adamopoulos, S.; Mai, C. Dynamic vapour sorption of wood and holocellulose modified

with thermosetting resins. Wood Sci. Technol. 2016, 50, 165–178. [CrossRef]
25. Xie, Y. Surface Properties of Wood Modified with Cyclic N-Methylol Compounds. Ph.D. Thesis, University

of Gottingen, Gottingen, Germany, 2005.

131



Forests 2020, 11, 84

26. Wagenführ, R. Wood Atlas (6); Fachbuchverlag: München, Germany; Leibzig, Germany, 2007.
27. Krech, H. Amount and time characteristics of force and deflection in the impact bending test of wood and

their relationship to the impact bending strength. Holz Als Roh-Und Werkstoff 1960, 18, 95–105. [CrossRef]
28. Brischke, C. Interrelationship between static and dynamic strength properties of wood and its structural
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Abstract: Thermally modified wood is becoming commercially available in North America for use
in outdoor applications. While there have been many studies on how thermal modification affects
the dimensional stability, water vapor sorption, and biodeterioration of wood, little is known about
whether thermally modified wood is corrosive to metal fasteners and hangers used to hold these
members in place. As thermally modified wood is used in outdoor applications, it has the potential to
become wet which may lead to corrosion of embedded fasteners. Here, we examine the corrosiveness
of thermally modified ash and oak in an exposure test where stainless steel, hot-dip galvanized
steel, and carbon steel nails are driven into wood and exposed to a nearly 100% relative humidity
environment at 27 ◦C for one year. The corrosion rates were compared against control specimens
of untreated and preservative-treated southern pine. Stainless steel fasteners did not corrode in
any specimens regardless of the treatment. The thermal modification increased the corrosiveness
of the ash and oak, however, an oil treatment that is commonly applied by the manufacturer to
the wood after the heat treatment reduced the corrosiveness. The carbon steel fasteners exhibited
higher corrosion rates in the thermally modified hardwoods than in the preservative-treated pine
control. Corrosion rates of galvanized fasteners in the hardwoods were much lower than carbon steel
fasteners. These data can be used to design for corrosion when building with thermally modified
wood, and highlight differences between corrosion of metals embedded in wood products.

Keywords: modified wood; corrosion; stainless steel; hot-dip galvanized steel; heat treatments

1. Introduction

Wood is a sustainable biomaterial that has been used as a building material since the beginning of
civilizations. Under proper conditions, wood can last for millennia, as exhibited by artifacts such as
the Shigir Idol or the coffin of Tutankhamun [1,2]. However, in outdoor applications, it is susceptible
to degradation from moisture cycling, ultraviolet radiation, and decay fungi [3].

Preservative treatments have been used for many years in North America to increase the durability
of wood in outdoor applications [4]. Preservative treatments protect wood by impregnating it with
chemicals that are either fungistatic or fungitoxic and inhibit fungal growth. Frequently, these chemicals
are combined with an insecticide to further protect the wood against termites and other wood-boring
insects. Waterborne wood preservative treatments are registered pesticides and their ability to be
used in the United States is dependent on their ability to maintain their registration with the US
Environmental Protection Agency [5].

Currently, there is an interest in using modified wood as an alternative to preservative-treated
wood in certain outdoor applications. Modified wood is wood whose chemistry and/or structure is
altered to achieve desired properties through thermal or chemical treatments [6]. In contrast to
preservative-treated wood, the decay resistance in modified wood is a result of non-toxic changes to
the wood structure which make the wood harder for the fungi to colonize. The mechanisms through
which modified wood achieves its decay resistance are still not fully understood, although it is realized
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that all wood modifications affect how water is associated with the wood cell wall [7]. One current
hypothesis is that wood modifications may inhibit diffusion of fungal decay agents through the cell
wall [8–12].

Thermally modified wood is a modification process where the wood properties are changed by
heating wood in a non-oxidizing environment. While many different thermal modification profiles have
been used, typical treatment temperatures are between 160 ◦C and the char temperature of wood (300
◦C). Thermally modified wood has been studied for over 100 years [13], however, it was not available
commercially in North America until recently. In the thermal modification process, hemicelluloses and
celluloses are degraded through pyrolysis and other chemical reactions. The amount of the induced
chemical changes to the wood are typically measured through the mass loss that occurs during the
thermal modification process. The degradation of cellulose and hemicelluloses causes a reduction in
the mechanical strength of thermally modified wood [14]. However, the remaining, semi-pyrolyzed
material has increased dimensional stability and lower equilibrium moisture content at a given relative
humidity [15,16]. Thermally modified wood has also been shown to be more decay resistant than
untreated wood [17–21].

Given that thermally modified wood has improved decay resistance and moisture properties, there
is interest in using it in place of preservative-treated wood in certain outdoor environments. Prior to
widespread commercial adoption, it is necessary to characterize the performance of thermally modified
wood in laboratory tests. While much work has already been carried out on the decay resistance of
thermally modified wood, there are few published data on the corrosiveness of modified wood to
metal fasteners [22–24] and even less data on the corrosiveness of thermally modified wood [25]. While
not typically considered a corrosive environment, when wood is above 15% moisture content, fastener
corrosion can occur [26–28].

The corrosion of metal fasteners has been widely studied since a 2004 change in the registration of
wood preservatives in the United States [5]. At that time, corrosion failures were seen in service as
new wood preservatives entered the marketplace [29,30]. As a result of these corrosion concerns, an
extensive test program was developed. It was found that wood moisture content has a large effect on
the corrosion rate of embedded metals; below 15% corrosion does not occur. As the moisture content is
increased, the corrosion rate increases until fiber saturation [26–28]. Corrosion of embedded fasteners
was found to proceed at a constant rate with time [31,32]. Most of the previous corrosion testing was
performed in an environment at 27 ◦C and near 100% relative humidity (RH) conditions [22,28,32–38].
It was found that the corrosion rates under these conditions were as high or higher than those measured
in the fully saturated wood state [28]. Therefore, corrosion rates measured in service should be less
than or equal to those measured in the 100% RH environment.

In this paper, we examine the corrosiveness of thermally modified hardwoods in a year-long
exposure test at 27 ◦C and near 100% RH. The data are compared against controls of untreated and
preservative-treated southern pine. In addition to providing new properties of thermally modified
wood, the experiments also provide valuable information on the corrosivity of hardwood species, of
which little data exists.

2. Materials and Methods

2.1. Thermally Modified Wood

The thermally modified wood was provided from a commercial supplier. The thermal modification
followed the Finish Thermowood process [39,40]. Wood was equilibrated at 120 ◦C to facilitate drying
and then heated to 190 ◦C for 3 h before being quenched with water. Two different species were tested,
red oak (Quercus rubra L.) and white ash (Fraxinus americana L., Sp. Pl.). For each species, three different
conditions were tested: “control”, without thermal modification, thermally modified, and thermally
modified wood with an oil coating. The oil coating is typically applied by the company to their
commercial products; however, in this study we tested it to see if it had any effect on fastener corrosion.
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In addition to these six specimens, two additional groups were added for a comparison: untreated
southern pine (Pinus spp.) and southern pine commercially treated with a common copper containing
wood preservative, micronized copper azole, (MCA) treated to retention of 1 kg m−3 (suitable for
above ground use).

2.2. Fasteners

Three types of fasteners were tested: hot-dip galvanized steel, plain carbon steel, and stainless steel
16d nails with a length of 90 mm. Ten replicates were tested for each fastener type and wood treatment.
The average diameters of the steel, galvanized steel and stainless steel fasteners were 4.1, 3.6, and 4.2
mm respectively. The composition of the steel and stainless steel fasteners was obtained with optical
emission spectroscopy, (Table 1). The composition of the carbon steel fastener was consistent with
UNS G10180 carbon steel and the stainless steel fastener was consistent with UNS S30400 austenitic
stainless steel. The galvanized coating thickness was measured at six different points along one of the
fasteners from a scanning electron micrograph. The mean coating thickness was 91 μm with a standard
deviation of 36 μm. The composition of the galvanized coating thickness was measured with an X-ray
fluorescence analyzer (Table 1).

Table 1. Composition of the fasteners tested, or for the galvanized fastener, the composition of the
galvanized coating. Composition is given as a weight percent.

Carbon Steel Stainless Steel Galvanized Coating

Carbon 0.191 0.040 −
Silicon 0.130 0.419 0.415

Manganese 0.750 1.680 −
Phosphorus 0.007 0.025 −

Sulfur 0.007 0.020 −
Chromium 0.022 18.110 −

Nickel − 8.830 −
Molybdenum − 0.253 −

Copper 0.040 0.181 −
Cobalt 0.004 0.106 0.037

Tin 0.001 0.013 0.032
Bismuth 0.006 − 0.186

Zinc − 0.018 balance
Iron balance balance 2.815

Prior to exposure, the surface areas of the fasteners were determined optically with the method of
Rammer and Zelinka [41,42]. Fasteners were then cleaned in an ultrasonic cleaner with soap solution
for 5 min, rinsed under deionized water, dried, and weighed to the nearest 0.1 mg.

2.3. Exposure

Fasteners were driven into holes predrilled in the wood with a diameter of 4.0 mm (5/32”). Given
the extremely high densities of the hardwood species tested, it was impossible to drive the fasteners
into the wood unless the entire length of the fastener was predrilled to a diameter near that of the
fastener. The carbon steel and stainless steel fasteners could not be driven into holes smaller than
4.0 mm, therefore, this resulted in the galvanized fasteners being driven into slightly oversized holes.
Fasteners were driven with a pneumatic palm nailer as opposed to a hammer. The pneumatic nailer
was necessary to drive the fasteners into the high density hardwoods without bending the fasteners.
For each treatment group, one board was tested; all three types of nails were driven into the same
board with a space of at least 25 mm between fasteners. The sample geometry and location of replicates
closely followed ASTM standard G198 [43]. Previous work has shown that the area of interaction of
the fastener with the wood is localized to a region less than 1 mm from the fastener surface [44,45].
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Once the fasteners were driven into the wood, the boards were placed in a sealed container for
one year. The boards were placed above a reservoir of water, which created a local environment of
close to 100% RH inside of the container; the temperature of the room was 27 ◦C. These conditions
closely match previous corrosion tests on preservative-treated wood [28,33–36,38]. In this experiment
however, the containers were inadvertently moved at some point during the exposure. As a result,
some of the water from reservoirs made contact with the boards which increased the moisture content
of some of the specimens. The moisture content was measured at the end of the experiment by cutting
small cross sections of the board throughout its width and gravimetrically determining the moisture
content. Moisture contents are listed in Table 2. Although the thermal modifications likely affect the
hygroscopicity and thus equilibrium moisture content, the conditions of the corrosion tests involved
condensation and, in some cases, splashing, and therefore the final moisture contents are more a result
of the environment than the treatment. However, the corrosion rates of fasteners have been found to
not vary from the 100% relative humidity condition to full saturation, so these differences are unlikely
to affect the reported corrosion rates [28].

Table 2. Final wood moisture contents of the different wood species and treatments tested.

Species Treatment
Final Moisture Content
(Standard Deviation)

Ash
Untreated 36% (8%)

Thermally Modified 25% (8%)
Thermally Modified w/Oil Treatment 32% (4%)

Oak
Untreated 18% (3%)

Thermally Modified 16% (1%)
Thermally Modified w/Oil Treatment 16% (1%)

Pine
Untreated 27% (1%)

Preservative-Treated 49% (6%)

The fasteners were originally set to be exposed for one year. However, due to the US Government
shut down, the experiment could not be accessed. Instead, fasteners were exposed for slightly longer
than 1 year (at most, 11,256 h of total exposure). However, the corrosion of metals in wood has shown
to increase linearly with time (constant corrosion rate), so these slight differences in exposure times
should not affect the reported corrosion rate [34,46,47].

2.4. Post-Test Cleaning Procedure

Following the exposure, the fasteners were removed from the wood. Fasteners were removed by
making cross-cuts in the wood near the fastener. The thin amount of wood on both sides of the fastener
could then easily be removed by hand. Larger sections between the fasteners were retained and used
to measure the wood moisture content. Fasteners were then cleaned for 60 min in an ultrasonic cleaner
with a 50:50 solution (volume ratio) of a proprietary chelating agent (EvapoRust™ Orison Marketing
LLC, Abilene, TX, USA) and deionized water. Following the cleaning, the nails were wiped with a
paper towel, allowed to air dry and weighed to the nearest 0.1 mg. The mass change caused by the
cleaning process (mc) itself was measured by cleaning uncorroded fasteners using the same process.
The change in mass of the corroded fasteners (Δm) was calculated as

Δm = m f −mi + mc, (1)

where m f and mi were the initial and final masses, respectively.
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2.5. Determination of the pH and Tannin Content

Water extracts of the wood were directly analyzed for pH and tannin concentrations. Since
corrosion is an aqueous process, water extracts should mimic the corrosive environment near the
fastener and several studies have shown good correlation between corrosion measurements in water
extracts of wood and solid wood [48–50]. The extracts were made by the method of Zelinka, Rammer
and Stone [50]. Wood was ground into sawdust and then mixed with reverse osmosis water in a 1:10
(wood:water) weight ratio and allowed to sit at room temperature for one week before filtration. The
pH was measured in the extract using a pH probe.

Total phenolics and tannins were determined using a lab procedure published by The Food
and Agriculture organization of the United Nations (FAO/IAEA) [51,52]. The method was largely
based on the published work of Makkar, et al. [53]. This 2-step procedure first uses the Folin test to
determine total phenols. Then, polyvinyl polypyrolidone (PVPP) is added to precipitate tannin-sized
polyphenols. The Folin test is run again to measure remaining polyphenols, and tannins are calculated
as the difference between total and remaining polyphenols (after PVPP precipitation).

In this study, 2 mL aliquots of the water extracts were taken and passed through a 0.45 uM
centrifuge filter to remove particulates. A standard curve was prepared using Sigma-Tannic Acid
(Sigma-Aldrich, 403040, Saint Louis, MO, USA) at 5 concentrations (including a blank). Then, the
Folin test reagents: Distilled Water, Sodium Carbonate (Sigma-Aldrich, 791768, Saint Louis, MO, USA)
and Folin & Ciocalteu’s phenol reagent (Sigma–Aldrich, F9252, Saint Louis, MO, USA) were mixed
together in test tubes for color development for 40 min. Aliquots of the filtered water extracts were
treated identically. Sample concentrations were measured (at 725 nm) against the standard curve using
a Thermo Scientific Gensys 180 UV-Vis spectrophotometer after subtracting a blank (consisting of dist.
H2O and Folin reagents). Afterwards, 100 mg of PVPP (Sigma-Aldrich, P-2472, Saint Louis, MO, USA)
was weighed into fresh test tubes and dissolved in 1 mL of dist. water. A 1 mL aliquot of filtered water
extract sample was added and thoroughly mixed. Samples were then placed in a 4 ◦C refrigerator for
15 min and then spun for 10 min at 10,000 rpm through a 0.45 μM centrifuge filter and analyzed using
the Folin test as described above.

3. Results and Discussion

3.1. Stainless Steel Fasteners

The corrosion rate of the stainless steel nails was essentially zero. In all but one case, the corrosion
rates were less than 0.3 μm year−1 and the standard deviations were bigger than the mean corrosion
rate. In one case, the average corrosion rate measured was 1 μm year−1. However, in this case, the
standard deviation was 3 μm year−1. Therefore, it can be safely concluded that stainless steel nails
do not corrode in thermally modified ash or oak. This is in line with previous results that have
shown that stainless steel fasteners exhibit little to no corrosion in preservative-treated and untreated
softwoods [34].

3.2. Carbon Steel Fasteners

The corrosion rates of carbon steel fasteners and hot dip galvanized fasteners are presented in
Figure 1. In general, the error bars showing the standard deviations are very large. The standard
deviations are higher than our previous work on preservative-treated softwoods [35]; these differences
are attributed to difficulties in driving the fasteners into the wood without causing splitting near the
fastener or otherwise damaging the fastener. Despite the fact that error bars are too large to find
statistically significant differences in most cases, the mean corrosion rate appears to exhibit some
trends. For instance, for the untreated wood species, it appears that the corrosiveness of ash and pine
are similar and that they are both less corrosive than oak.
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Figure 1. Corrosion rates measured for hot-dip galvanized and plain carbon steel fasteners in ash, oak,
and pine. Legend: u = untreated, TM = Thermally Modified, TM + O = Thermally Modified with Oil
treatment, PT = Preservative Treatment. The error bars represent the standard deviation. Note the
different y-axis scales.

The measured values for corrosion of steel nails in untreated pine is slightly higher than
previously measured in previous studies under the same conditions (13 μm year−1 as opposed to 5 μm
year−1) [22,46]. Likewise, the measured corrosion rate of 20 μm year−1 for the preservative-treated
wood (a micronized copper azole) is higher than previously measured values of 11–13 μm year−1 for
copper azole and micronized copper quaternary preservatives [35]. There are slight metallurgical
differences in the carbon steel fasteners used in these studies; in the fasteners used in the present
study, they contain more carbon than those used in the previous study (UNS G10180 as opposed
to a UNS G10140). However, according to Kodama [54] different carbon steel alloys do not exhibit
“remarkable (differences) in corrosion behavior”. Therefore, it is likely that the corrosion differences are
a result of different exposure conditions such as differences in moisture content, preservative treatment
formulations, or preservative treatment retentions.
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In addition to trends between wood species, the effect of thermal modification on corrosion can be
observed by examining a single wood species. For both the ash and the oak, the thermal modification
process increased the corrosivity of the wood. The mean corrosion rate of ash nearly tripled from 12 to
37 μm year−1 when comparing the untreated and thermally modified wood. Likewise, the corrosion
rate of the oak also increased by more than 50% from 37 to 68 μm year−1. The post-thermal modification
oil treatment also appears to have an effect on the corrosivity of the fasteners, decreasing the measured
corrosion rates of both the ash and the oak. The mean corrosion rates for the oil-treated specimens are
17 and 38 μm year−1 for the ash and oak specimens, respectively. These corrosion rates are very close
to the mean values of the corrosion rates measured for the untreated ash and oak specimens.

3.3. Hot-Dip Galvanized Fasteners

The corrosion rate data for the hot-dip galvanized fasteners are also presented in Figure 1. Similar
trends can be observed across the species and treatments as for the carbon steel fasteners; however,
their effects are less pronounced. Similar to the carbon steel fasteners, the measured corrosion rate
of untreated ash is less than that of oak. Furthermore, the oil treatment results in reducing the
corrosiveness of the thermally modified wood. However, unlike the steel fasteners, the galvanized
fasteners show less of an increase in corrosion with the thermal modification treatment. The mean
corrosion rate of ash increased from 8 to 15 μm year−1 between the untreated and thermal modification
treatment. In oak, the mean corrosion rates of the galvanized fasteners were 19 μm year−1 for both the
untreated and thermal modification treatment.

3.4. Comparison of the Corrosion Rates of Hot-Dip Galvanized Fasteners and Carbon Steel Fasteners

In previous work on preservative-treated softwoods, it has been observed that galvanized
fasteners exhibit a higher corrosion rate than carbon steel fasteners [34,35,46,50,55]. This is in contrast
to atmospheric corrosion where hot-dip galvanized products corrode much more slowly than steel.
The local environment makes a large difference in whether or not galvanized products corrode more
slowly than carbon steel. For atmospheric corrosion, drying cycles allow a passive film to form which
protects the remaining zinc coating from rapid corrosion [56,57]. In previous corrosion testing of
galvanized fasteners in softwoods, these corrosion products were not found, and galvanized fasteners
corroded more rapidly than steel [35].

It appears in the hardwoods that galvanized steel corrodes more slowly than carbon steel. This
can be seen most clearly for oak, where the corrosion rate for carbon steel (37 μm year−1) was nearly
double that of galvanized steel (19 μm year−1). Galvanized steel also corroded more slowly than
carbon steel across the thermal modification and oil treatments (Note that in this study, the mean
corrosion rate of galvanized steel was slightly lower than that of carbon steel, however, the results
are not statistically different and contradict the previous literature. The remainder of the discussion
comparing the different treatments and species compares the results to the literature values in treated
pine). Therefore, one important finding of this study is that galvanized steel corrodes more slowly
than carbon steel in hardwoods whereas it generally corrodes more rapidly in preservative-treated
wood. The corrosion mechanism in treated wood involves the reduction of cupric ions from the wood
preservative. Since zinc is less thermodynamically stable than steel in the presence of cupric ions, it
could be that this larger driving potential is accelerating the kinetics in preservative-treated wood.
Limited data has shown that galvanized steel also corroded more rapidly than carbon steel in untreated
pine, however, the absolute values of these corrosion rates were small, the error bars high, and the
results statistically uncertain. This study has highlighted how little is known about our understanding
of the corrosion rates in different metals in untreated wood species. Beyond scientific importance,
quantifying the relative corrosion rates of different metals is incredibly important for materials selection,
as materials that work well in pressure-treated pine may not work well in hardwoods.
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3.5. Comparison of the Wood Species and the Effect of pH and Tannins

Zelinka and Stone [48] developed a model to explain differences in the corrosion of metals
embedded in untreated wood of different species. Their model was based on corrosion rates measured
electrochemically in water extracts of wood. While this method was shown to give similar corrosion
rates to those measured in solid wood for preservative-treated wood, corrosion rates in the extracts are
much higher in untreated wood. Despite this, Zelinka and Stone developed a model that could predict
the relative corrosiveness of the wood species from the total amount of tannins in the wood and the
pH of the wood, as measured by the pH of the extract. Tannins were included in the model because
they were shown to act as corrosion inhibitors. The model treated the effects of tannins and pH as
orthogonal and showed that the pH only increases the corrosion rate below a pH of 5.

Both the pH and tannin concentrations were measured on water extracts of the different wood
species and treatments; results are shown in Figure 2. For the unmodified woods, oak was more acidic
than the ash but also contained more tannins. The increase in the corrosiveness of the oak compared to
the ash can be explained by the lower pH.

The pH and tannin concentrations also correlated nicely with the corrosion data across the thermal
modification and oil treatments. The thermal modification results in the wood becoming more acidic
and at the same time, removes or destroys some of the soluble tannins available in the untreated wood.
Both of these would be expected to create a more corrosive environment towards embedded fasteners,
which was observed for both steel and galvanized steel in both wood species (Figure 1). Furthermore,
the oil treatment greatly raised the pH of both the oak and the ash so that the pH was higher than
the unmodified wood. The oil treatment also appears to raise the tannin level of the wood, either
through solubilizing polyphenols in the thermally modified wood or the oil treatment which contains
tannins itself. As a result, the pH of both the ash and oak was higher than the modified wood and the
observed amount of tannins were much greater than the thermally modified material. As expected,
this correlates with a decrease in the observed corrosion rates with the oil treatments (Figure 1).

 
(a) 

Figure 2. Cont.
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(b) 

Figure 2. pH (a) and concentration of tannins (b) found in the different wood treatments. Legend:
u = untreated, TM = Thermally Modified, TM + O = Thermally Modified with Oil treatment, PT =
Preservative Treatment.

Beyond the aforementioned study, it is difficult to place the corrosion data collected in this study
in the broader literature as very little quantitative corrosion data has been published for hardwoods.
Smith [58] published a table ranking wood species from “most corrosive” to “least corrosive but did
not list corrosion rates or a methodology of how the table was constructed. Similar qualitative rankings
were developed by Farmer [59] and Bartel-Kornacka [60]. Knotkova-Cermakova and Vlckova [61] did
compare the corrosiveness of oak and ash; however, in their study, they did not examine the corrosion
of embedded metals. Instead, they examined the corrosion of metals in sealed containers with high
humidity and wood veneers. They found that in these conditions, the corrosion rate of steel in oak
vapors was 120 μm year−1 and that of ash was 35 μm year−1. The ratio between the corrosion rates
of these two species (3.5) was similar to the ratio of the corrosion rates measured in this study (2.9).
Given that the results of [61] were attributed to acid vapors produced by the wood, and similar results
were observed between the two species groups in both studies, it suggests that the acidity of the wood
may play a large role in the corrosiveness of embedded fasteners.

4. Conclusions

This paper examined the effect of a thermal modification and oil treatment on the corrosion
of embedded fasteners for their potential use in outdoor structures. The data show that thermal
modification makes the wood more acidic and increases the corrosiveness of both ash and oak.
However, the post-thermal modification oil treatment reduces the corrosivity of the wood of the
thermally modified wood by raising the pH and increasing the water soluble tannin content. For
galvanized steel, the range of corrosion rates in thermally modified wood was similar to those measured
in pressure-treated southern pine. However, carbon steel fasteners in thermally modified oak and ash
exhibited higher corrosion rates than in pressure-treated wood.

In all wood species and treatments, stainless steel fasteners exhibited negligible corrosion. It is
likely that stainless steel fasteners will not corrode in thermally modified wood in service. For the
hardwoods, galvanized steel fasteners exhibited lower corrosion rates than steel fasteners, regardless
of the thermal modification or oil treatments. This is in contrast to previous studies on preservative-
treated wood where galvanized fasteners corroded significantly faster than steel fasteners. From a
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materials selection standpoint, if stainless steel fasteners cannot be used, hot-dip galvanized fasteners
are preferable to carbon steel fasteners.
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Abstract: Treated wood timbers employed in ground contact are often installed with a cement collar
to firmly fix the structural wood post in place. Few prior studies have determined the effect of concrete
on decay efficacy on treated wood, however. Treated wood nominal 4 × 4 posts were installed at
four locations, with the upper ground-contact portion of each post encased in concrete, and the
samples removed at various times for pH measurements. The wood alkalinity quickly increased at
all four sites for the portion of the treated wood in concrete contact compared to the wood in ground
contact without concrete. In laboratory decay tests employing three decay fungi, untreated wood
which was first exposed or unexposed to concrete had no consistent difference in decay susceptibility.
For wood treated with three different commercial copper/organic systems, cement exposure had no
effect on wood treated with an amine copper azole system, while treatment with amine copper quat
showed a statistically significant fungal efficacy enhancement for cement-exposed samples with both
copper-tolerant fungi. Conversely, with a micronized copper azole preservative, cement exposure
resulted in reduced fungal efficacy compared to treated samples which were not cement-exposed for
all three decay fungi.

Keywords: cement; wood decay; soil block test; wood preservatives

1. Introduction

Treated wood products are often used as posts in ground contact to support decks and various
other structures. To minimize lateral movement, cement is often applied around the posts. Presently, it
is unknown what effect the alkaline cement, which contains high levels of alkaline calcium compounds
that would increase the pH of the wood, has on the efficacy of the treated wood against brown-rot
decay fungi. If the cement does increase the susceptibility of treated wood to decay, it could reduce the
service life of the posts and pose serious issues due to early collapse of structures and resulting injuries.

Early studies indicated that for chromated copper arsenate (CCA) treated wood the inclusion of
concrete collars may enhance soft-rot decay in some applications [1–3]. In a more recent lab study
using agar block microcosms [4], it was shown that both CaCl2 and CaSO4 inhibited decay of untreated
sapwood by Serpula lacrymans and Serpula himantioides. Another study evaluated the effect of CaCl2 on
decay of untreated wood and copper-citrate-treated wood when exposed to S. lacrymans in a soil block
test [5]. They concluded that CaCl2 inhibited decay by this fungus for the copper-citrate-treated wood,
but not for untreated wood. Another study reported that sapwood pine samples in soil block decay
tests with 2% CaCl2 added to the soil significantly reduced the extent of decay by both Gloeophyllum
trabeum and Rhodonia placenta [6].

On the basis of the above limited studies it appears that calcium, which is a major component
of cement, can in some cases influence the rate of wood decay by common wood-degrading fungi.
However, it is not known what effect cement, which contains high levels of CaO and has a pH of 13,
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has on the performance of wood treated with commercial copper-based wood preservatives currently
being used in soil contact applications. To provide some insight into the influence of concrete exposure
on treated wood performance, our first goal of this study was to determine to what extent the Ca
compounds in cement diffuse into treated wood when a cement collar is applied during installation
of posts in soil. The second goal was to determine what effect cement has on the decay resistance of
untreated wood or wood treated with commercial copper-based wood preservatives used in residential
applications in North America.

2. Materials and Methods

2.1. Cement Diffusion Study

Four 12-foot nominal 4 × 4 southern pine (Pinus spp.) posts commercially treated with micronized
copper azole (MCA) with a labeled retention of 2.4 kg/m3 were obtained from a local lumber dealer
in Starkville, Mississippi (MS). (Confusingly, in the US the actual size of lumber is smaller than the
nominal size. This is due to lumber being sold over 100 years ago in the green and rough state; in later
years when lumber was kiln dried then planed before being sold, the original green and rough size
was still employed but denotated as nominal size. Further, the US Federal Code specifies that while
the dimensions are to be in inches, the inch unit is not given. Thus, the actual size of a nominal 4 × 4 is
3.5 × 3.5 inches, or 89 × 89 mm.) Each of the four posts were then crosscut into four 864 mm long by
89 × 89 mm pieces, with each tagged. Four pieces, one from each of the four posts, were then installed
in soil to a depth of 500 mm at each of four outdoor test sites which had soil pH values ranging from
acid to alkaline. Three of the selected test sites were in the Starkville MS area and the fourth was at our
Saucier MS test site in southern MS. Before backfilling with soil, Sakrete™ cement was applied to an
area from the ground line to approximately 60 mm below the ground line. Following this, to determine
whether cement components would diffuse into the posts, one post section was removed from each
site at three exposure periods ranging from 42 to 340 days (Table 1). These post sections were then
crosscut to provide 5-mm-thick samples (longitudinal direction) from both above ground areas and
also two ground-contact areas, with and without cement contact. Each of these samples was then cut
into sections at three depths, representing the outer 4.5 mm, second 4.5 mm and third 4.5 mm zones.
Representative samples from these sections were then ground in a Wiley mill using a 20-mesh screen.
One wood meal sample from each section was then evaluated by adding 10 mL of deionized (DI) water
to 1 g of wood meal and the pH measured after one hour with a calibrated pH meter.

Table 1. Effect of cement on the pH of micronized or particulate copper azole system (MCA) treated
wood after exposure of nominal 4 × 4 posts to soil contact at four different locations in Mississippi.

Post Exposure
Site

Exposure Time
(Days)

Wood pH at Var. Sample Depths and Vert. Location 1 in Posts

0–4.5 (mm) 4.5–9 (mm) 9–13.5 (mm)

A B C D A B C D A B C D

Dorman 42 5.4 6.3 8.4 5.8 5.3 5.5 6.4 5.4 5.2 5.4 5.5 5.2
Dorman 208 5.0 5.1 8.1 5.8 5.0 5.0 6.8 5.3 4.8 4.9 6.0 5.1
Dorman 320 5.3 6.1 8.5 5.9 5.2 5.4 6.9 5.4 5.0 5.1 5.9 5.1
Saucier 39 5.3 6.4 9.3 5.7 5.3 5.6 8.4 5.5 5.3 5.3 6.6 5.4
Saucier 173 4.8 4.8 8.9 5.7 4.7 7.8 7.8 5.5 4.7 4,7 6.8 5.2
Saucier 340 5.0 5.6 9.1 5.8 5.0 5.1 7.9 5.4 5.0 5.1 7.0 5.5

Hillbrook 42 5.3 5.4 8.0 5.9 5.2 5.2 6.0 5.4 5.1 5.1 5.5 5.3
Hillbrook 177 5.2 5.0 7.3 5.9 5.0 5.0 6.1 5.6 4.9 4.9 5.7 5.4
Hillbrook 320 5.1 5.2 7.8 5.9 5.1 5.2 6.0 5.4 5.0 5.0 5.8 5.5
Longs Lk 42 5.4 5.6 8.3 6.0 5.2 5.5 6.3 5.6 5.1 5.3 5.8 5.4
Longs Lk 173 5.1 5.2 7.4 5.6 5.3 5.0 6.6 6.0 4.9 5.0 6.0 5.2
Longs Lk 320 5.3 5.4 8.0 5.4 5.1 5.3 6.5 5.8 5.0 5.2 6.1 5.4

1 A denotes aboveground sample, B denotes aboveground samples adjacent to the ground line, C denotes sample in
contact with concrete belowground, D denotes sample belowground not in contact with concrete.
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Since cement contains high levels of calcium oxide, which has an approximate pH of 13, the pH of
wood in contact with the cement should increase if appreciable amounts of the alkaline calcium salt
diffuse into wood. Consequently, measuring the pH of wood in contact with cement was considered to
be a good measure of calcium migration into wood.

2.2. Laboratory Decay Test

To determine the effect of cement on wood decay, a soil block test was performed with three
brown-rot fungi. The decay test was carried out in accordance with American Wood Protection
Association (AWPA) Standard E22-15 using three different brown-rot fungi, Gloeophyllum trabeum
(ATCC 11539; American Type Culture Collection, Old Town Manassas, Virgina, VA, USA), Rhodonia
placenta (ATCC 11538) and Fibroporia radiculosa (TFFH 294, USDA FPL). The fungal cultures were
maintained on 2% malt extract agar (Difco Laboratories, Detroit, Michigan, MI, USA). A total of eight
replicate wafers were used in each test, using four and six weeks of exposure time for each decay test.

The wood test samples for the decay test were produced from three flatsawn pine (Pinus glabra
Walt.) boards. Three defect-free sapwood sections measuring 19 × 70 × 1120 mm (radial × tangential ×
longitudinal) were cut from each of the boards, providing one sample for each of the three test fungi.
These samples were then rip sawn into three 19 × 19 × 1120 mm sticks which were randomly assigned
to each of the three preservative treatments. Each stick was then crosscut into two 560-mm-long
pieces to provide end-matched untreated material for controls. The sticks designated for treatment
were then pressure treated to a target of the specified ground-contact residential retention with three
commercial copper-based systems (with the actual retention obtained shown in parenthesis): the amine
copper azole system (CA-C, 2.3 kg/m3), the amine copper quaternary system (ACQ-D, 6.3 kg/m3) and
micronized or particulate copper azole system (MCA, 2.4 kg/m3). The full cell pressure treatment used
an initial vacuum of 95 kPa for 30 min followed by 1034 kPa pressure for 30 min. The samples were
then wiped clean and weighed to determine the actual treating solution retention before air drying the
samples. The actual retentions for all three preservatives were within 0.1 kg/m3 of the specified AWPA
UC4A retention.

Both the untreated and treated sticks were then crosscut into two 280-mm-long pieces to provide
samples for cement-exposure and non-cement-exposure controls. The sticks designated for cement
exposure were end-sealed with a wax emulsion (seal type ISK Biocides, Memphis, Tennessee, TN, USA)
and then coated with a thin layer of wet Sakrete™ cement purchased at Lowes, Starkville, Mississippi,
MS, USA, approximately 5 mm thick, on all the lateral surfaces and allowed to air dry. Following this,
the cement-coated sticks were wrapped in nylon stocking material and placed vertically into plastic
buckets containing wet soil obtained from the Dorman MS wood preservation test plot. After 45 days
of exposure the sticks were removed and allowed to air dry. The cement was then removed from the
sticks followed by a thorough cleaning to remove all visible cement from the surfaces.

Each of the twelve 280-mm-long sticks was then crosscut to provide three groups of 5-mm-thick
wafers for the soil block test. Within each stick, one group of wafers was designated as unexposed
controls and the other two groups were assigned to the two fungal exposure of four and six weeks.
After fungal decay exposure the compression strength was measured as per AWPA E22 Standard, with
the extent of deterioration reported as the strength loss of the fungal-exposed samples relative to the
unexposed matched controls. On sets where the strength difference between the treated samples that
were cement-exposed compared to non-cement-exposed appeared appreciably different at four and six
weeks of exposure, a t-test was run using the individual eight replicate samples using Minitab at the
95% confidence level.

3. Results and Discussion

The data in Table 1 clearly show that when cement is applied to nominal 4 × 4 posts in soil contact,
alkaline components diffuse into the wood. As expected, the alkalinity is greatest in the outer 0–4.5 mm
zone for belowground wood adjacent to the cement (samples C) compared to the lower portion of the
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wood with no cement (samples D), with good diffusion into the wood outer shell occurring at all four
test sites. The middle zone of 4.5–9 mm also shows greater alkalinity for cement-exposed C samples as
compared to D samples, and the inner 9–13.5 mm zone also shows greater alkalinity with the alkalinity
increasing somewhat at the longer exposure times. The data also indicate that diffusion occurs rapidly
in the outermost layer, with no appreciable increase with the longer exposure times. With regard to the
effect of exposure sites, greater diffusion occurred at the Saucier test site.

Results of the soil block decay test with three brown-rot fungi for samples with and without cement
exposure are presented in Tables 2–4. The results are presented as the average percent compression
strength loss after exposure to the fungus for four and six weeks of exposure, with greater values
indicating higher deterioration. Table 2 represents the copper-intolerant fungus G. trabeum; Tables 3
and 4 show the highly aggressive copper-tolerant fungi R. placenta and F. radiculosa, respectively.

Table 2. Comparative decay resistance of untreated and preservative-treated pine wafers with and
without cement infusion and exposed to Gloeophyllum trabeum in a soil block test. Each value is the
average of eight replicates, with high values representing extensive decay.

Preservative Treatment Cement Treatment

Percent Compression Strength Lost after Exposure
to the Fungus for:

4 Weeks 6 Weeks

None No 97 98
None Yes 98 98
CA-C No 6 10
CA-C Yes 0 0
None No 98 99
None Yes 99 100

ACQ-D No 11 8
ACQ-D Yes 6 12
None No 96 97
None Yes 98 97
MCA No 22 14
MCA Yes 27 40

Table 3. Comparative decay resistance of untreated and preservative-treated pine wafers with and
without cement infusion and exposed to Rhodonia placenta in a soil block test. Each value is the average
of eight replicates, with high values representing extensive decay.

Preservative Treatment Cement Treatment

Percent Compression Strength Lost after Exposure
to the Fungus for:

4 Weeks 6 Weeks

None No 88 91
None Yes 93 94
CA-C No 91 96
CA-C Yes 82 96
None No 96 96
None Yes 95 97

ACQ-D No 63 94
ACQ-D Yes 16 84
None No 90 96
None Yes 96 98
MCA No 36 64
MCA Yes 46 78
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Table 4. Comparative decay resistance of untreated and preservative-treated pine wafers with and
without cement infusion and exposed to Fibroporia radiculosa in a soil block decay test. Each value is the
average of eight replicates, with high values representing extensive decay.

Preservative Treatment Cement Treatment

Percent Compression Strength Lost after Exposure
to the Fungus for:

4 Weeks 6 Weeks

None No 92 95
None Yes 95 98
CA-C No 90 95
CA-C Yes 85 97
None No 91 94
None Yes 94 97

ACQ-D No 82 94
ACQ-D Yes 26 69
None No 89 92
None Yes 84 96
MCA No 89 91
MCA Yes 93 96

For the untreated wood samples, extensive deterioration occurred with all three fungi for samples
both exposed and unexposed to concrete, even at the shorter exposure time of four weeks. No consistent
deterioration effect was observed between the concrete- and non-concrete-exposed untreated samples.
Thus, we conclude that exposure to concrete gives no consistent difference in deterioration effect in
short duration laboratory tests for pine samples which are untreated and exposed to three common
decay fungi.

With the CA-C-treated samples, no or minor deterioration was obtained with the copper-intolerant
G. trabeum fungus (Table 2). Conversely, with the copper-tolerant fungi R. placenta (Table 3) or F. radiculosa
(Table 4), extensive deterioration occurred. However, with all three fungi no consistent practical
differences were observed in the deterioration between the concrete-exposed versus concrete-unexposed
CA-C-treated samples.

For the ACQ-D-treated samples, minor deterioration was obtained with the copper-intolerant
fungus G. trabeum (Table 2) for both cement-exposed and unexposed samples. As expected, greater
deterioration was observed with the copper-tolerant fungi R. placenta (Table 3) and F. radiculosa (Table 4).
Interestingly, with both of these two copper-tolerant fungi, samples that were first exposed to concrete
exhibited greater decay resistance compared to ACQ-D-treated samples which were not exposed to
concrete. A t-test comparing cement-exposed versus non-cement-exposed samples showed that the
greater efficacy was significant at the 95% or greater level for all four sets at both incubation times
with the two copper-tolerant fungi. We hypothesize that greater alkalinity upon concrete exposure
results in a stronger complex between the quat cation and the acidic anion groups in wood and, thus,
enhanced fungicidal efficacy.

For MCA, or micronized copper azole, the copper is mainly present as submicron-sized particles,
with even the smallest particulate copper particles composed of many millions of insoluble and thus
nonfungicidal copper atoms; these copper atoms are slowly solubilized over time to form individual
and therefore fungicidal copper ions with the solubilization rate increasing as the wood acidity
increases. With MCA-treated samples, moderate deterioration was obtained with the copper-intolerant
G. trabeum fungus (Table 2), with the concrete-exposed samples showing slightly more but not significant
deterioration at four weeks and much greater and statistically significant deterioration at six weeks
compared to the non-concrete-exposed samples based on a t-test. As expected with the aggressive
copper-tolerant fungi R. placenta (Table 3) or F. radiculosa (Table 4), extensive deterioration occurred
with the MCA-treated samples. While greater deterioration occurred for the concrete-exposed samples
relative to the non-concrete-exposed samples at both four and six weeks for exposure with R. placenta,
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neither difference was statistically significant. With F. radiculosa, slightly greater decay was again
obtained with the concrete-exposed samples, and while the difference at four weeks was not significant,
the decay at six weeks was statistically greater for the concrete-exposed samples. We propose that the
greater alkalinity for concrete-exposed samples, as determined in the first part of this study, results in
reduced solubilization of the particulate copper and, consequently, lower amounts of soluble and, thus,
fungicidal copper ions in concrete-exposed MCA-treated samples as compared to treated wood which
is not exposed to concrete.

4. Conclusions

Commercial MCA-treated ground-contact posts surrounded by a concrete collar installed at
four outdoor sites quickly increased to a greater pH than the lower portion of the post below the
concrete at all four test sites locations. In laboratory soil block decay tests, untreated pine sapwood
which was exposed or not exposed to concrete prior to fungal testing showed no deterioration effect
upon exposure for 4 and 6 weeks to three different fungi. With wood samples treated with three
commercial copper organic preservatives and exposed to three decay fungi, different decay efficacies
were obtained for samples which were exposed to concrete depending on the particular preservative
employed; for all three systems greater deterioration was always observed with the two copper-tolerant
fungi than the copper-intolerant fungus. Specifically, the amine copper azole preservative CA-C
showed no difference in deterioration with all three fungi. The amine copper quat system ACQ-D
showed significantly greater decay resistance for the cement-exposed samples with both exposure
times and the two copper-tolerant decay fungi. Conversely, for micronized copper azole MCA-treated
wood, the cement-exposed samples had greater deterioration with all three fungi compared to the
non-cement-exposed samples, with some of the greater decay statistically significant. We conclude
that for wood treated with copper-based preservatives and then exposed to concrete when installed
in ground contact, decay susceptibility may be unaffected, reduced, or enhanced, depending on the
particular copper/organic wood preservative employed.
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Abstract: Plasma treatment was conducted to modify the outer- and inner-layer surfaces of bamboo
in a multi-factor experiment, where the surface contact angles and surface energy were measured,
followed by investigation on the surface microstructure and functional groups using a scanning
electron microscope (SEM) and X-ray photoelectron spectroscopy (XPS), respectively. The result
showed that when the power of the gliding arc plasma treatment was 1000 W while the bamboo
surface was 3 cm away from the nozzle of the plasma thrower in the plasma flame, the contact angles
of the outer- and inner-layer surfaces decreased, whereas the surface energy increased as a function
of the treatment time. The 40 s treatment on the outer-layer surface caused the contact angle to reach
40◦, and the surface energy accomplished a value of 45 J. Likewise, when the inner-layer surface
was exposed for 30 s treatment, its contact angle attained a value of 15◦, while the surface energy
elevated to 60 J. Surface assessment with scanning electron microscopy (SEM) demonstrated etched
microstructures of outer- and inner-layer surfaces of the bamboo culm after the treatment with gliding
arc plasma. Moreover, the soaking test performed on the surfaces signified that 2D resin could have
adhered more easily to outer- and inner-layer surfaces, which was considered a result of the greater
uniformity and smoothness acquired after the treatment. X-ray photoelectron spectroscopic (XPS)
analysis revealed that hydrophilic groups (O-CO-N, -NO2−,-NO3−, C-O-C, C-O-H and O-CO-OH,
C-O-C =O) emerged on outer- and inner-layer surfaces of bamboo culms after being treated by gliding
arc plasma, which enhanced the interaction of bamboo culms with applied protective coating resins.

Keywords: moso bamboo (Phyllostachysheterocycle cv. Pubescens); gliding arc plasma; surface treatment;
activated surface; wettability

1. Introduction

Moso bamboo (Phyllostachysheterocycle cv. Pubescens) is widely used in architecture and furniture
industries due to its fast-growing and good structural properties. However, the nutrient-rich
parenchyma cells of bamboo, which contain starch and carbohydrates, make it highly susceptible to
damages caused by molds and bamboo beetles, resulting in mildew, decay, and cracking. All these
outcomes will reduce the service life of bamboo and limit its applications [1–3]. In addition, the existing
green bamboo and yellow bamboo have a resulting poor gluability and paintability. There are some
reports about the modification of bamboo using different methods [4–7], and a wide range of studies
focusing on bamboo protection and modification have been undertaken from perspectives of their
biodegradation mechanisms, preservatives development [8,9], and anti-decay methods [10–12].

The last few years have witnessed a considerable expansion of products made of bamboo culms.
The absence of horizontal tissues, together with the presence of a wax layer on the hard surface, made
it very difficult for regular preservatives and mildew preventive treatments to penetrate smoothly
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into the bamboo. Further, other problems like the poor adherence of preservatives to bamboo culms
and the susceptibility to cracking have not been addressed properly [13], rendering bamboo materials
highly vulnerable to mildew and worm problems. Many antiseptic methods and equipment have
been developed to address this issue. Among them, one is based on soaking preservatives by exerting
pressure on one end of the bamboo [14]. This helped to effectively improve the decay resistance ability.
However, these methods often involve utilizing complicated equipment, thus cannot be employed on
a large-scale.

Plasma can be used to activate surfaces of materials by introducing new functional groups to
the material surface, thereby enhancing materials’ properties [15–19]. Exposing bamboo surface to
plasma treatment results in enhanced surface wettability and improved the accessibility of coating
materials [20,21]. However, most of undergoing research on the application of plasma for surface
treatment of bamboo focuses on the mechanism of action and temporal effect of plasma. At present,
plasma equipment, involving either radio frequency discharge (RF) [22] or dielectric barrier discharge
(DBD) [23], are widely engaged in wood and bamboo treatments. Regrettably, the use of this
equipment is restricted in terms of the sample sizes to be treated as they can only process small-sized
materials [24,25].

Although gliding arc plasma treatment methods have been used in different fields [26–28], there is
no research on bamboo treatment with gliding arc treatment. This shows the importance and challenge
of using such existing technology to process large-sized materials like bamboo culms.

The 2D resin (Dimethylol dihydroxy ethylene urea, DMDHEU) is a typical resin of the nitrogen
hydroxymethyl compound with low molecular weight, which has excellent properties in low
formaldehyde emission, anti-wrinkle and anti-shrink mechanical properties, and stability, and is used
to replace formaldehyde resin in the cotton fiber textile industry and wood modification [29–33]. Some
researchers have carried out wood modification studies using 2D resin; the self-polymerization and
cross-linking reaction of the 2D resin and wood compounds occurred within the cell wall, resulting in a
permanent bulking of the cell wall and leading to a reduction in the swelling and shrinkage properties,
thus with the dimensional stability considerably increased. In addition, good preservative properties
and high resistance against white, brown, and soft rot fungi are obtained. The treatments also enhance
the wood’s acoustic, weathering, and aging properties, furnishing and gluing performances, as well as
mechanical properties [30–33]. However, there are no reports on bamboo culms modification with the
2D resin.

Improving the retention of the 2D resin in bamboo was attempted in the current work after
enhancement of the surface reactivity by applying its surfaces to low-temperature gliding arc plasma
treatment, which would provide a theoretical basis and technical platform to solve the bamboo decay,
mildew, instability and cracking, etc., for expanding the industrial use of bamboo.

2. Materials and Methods

2.1. Experimental Material

A 4-year-old fresh moso bamboo (Phyllostachys heterocycle cv. Pubescens) culm, with a height above
8 m, average diameter around 12 cm, minimum diameter no less than 8 cm, and wall thickness close to
10 mm, was selected from Longnan, Ganzhou City, Jiangxi Province, China. To prepare the samples for
plasma treatment, bamboo culms with uniformly straight and smooth surfaces were initially cut 10 cm
above ground level, then cut sequentially into 2 sections of 1.5 m bamboo tubes with a moisture content
of 65%–70% and density of 700–720 kg/m3. A gliding arc plasma equipment (model: CTD-2000 F; size:
250 × 200 × 360 mm; weight: 12 kg; handheld; Suman plasma, Nanjing, China) with an atmospheric
low-temperature plasma torch was employed for surface treatment. It was fully controlled using
software with one button through a microcontroller unit (MCU). The rated input power supply for the
plasma torch was AC 220 V. Providing 1000 W output power, the plasma torch was capable of treating
specimens with a width between 60–80 mm. A lab-made 55%–65% active component dimethylol
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dihydroxy ethylene urea resin (DMDHEU, also known as 2D resin), with colorless to pale-yellow
color and a slightly offensive odor, was used, which can be dissolved in water in any proportion.
Analytical-grade diiodomethane and glycerol were utilized for contact angle measurements.

2.2. Plasma Treatment of Outer- and Inner-Layer of Bamboo Culms

In Figure 1, Bamboo culm specimens with the bamboo outer surface up were placed at different
distances from the nozzle of the gliding arc plasma emitter (3, 5, and 7 cm), which was operated at a
power of 1000 W. The moving speed of the thrower was set at 1 cm/s and the samples were treated
repeatedly and evenly for 5, 10, 15, 20, 30, 40, and 60 s, respectively. The treatment of the inner layer or
the inner wall surface was performed on bamboo culms cut into strips of 5 mm width and involved
exposure to plasma radiation exactly as described for the outer layer.

 

Figure 1. The plasma treatment of bamboo culms using a plasma generator.

2.3. Resin Soaking after Plasma Treatment

After treatment with cold plasma, the bamboo specimens, including culms and strips, were soaked
with the 2D resin for 24 h. Subsequently, they were placed in a drying oven initially set at 60 ◦C, and
the temperature was increased to 100 ◦C at a rate of 10 ◦C/min. Finally, the samples were taken out
after the temperature subsided gradually to 40 ◦C.

2.4. Characterizations

2.4.1. Contact Angle Measurements and Surface Energy Calculation

A static solvent contact angle meter (JC2000A, Shanghai Zhongcheng Co. Ltd., Shanghai, China)
was utilized for measuring the contact angles of the outer- and inner-layer surfaces using diiodomethane
and glycerol as test liquids in the laboratory condition of 25 ◦C and humidity of 40% RH. According to
the sample preparation procedure, photos were taken 2 s after the liquids were dropped on treated
bamboo surface, and the angle-measuring method was employed to measure the contact angles of the
liquid on specimen surfaces. The measurements were undertaken on 6 points on the outer- as well as
inner-layer surfaces of bamboo culms for each solvent, and average values were recorded. After that,
the Owens two-liquid method was applied to calculate the surface energy values of the specimens [34].

2.4.2. Surface Microstructure Observation

Both the outer- and inner-layer surfaces of treated bamboo specimens were fixed on the sample
holder using conductive adhesive with the outer- or inner-layer to be tested facing upwards. Then, the
specimens were placed in the compartment of sputter coating equipment, which was degassed using
a vacuum pump for 5 min. The surfaces were sputter-coated with gold to avoid charging when the
vacuum level reached 3 Pa, and the surface morphology was examined using SEM (Quanta 200, ESEM,
FEI, Hillsboro, OR, USA).
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2.4.3. X-Ray Photoelectron Spectroscopy (XPS) Investigation

The treated outer- and inner-layer surfaces treated with gliding arc plasma were scanned with
K-Alpha+X-ray Photoelectron Spectroscopy at a vacuum of almost 2× 10−7 mbar using monochromatic
Al Kα X-ray source with energy 1486.6 eV, 6 mA × 12 kV, and a spot size of 400 μm as the light beam.
The measurement parameters were incorporated CAE (constant analyzer energy) as a scanning mode
and a full-survey spectrum with a pass energy of 100 eV and step size of 1 eV or narrow-survey
spectrum with a pass energy of 30 eV and step size of 0.1 eV. The binding energy measurements were
calibrated according to C1s surface contamination standard (284.8 eV).

3. Results and Analysis

3.1. Effect of Plasma Treatment on the Surface Characteristics of Bamboo Culm

3.1.1. Effect of Gliding Arc Plasma Treatment of Bamboo Culm on Contact Angles and Surface Energy
of Outer-Layer Surface

Figure 2a represents the trend of variation in the surface energy of the outer-layer surface of
bamboo culm after exposure to the gliding arc plasma treatment for different time intervals, whereas
the samples were mounted at various distances from the nozzle of the plasma emitter, 3, 5, and 7 cm.
Initially, it is obvious that the 7 cm distance seems too far for the surface to be influenced by the
treatment, and the change was statistically insignificant. The surface energy response in the case of the
5 cm distance was much higher, and maximum energy was achieved within 25 s and then started to
decrease again with prolonging the treatment time to reach a minimal level. This may reveal either
damage or carbonization of the surface. The 3 cm distance between the plasma emitter and the sample
looks much more appropriate for the treatment, as the surface energy continued to increase with the
exposure time up to 40 s. Even if the treatment was extended 20 s more, the extent of carbonization
was very limited. Careful examination of the associated change in contact angle between bamboo culm
and the resin indicates a strong correlation with the developed surface energies (Figure 2b). That is to
say, if more active surface groups are born, they would contribute appreciably to enhance the wetting
of the surface with the resin. Thus, the optimal contact angles between the bamboo culm and 2D resin
can be obtained by verifying the samples exposed at 3 cm away from the nozzle of the plasma emitter
while the treatment lasts for 40 s. Under such conditions, the contact angle between the outer-layer
and the 2D resin declines remarkably from 100◦ to about 40◦.

 
Figure 2. Variations in the surface energy of the outer-layer surface of bamboo culm exposed to
treatment with gliding arc plasma (a) and the contact angle of the treated outer-layer with 2D resin (b)
as a function of treatment time.

3.1.2. The Effect of Gliding Arc Plasma Modification on Inner-Layer Surface Properties

Figure 3 provides the trend of variations in surface energy and contact angle of the inner-layer
after the gliding arc plasma treatment. It is clear that the surface energy of the inner-layer increased
significantly regardless of the distance between the nozzle of the plasma emitter and the inner layer
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surface. However, the enhancement in surface energy is more sounding as far as the distance is shorter
(Figure 3a). In parallel, the contact angle between the inner-layer surface and the 2D resin changes
sharply in a reverse direction (Figure 3b). After 30 s, there might be a certain level of carbonization
developed over time, which is the reason the contact angle started to re-increase.

 

Figure 3. Variations in the surface energy of the inner-layer surface of bamboo culm exposed to gliding
arc plasma treatment (a) and contact angle of the treated inner-layer with 2D resin (b) as a function of
treatment time.

3.2. Effect of Plasma Treatment on Surface Microstructure of Bamboo Culm

3.2.1. Effect of Gliding Arc Plasma Treatment on the Microstructure of Outer-Layer Surface

As can be seen from the outer-layer surface microstructures shown in Figure 4, a significant
difference can be recognized after the plasma treatment of 40 s, and the bamboo culm surface is around
3 cm away from the nozzle of the plasma emitter. Comparing Figure 4a with Figure 4d reveals etching
developed on the outer-layer surface after gliding arc plasma treatment, which imposes the resin more
liable for the soaking step. While comparing Figure 4b,e against Figure 4c,f dictates a uniform smoother
surface, lacking any signs of cracking for the 2D resin soaking surface after the plasma treatment,
which was not the case for the surface soaked with 2D resin without qualifying the surface to this step
by prior plasma treatment. It is obvious for the latter that the 2D resin adhered more strongly to the
outer-layer surface, which allows for an effective protective role for the resin on the bamboo culms.

 

Figure 4. Morphological features of the outer-layer surface: (a) before resin soaking, (b,c) different
magnification images after soaking followed by drying, (d) after exposing to gliding arc plasma
treatment, and (e,f) different magnification images of soaking and drying following the treatment.

3.2.2. Effect of Gliding Arc Plasma Treatment on the Microstructure of Inner-Layer Surface

Figure 5 shows the morphological features of the inner-layer surface at different magnifications
with the plasma treatment of 30 s, and the culm inner surface is around 3 cm away from the nozzle of
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the plasma emitter. Figure 5a,b exhibit the morphological aspects of the untreated inner-layer surfaces,
which is relatively smooth, and no grains could be detected. On the other hand, the treatment with
gliding arc plasma rendered the surface a little bit rougher (Figure 5d,e). The comparison between
Figures 5c and 5f indicates that the spreading and covering of the 2D resin over the surface exposed in
prior to plasma arc treatment proceeded much more effectively, which sheds light on the responsibility
of the treatment in generating active sites that play the role of the receptor to the 2D resin and enhances
its adhesion to the surface.

 

Figure 5. Morphological features of the inner-layer surface at different magnifications before (a,b) and
after soaking followed by drying (c), different magnification images of the surface after exposing to
gliding arc plasma treatment (d,e), and subsequent soaking and drying (f).

3.3. XPS Study of the Surface Functional Groups of Bamboo Culm Following Gliding Arc Plasma Treatment

3.3.1. The Outer-Layer Surface

To verify changes on the outer-layer surface and evolution of polar groups after plasma treatment,
XPS spectroscopic analysis was undertaken. Figure 6a–c shows the scans of some elements on the
outer-layer surface before treatment with gliding arc plasma, which translates into a few active groups
anchored on the surface. After exposure to plasma treatment, new active functional groups emerged on
the outer-layer surface, as indicated mostly by changes in C1s environments (Figure 6d). This reveals
the transformation of N-C = O into O-CO-N after the gliding arc plasma treatment. Similarly, some
associated changes took place in the environments of the other elements, particularly O1s (Figure 6e,f),
signifying the appearance of newborn hydrophilic groups. The emergence of these hydrophilic groups
justifies the ability of 2D resin to be soaked and adhered more efficiently to the outer-layer surface of
the bamboo culm.
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Figure 6. Narrow scan XPS spectra of the outer-layer surface for C1s (a), N1s (b), and O1s (c) elements
before and after treatment (d–f), respectively.

3.3.2. The Inner-Layer Surface

Furthermore, Figure 7 exhibits the comparable XPS spectra recorded for the same groups on the
inner-layer surface. It is clear that the extent of variation in the surface environment, especially the
C1s, is much higher as compared to the outer surface. It additionally demonstrates that an additional
hydrophilic O-CO-OH group appeared on the inner-layer surface after treatment. However, no
significant difference was recognized in the case of N1s, whereas the corresponding scans of O1s show
the emergence of an additional hydrophilic group C-O-C = O, which ensures enhanced accountability
for resin soaking and penetration. The newly emerged groups on both inner as well as outer-layer
surfaces of the bamboo culm are summarized in Table 1.

Figure 7. Narrow scan XPS spectra of the inner-layer surface for C1s (a), N1s (b), and O1s (c) elements
before and after treatment (d–f), respectively.
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Table 1. A list of the new-born hydrophilic groups on bamboo culm surfaces following gliding arc
plasma treatment.

Layers of Bamboo Culm Evoluted Groups

Outer-layer O-CO-N, -NO2−,-NO3−, C-O-C, C-O-H
Inner-layer O-CO-OH, C-O-C = O

Similar research results have been demonstrated in which new functional groups like CF3, CHF,
CF, C-O-H, C = O, COOH, CO2, O-C-O, O = C-O, C = O, and C = N were found on the matrix surface
after the plasma treatment [35–38]. This could be attributed to the formation of oxidized groups rich in
hydroxyl, carbonyl, carboxyl groups, and phenoxy radicals. In this study, the evolution of functional
groups can be explained by the fact that gliding arc plasma is a high energy ion, which can decompose
the waxy material on the surface of bamboo so that the ester compounds in the waxy layer can be
modified into new functional groups.

4. Conclusions

The outer- and inner-layer surfaces of bamboo-culm were activated by exposure to gliding arc
plasma under optimized conditions. Maximized enhancement of the surface activity was reached
when the bamboo culm surface was no more than 3 cm away from the nozzle of the plasma emitter for
about 40 s. These conditions were quite sufficient, as revealed by the measurements of the contact
angle and surface energy, 40◦ and 45 J, respectively. However, the inner-layer surface required shorter
time (30 s) to attain the optimized state and became more energetic and wettable as demonstrated by
the contact angle and surface energy, 15◦ and 60 J, respectively. This was achieved via etching and a
morphological change of the surface, which enabled the surface to respond more effectively to soaking
by 2D resin. The stronger adhesion achieved on the surface between the bamboo culm and 2D resin
was a direct result of the emergence of new hydrophilic groups on the surface following the treatment,
which caused more wetting and better resin spreading, leading to more effective protective covering of
the surface.
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Abstract: To enhance compression stability and fire retardancy of densified wood, a new modification
method i.e., combined nitrogen–phosphorus (NP) fire retardant pre-impregnation with surface
thermo-mechanical densification is used to fabricate a certain thickness of functionalized surface layer
on poplar. This combined treated wood is investigated via vertical density profile (VDP), and the
compression stability is revealed by both soaking test and cone analysis. Results demonstrate that the
combined treatment hardened the surface of wood and reformed the interface combination of the NP
with the wood cell wall, thus making the surface tissue more close-grained. Fire retardancy was also
enhanced; the total heat release and CO generation values decreased by 21.9% and 68.4%, respectively,
when compared with that of solely NP-treated wood. Moreover, surface hardness increased by 15.8%,
and the recovery of surface hardness and thickness were 56.8% and 77.2% lower than that of simply
densified wood. It appears that this NP-involved thermal densification could be considered as an
alternative approach to enhance both the compression stability and fire resistance of wood.

Keywords: wood; fire retardancy; heat treatment; compression recovery; surface layer

1. Introduction

Wood has been considered as one natural composite material for a long time, and it is one of the
most popular materials in construction, interior decoration, and the furniture industry mainly because
of its strength-to-weight ratio, renewability, and versatility [1]. Furthermore, small-diameter timbers
or some remains can be transformed into particles or fibers, which are commonly used to manufacture
different composites with other materials like polymers, cement, etc. [2,3].

Since the conservation mandates for natural forests were improved in China, the demand for
plantation trees such as poplar, eucalypt, and pine has increased, making them a reliable alternative for
industrial timbers [4,5]. Nevertheless, the drawback of using plantation timbers is mostly related to
their low density, mechanical strength, and dimensional stability [6]. Densification has been reported for
over a century as an efficient method for enhancing wood mechanical properties by reducing porosity
and increasing density [7]. Densification is proven to improve mechanical properties such as modulus
of elasticity (MOE), surface hardness, and mechanical strength of wood, especially for low-density
species [8]. Song et al. (2018) successfully created a high-performance structural compressed wood via

Forests 2019, 10, 955; doi:10.3390/f10110955 www.mdpi.com/journal/forests163



Forests 2019, 10, 955

partial removal of lignin and hemicellulose and hot-pressing into highly aligned cellulose nanofibers,
resulting in specific strength higher than that of most structural metals and alloys [9].

The conventional wood densification is usually carried out by thermo-mechanical (TM) or
thermo-hydro-mechanical (THM) means [3,10]. Büyüksarı found that the thermally compressed
veneer could be used to laminate with MDF panels for structural purposes due to the improvement
of hardness [8]. Nonetheless, the wood is incompletely densified and the state of compression of
TM/THM wood is sensitive to moisture and temperature that could cause utilization problems [7,11,12].
Researchers have studied different methods such as resin pre-impregnation, steam treatment,
microwave treatment, and pre-acetylation in order to improve the compression stability of densified
wood [13–15].

Recently, researchers focused on the combined effects of heat treatment (HT) and wood densification
on the assumption that the post-thermal treatment could release the inner stresses and increase the
stability of the compressed wood [8,16]. HT has been employed at various temperatures (160–260 ◦C)
and various media reactions such as vacuum, nitrogen, steam, or oil [17,18]. Heat-treated wood (WHT)
relatively enhanced dimensional stability, biological resistance, and aesthetic characteristics [19–22].
The degradation of hemicellulose, conformational arrangement changes of wood biopolymers, and the
plasticization of lignin during HT could result in lower number of hydrophilic groups and, consequently,
improved dimensional stability [20,23,24]. Fang et al. (2011, 2012) combined oil-heat treatment with
wood densification and claimed that the HT could efficiently improve dimensional stability, mechanical
properties, and compression set recovery of THM densified veneers [25,26]. Avila et al. (2012) studied
selected properties of THM wood using nano-indentations analysis and found an improvement of
mechanical properties attributed to an increase in wood density. Furthermore, they reported an
increase in the mechanical properties of the cell wall [27]. Zhan and Avramidis (2016) investigated the
equilibrium moisture content and radial swelling strain ratios of the untreated and surface densification
and thermal post-treatment combined treated wood and discovered that hygroscopicity and radial
swelling deformation are significantly decreased [12].

The HT process requires rigorous conditions; that is, relatively high temperature and long holding
time under the oxygen-deficient environment (oxygen content below 3%). Since HT is a chemical-free
process, the main modification mechanism is the autocatalytic reactions of the cell-wall constituents at
high temperatures. Acetyl groups of the hemicellulose are partly cleaved, which leads to the formation
of acidic intermediate products that further promote the changes of other chemical composition [17,23].
Lastly, the HT process does not make wood fireproof [28,29].

Nitrogen–phosphorus (NP) is an environmentally friendly, non-toxic, relatively inexpensive fire
retardant [30]. Furthermore, the catalytic dehydration and catalytic charring of the NP wood fire
resistance occurs between heating of 115 ◦C and 246 ◦C [31–33]. Hygroscopicity and low leachability
resistance are possible limitations for a practical application of the NP, and studies for enhancing these
properties can be found in published papers [29,31–33]. In former studies, NP has been used as an
acidic-accelerating medium to intensify the effect of HT on wood. It brought about significant property
improvement for the NP pre-impregnated and heated wood at a low treatment temperature for a short
period of time [29,33]. More relevant studies also proved that acid pre-treatments can accelerate the
thermal degradation of wood components and led to a treated wood moisture content lower than
conventional HT, under the same treatment weight loss level [34,35].

There is a research gap regarding the effects of the NP fire retardant on THM densification of
wood. In the present study, the NP fire retardant is used to reinforce poplar wood together with the
thermal densification, aimed at fabricating a functionalized surface layer to enhance fire retardancy and
compression stability of combined treated wood. This study provides a novel combined modification,
which can functionalize the surface layer and endow multiple functions to the treated wood. It will be
useful for promoting the usage of plantation timber.
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2. Materials and Methods

2.1. Treatment

Poplar (Populus beijingensis W. Y. Hsu) at about 10% moisture content was purchased from a timber
supplier in Beijing, China. Defect-free sapwood samples with length, width, and thickness of 300 mm
× 150 mm × 19 mm, respectively, were prepared. All samples were polished with 240-grit sandpaper
to ensure uniform surface roughness prior to modification. Then, they were divided into six groups
(Table 1), each comprised of 15 samples.

Table 1. Treatment classes and the treatment condition of treated samples.

Groups Pre-Treatment Compression Ratios (%) Compression Temperature (◦C)

WNP-TM 10% NP 21 180
WTM No 21 180

WHT-TM HT220 21 180
WHT HT220 No No
WNP 10% NP No No
WC No No No

Note: 10% NP means 10% nitrogen phosphorus fire-retardant aqueous solution impregnation; HT220 means heat
treatment under 220 ◦C for 120 min.

The NP impregnation and HT conduction protocols were kept the same as in former studies [29,33].
Samples in groups WNP-TM, WTM, and WHT-TM were pre-heated using a thermo-compressor (MLG68-S,
Zhengzhou, China) for 5 min, then thermo-mechanically pressed to 14 mm final thickness using a
stopper for 20 min at constant temperature.

2.2. Properties of the Functionalized Surface Layer

The surface colorimetric parameters were evaluated based on the CIELAB color coordinates using
a photometry instrument (Dataflash 110 Datacolor, Lawrenceville, NJ, USA) with illuminant D65 and
10◦ standard observer. The mean values of five positions on each sample were recorded and the total
color difference (ΔE*) was calculated.

Five samples (50 mm × 50 mm × thickness) were cut from the middle of each of the untreated and
treated groups. A vertical density profile tester (CreCon’s X-ray densitometer, Martinsried, Germany)
was used to measure the vertical density profile (VDP) of each sample and the average density
profile was calculated. The average density profile accurately reflects density change throughout the
sample thickness.

2.3. Compression Recovery via Soaking Test

Compression recovery was measured by soaking samples in a deionized water bath (20 ± 2 ◦C)
for 120 min and then oven-drying. Their axial surfaces (20 mm × 20 mm × thickness) were covered by
resin before the test. The thickness and surface hardness (HD) of each sample were measured before
and after the soaking test. Thickness was measured three times from each sample at the center by
digital caliper and HD was tested by a Shore D Hardness Tester (TH210, Beijing). All measurements
were conducted after conditioning the samples to 10% equilibrium moisture content. Surface hardness
recovery (HDr) and thickness recovery (Tr) were calculated as follows:

HD = 100 − L/0.025 (1)

HDr = (HDfd − HDfs)/(HDfd − HDbd) × 100% (2)

Tr = (Tfd − Tfs)/(Tfd − Tbd) × 100% (3)
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where L is the displacement of the needle when the pressure foot surface is in full contact with the
sample surface; HDbd and Tbd are the surface hardness and thickness before densification; HDfd and Tfd
are the surface hardness and thickness after densification; and HDfs and Tfs are the surface hardness
and thickness after soaking test.

2.4. Cone Analysis

Cone calorimeter tests were conducted according to ASTM 1354 (2004) with a cone calorimeter
(FTT0242, West Sussex, UK). Three samples in the groups WNP-TM, WTM, WHT-TM, and WC were
selected and wrapped with aluminum foil leaving a 100 mm square surface. During the test, the sample
was exposed to a constant external heating flux, which was located at 250 mm over the surface, at an
irradiance level of 50 kW m−2.

2.5. Clustering and Morphological Analysis

Hierarchical cluster analysis (HCA) was performed using IBM SPSS Statistics 22.0 by between
group linkage method [36]. The heat release and smoke production values from the cone test and
compression recovery values from soaking test were taken into consideration, respectively. Microscopy
and microanalysis of the groups Wc, WNP-TM, WTM, WHT-TM, and WNP were conducted with a
SEM-EDS energy-dispersive X-ray spectrometer (JSM-6510, Tokyo, Japan). Samples were covered by
galvanic gold deposition with an MC1000 ion sputter (FEI, Tokyo, Japan) working at a current of 5 mA
for 45 s. All analyses were performed with 20 kV acceleration voltages.

3. Results and Discussion

3.1. Properties of the Functionalized Surface Layer

Photos and vertical density profile (VDP) curves are shown in Figure 1; the CIEL*a*b* and VDP
values on different regions of the untreated and treated samples are shown in Table 2. It is evident
that the WNP-TM exhibits a uniform light-brown surface whereas the WTM one presents a light surface.
It can be deduced that the combined process could play an important role in the color generation of the
NP-TM-treated wood because the merely NP impregnation process cannot change the surface color
significantly [37].

 
(a) 

 
(b) 

Figure 1. Photo (a) and vertical density profile (VDP) curves (b) of the selected samples.
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Table 2. Color in CIE L*a*b* system and density of the selected samples.

Groups

Color in CIE L*a*b* System Vertical Density Profile (kg m−3)

L* a* b* ΔE* R1 R2 R3
Maximum

(× coordinate)
Average
Value

WNP-TM 54.99 ± 3.41 13.26 ± 1.68 29.19 ± 0.51 33.37 ± 1.38 675.68 365.48 569.97 1030.22
(6.83) 453.67

WTM 80.33 ± 3.76 3.49 ± 0.60 21.40 ± 0.36 6.09 ± 2.03 578.65 410.62 567.90 673.43
(–6.43) 473.61

WHT-TM 44.56 ± 1.07 9.36 ± 0.51 19.40 ± 0.43 40.21 ± 1.56 391.69 386.55 484.60 720.29
(6.66) 420.21

WHT 47.18 ± 4.23 9.87 ± 0.42 20.80 ± 2.02 37.85 ± 2.72 297.25 330.58 313.76 365.29
(–1.74) 324.41

Wc 84.16 ± 5.79 2.95 ± 1.48 16.69 ± 1.83 - 372.18 354.10 331.02 382.76
(5.59) 352.38

According to Table 2, the a*, b*, and L* values of WTM and WHT-TM changed slightly compared
with that of Wc and WHT. That is to say, the only-TM process under 180 ◦C could not change the
surface color of poplar wood. Interestingly, the b* and a* values of the WNP-TM increased by 74.9%
and 349.5%, respectively. The ΔE* values of the WNP-TM are higher than 33.37, further indicating that
NP-TM treatment with relatively a short period (20 min) is quite sufficient for changing the color
of poplar. After the NP-TM, poplar possessed a warmer and more attractive surface color, which is
considered to be essential for furniture and interior decoration materials.

Figure 1b indicates that the VDP of untreated poplar was relatively uniform throughout the
thickness with an average density of 352.38 kg/m3. The average density of WHT decreased by 7.94%
because of the thermal degradation of wood, which is consistent with some previous studies [17,22,38].
All the treated samples were divided into three regions according to the density changes; namely
two surface layers (R1 and R3) and one core layer (R2). After the TM, the VDP values of the surface
layers on WNP-TM, WTM, and WHT-TM increased significantly. The NP-TM process brought the highest
VDP values to the WNP-TM on the surface layers, wherein the VDP value of R1 was 16.77% higher
than that of WTM. Meanwhile, the location of maximum VDP value on the WNP-TM was closer to the
surface and density of the R2 was almost kept the same level as Wc. However, the maximum VDP
values of the WTM and WHT-TM were much lower than WNP-TM, and compression was also affected in
the core section. This indicates that the compression was mostly in the surface layer (about 3 mm).
It has been reported that the NP has a catalytic dehydration effect on wood polysaccharides during
HT [32], and this could also make the wood surface layer more likely to be compressed because of the
softening effect at higher moisture and temperature conditions [25]. From NP fire retardants can be
produced softener-NH3, which reduces glass transition temperature of lignin, i.e., decrease Tg from
approximately 170 ◦C [39]. Furthermore, the impregnated NP partly increased the density as most of it
remained in the surface layer.

3.2. Compression Recovery of the Functionalized Surface Layer during Soaking Test

Normally, the compression state of TM wood is sensitive to moisture, which limits the usage of
it to certain condition [12]. The thickness and surface hardness (HD) change of treated wood before
and after the TM process, as well as compression recovery (HDr and Tr), are displayed in Figure 2.
The NP-TM treatment resulted in a better surface strength and the compression-fixing ability for poplar.
WNP-TM has higher HD value than that of WTM before and after the water soaking test.
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(a) 

 
(b) 

Figure 2. Surface hardness (a) and thickness changes (b) of selected samples.

Because of the TM, the HDfd value of WTM was 65.23, which is 20.59% higher than untreated
poplar; the HDfd value of WHT-TM increased to 69.92, namely 61.66% higher than WHT. After the
NP-TM, the HDfd values of WNP-TM became 75.98, that is, 16.48% higher than WTM. In other words,
the NP-involving compression could cause larger surface hardness improvement on wood.

After water soaking test, all densified samples swelled to some extent, resulting in recovery
of thickness and HD. Even for Wc, the surface hardness after soaking (HDfs) decreased by 10.66%
(Figure 2a). The WTM had a poor compression ability; HDr and Tr were the highest of all. The surface
layer absorbed water and recovered to the status before the TM. While the WHT-TM had the best
compression ability, HDr and Tr values of WHT-TM were the lowest. The reason is that the HT
increased the hydrophobicity and the TM process further enhanced the surface density of WHT-TM.
The compression stability of WHT-TM samples remarkably enhanced due to the NP pre-treatment
and the acceleration effect of NP on wood thermal degradation during the thermo-densification
process [29,33]. When compared with that of WTM, the HDfs value was 31.60% higher and the Tr value
decreased from 26.65% to 6.07%.

3.3. Effect of the Functionalized Surface Layer on Heat and Flue Gas Release via Cone Analyses

As shown in Figure 3 and Table 3, the WNP-TM samples had the most moderate heat and flue
gas release rate. WTM and WHT-TM samples were also enhanced by the TM process to some extent,
especially in the preliminary stage of burning during the Cone test.

 
(a) 

 
(b) 

Figure 3. Cont.
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(c) 

 
(d) 

 

Figure 3. Heat release rate (a) and total heat release (b), generation rate of carbon monoxide (c),
and total smoke production (d) of the selected samples.

Table 3. Heat release and flue gas release of selected samples during cone analysis.

Item
Groups

WNP-TM WTM WHT-TM WNP Wc

HRR (kW m−2) 122.49 196.54 204.57 131.69 236.08
THR (MJ m−2) 103.50 138.60 138.14 132.44 184.24

HRR (60 s) (kW m−2) 133.74 259.51 254.70 122.00 311.26
HRR (360 s) (kW m−2) 110.27 225.66 217.24 146.72 255.06
Peak HRR1 (kW m−2) 208.84 362.82 353.31 172.83 437.16
Peak HRR2 (kW m−2) 273.71 390.40 555.30 234.94 345.39
Time to Peak HRR1 (s) 30 25 30 45 45
Time to Peak HRR2 (s) 585 415 455 645 520
mean EHC (MJ kg−1) 14.64 21.83 21.03 18.78 27.38

TSP (m2) 0.72 5.81 6.64 0.65 7.86
TSR (m2 m−2) 81.33 657.39 751.48 73.02 888.95

COY/10−3 (kg kg−1) 20.20 19.10 17.80 63.90 20.70
COY (60 s) /10−3 (kg kg−1) 10.70 12.40 12.60 23.00 18.30
COY (360 s) /10−3 (kg kg−1) 10.60 12.90 11.60 16.50 14.60

CO2Y (kg kg−1) 1.29 1.96 1.88 1.59 2.37

Note: HRR, heat release rate; THR, total heat release; HRR (60 s), heat release rate within 60 s; HRR (360 s) heat
release rate within 360 s; Peak HRR1, peak of the heat release rate at lower temperature; Peak HRR2, peak of the heat
release rate at higher temperature; EHC, effective heat of combustion; TSP, total smoke production; TSR, total smoke
release; COY, CO yield; COY (60 s), CO yield within 60 s; COY (360 s), CO yield within 360 s; CO2Y, CO2 yield.

The HRR curve in Figure 3a reveals that the Wc had two sharp exothermic peaks; the burning of
combustible gas emitted by the decomposition of the surface formed the peak HRR1 at 45 s, then the
oxidation reaction of internal wood material formed peak HRR2 at 520 s because of the consuming and
cracking of the surface charcoal layer.

According to Table 3, the THR and TSP values of WTM and WHT-TM were decreased because of
the TM process. However, the HRR curves of WTM and WHT-TM caught up with untreated wood
and then reached the peak HRR2, which was 13.0% and 60.8% higher than that of Wc (Figure 3a,b).
Furthermore, the time to peak HRR2 appeared 105 s and 65 s ahead; meanwhile, the surface cracking
increased the CO release, as shown in Figure 3c. This could be explained that the higher density of
formed charcoal provided a better protection for inner material at the initial stage, but the recovery of
the compressed wood and cracking of surface charcoal under high temperature cause a more violent
combustion reaction. Therefore, the TM treatment may also bring potential risk to the treated wood.
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Compared with that of Wc, the HRR curve of WNP-TM declined remarkably in the whole combustion
process. The peak HRR1 decreased by 52.2% and appeared 15 s ahead, then remained at a continuously
lower HRR value. It points to the fact that the WNP-TM formed a protective surface charcoal rapidly
with less heat release and the resistance of the charcoal layer enhanced. Different from the simply TM
wood, the NP-TM process made the WNP-TM more stable during the burning. The extent of surface
cracking on WNP-TM was much lower; the peak HRR2 decreased by 29.9% and 50.7%, and the relevant
time delayed for 170 s and 130 s, when compared with that of WTM and WHT-TM. It is worth mentioning
that the THR, TSP, and COP values of WNP-TM were also lower than solely NP-treated wood.

The NP-TM made the surface layer of WNP-TM denser, which could be in favor of the oxygen and
heat insulation performances of treated wood. Hence, the generation rate of CO and total smoking
production were the lowest within the first 600 s. The surface cracking occurred at the faint-flame stage
and increased the contact of charcoal with oxygen. The CO release declined sharply at about 600 s
and then kept a relatively lower level after 700 s. In other words, the swelling of densified wood and
cracking of surface charcoal could be effectively controlled by the NP-TM method. The enhancement
could be explained by the synergistic effects of density-increase and carbon-forming by NP fire
retardant. Therefore, it can be concluded that the fire retardancy of the WNP-TM was significantly
improved by the functionalized surface layer.

3.4. Compression Recovery of the Functionalized Surface Layer during Cone Analyses

In order to uncover the surface compression recovery of the treated wood during burning and
its effects on the smoke release, the correlation between the HRR and specific mass loss rate (SMLR),
carbon monoxide yield (CO yield), and smoke production rate (SPR) in different stages were also taken
into account, as shown in Figure 4.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Correlation of heat release rate with specific mass loss rate (a, b), the CO yield (c), and smoke
production rate (d) of the selected samples.
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Equations of the linear statistical dependence of the HHR on the specific mass loss rate are listed
in Figure 4a,b. Under perfect combustion, the HRR is a function of specific mass loss rate only (R2 = 1);
the slope of fitting line was the smallest and the R2 value of WNP-TM was much higher than that of
WNP, showing that the WNP-TM possesses higher combustion efficiency. Considering the lowest mean
EHC (Table 3) and lowest heat release (Figure 3a,b), it can be concluded the combustion reaction of
WNP-TM was the most moderate and stable.

The oxygen-deficient combustion produces more CO; the main emission stage is faint flame
combustion (glowing phase) of surface charcoal, after nearly 600 s (Figures 3c and 4c). The imperfect
combustion causes more smoke release; the main emission stage is the flame combustion stage
(Figures 3d and 4d).

Taking an overall consideration of the cone testing results, we can find that surface cracking
of WTM and WHT-TM occurred at high temperature, resulted in shifting forward of the Peak HRR2
(Figure 3a) and CO release (Figure 3b). Therefore, the surface cracking of WTM and WHT-TM was before
400 s and 450 s. The peak of CO release appeared with the surface cracking, caused by the anoxic
burning of the inner material. Similarly, the surface cracking of WHT-TM was around 600 s, closing to
the glowing phase. As shown in Figure 4c, the CO yield of WTM and WHT-TM started to increase from
the interval of 400–600 s, and it started after 600 s in case of the WNP-TM.

It is worth noting that the CO release of WHT-TM declined sharply after the surface cracking and
kept the same level as Wc, much lower than that of WNP. This could be explained by the fact that
most of the inner materials have transformed into charcoal under protection of the functionalized
surface layer, then the surface cracking of WNP-TM took place in the glowing stage and increased the
oxygen-contact area of char surface. This indicates that the NP-TM process enhanced the compression
stability as well as CO inhibition of the treated wood in the high-temperature condition.

The surface layer of WNP-TM was filled with NP fire retardant and compressed to a high density,
which has an accelerating effect on the formation of charcoal and strengthening effect on the protective
char layer at the early stage of burning. Then, the compression-stable charcoal protected the inner
material from burning because of the heat or oxygen-barrier properties. Therefore, the heat and
CO release of WNP-TM declined and the surface cracking delayed when compared with that of WTM.
At the glowing stage, the surface cracking increased the oxygen contact and reduced CO release from
oxidization of charcoal (Figures 3c and 4c).

3.5. Clustering and SEM-EDS Analysis

Cluster analysis of the NP-TM and untreated samples was done based on values of color in CIE
L*a*b* system (Table 2), heat release and flue gas release (Table 3), and compression recovery (Figure 2);
the dendrogram of those clusters is shown in Figure 5.

The dendrogram of HCA for treated samples in regard to surface color (Figure 5a) shows two
main clusters; the WNP-TM was classified into the first group, which also contains WHT and WHT-TM,
while the Wc and WTM were classified into the second group, further proving that the NP-TM process
can lead to color generation.
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Figure 5. Hierarchical cluster analysis (HCA) of surface color (a), heat release (b), flue gas release
(c), and compression recovery (d) based on different variables. Note: The horizontal axis shows the
distances of clusters and the vertical axis shows combine treatment and the control group.

In terms of dendrogram for heat release (Figure 5b) and flue gas release (Figure 5c), it is observed
that the WNP-TM was classified into the same group with the WNP. It verified that the functionalized
surface layer, created by NP-TM process, can endow the treated wood with flame retardant and smoke
suppression properties. However, the only-TM treatment could not render raw poplar or heat-treated
poplar fireproof. This result is in accordance with that of the cone analyses discussed in Sections 3.3
and 3.4. For the compression recovery, dendrogram of HCA are grouped into two blocks: WTM and
other groups. The first cluster was separated into two subgroups (Figure 5d). The compression recovery
improvement of the WNP-TM could elucidate that the NP fire retardant acts as an acid accelerator,
which could intensify the effectivity of HT [29,33], as the WHT-TM and WNP-TM are classified into the
same subgroups.

The SEM micrographs and EDXA spectra of untreated and NP-TM-treated samples are displayed
in Figure 6.
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Figure 6. Scanning electron microscopy (SEM) micrographs of treated samples: (a) Wc; (b) WNP; (c) WTM;
(d) WHT-TM; (e) WNP-TM on transverse section; (f) WNP-TM on tangential section; (g,h) energy-dispersive
X-ray analysis (EDXA) spectra of WNP-TM.

The wood cell wall structure of Wc was intact and the inner faces are flat and smooth. After the
TM, cell lumens (particularly distinct in the vessels) of WTM and WHT-TM samples were deformed,
and the volume of void spaces declined sharply. However, the lumens of WTM were partly open and
had many fractures on the cell walls. This could increase the water absorption and cell wall swelling,
finally causing compression recovery. The WHT-TM also had some fractures on the cell walls, while the
less hydrophilic caused by HT process could prevent it from swelling and recovery [40].

For the WNP, the NP fire retardant distributed over the inner surface separately, as represented in
Figure 6b. Because of the NP-TM process, it is quite clear that a large number of vessels are almost closed
up and the cell walls are deformed on the WNP-TM. Moreover, there are a few fractures that occurred on
the cell walls (Figure 6e). According to Figure 6g,h, some crystalline particles fill between small gaps
on the cell wall, and the crystallized-substance integrated the compressed and flattened cell lumens of
the WNP-TM. EDXA spectra further confirm that the filler gathered in pore spaces both on transverse
(Figure 6g) and tangential (Figure 6h) sections is composed of NP fire retardant. It is speculated that
the low molecular ammonium polyphosphate (APP) in NP fire retardant decomposed during the TM
process and the intermediate products like H3PO4 further promote the catalytic dehydration of wood
polysaccharides and enhanced the plasticity of the cell walls. Furthermore, the NP entered micro-voids,
forming a connective crystal between the cell walls. Compared to that of WNP, the connection of the
NP and cell walls transform from particle to cementing, which will probably be another nonnegligible
factor for the enhance of fire resistance and compression stability.
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4. Conclusions

This work investigated the fire resistance and compression recovery properties of the treated poplar
with a functionalized surface layer, formed by a novel combined treatment of nitrogen–phosphorus fire
retardant (NP) pre-impregnation and thermo-mechanical densification (TM). Based on the findings of
this study, the combined process could improve the surface aesthetics, fire retardancy, and compression
stability of poplar wood. The NP accelerated the thermal degradation of wood and transformed
to connective crystal between wood cell walls and cell lumens. This functionalized surface layer
is composited by the degradation products of NP and wood. It possesses a superiority of high
density and compression stability. The heat release rate of the combined treated wood is 48.1% lower
than that of untreated wood, and the CO yield is 68.4% lower than that of only-NP-treated wood.
Moreover, the compression recovery in the thickness is 77.2% lower than that of solely TM-treated
wood. This study provides a new approach to enhance both fire resistance and compression stability
of wood by fabricating a functional surface layer. Further studies in terms of controlling the formation
and performance of the surface layer will be of interest in the future.
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15. Dömény, J.; Čermák, P.; Koiš, V.; Tippner, J.; Rousek, R. Density profile and microstructural analysis of
densified beech wood (Fagus sylvatica L.) plasticized by microwave treatment. Eur. J. Wood Prod. 2017, 1–7.
[CrossRef]

16. Laine, K.; Segerholm, K.; Wålinder, M.; Rautkari, L.; Hughes, M.; Lankveld, C. Surface densification of
acetylated wood. Eur. J. Wood Prod. 2016, 74, 829–835. [CrossRef]

17. Gu, L.B.; Ding, T.; Jiang, N. Development of wood heat treatment research and industrialization. J. For. Eng.
2019, 4, 1–11. [CrossRef]

18. Salca, E.; Hiziroglu, S. Evaluation of hardness and surface quality of different wood species as function of
heat treatment. Mater. Des. 2014, 62, 416–423. [CrossRef]

19. Ding, T.; Peng, W.W.; Li, T. Mechanism of color change of heat-treated white ash wood by means of FT-IR
and XPS analyses. J. For. Eng. 2017, 4, 25–30. [CrossRef]

20. Altgen, M.; Willems, W.; Hosseinpourpia, R.; Rautkari, L. Hydroxyl accessibility and dimensional changes of
Scots pine sapwood affected by alterations in the cell wall ultrastructure during heat-treatment. Polym. Degrad.
Stab. 2018, 152, 244–252. [CrossRef]

21. Zhang, N.N.; Xu, M. Effects of silicon dioxide combined heat treatment on properties of rubber wood. J. For.
Eng. 2019, 4, 38–42. [CrossRef]

22. Wei, Y.X.; Zhang, P.; Liu, Y.; Chen, Y.; Gao, J.M.; Fan, Y.M. Kinetic analysis of the color of larch sapwood and
heartwood during heat treatment. Forests 2018, 9, 289. [CrossRef]

23. Sundqvist, B.; Karlsson, O.; Westermark, U. Determination of formic-acid and acetic acid concentrations
formed during hydrothermal treatment of birch wood and its relation to colour; strength and hardness.
Wood Sci. Technol. 2006, 40, 549–561. [CrossRef]
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28. Şahin, K.H.; Yusuf, S. The thermal conductivity of fir and beech wood heat treated at 170; 180; 190; 200; and
212◦C. J. Appl. Polym. Sci. 2011, 121, 2473–2480. [CrossRef]

29. Chu, D.M.; Mu, J.; Zhang, L.; Li, Y.S. Promotion effect of NP fire retardant pre-treatment on heat-treated
poplar wood. Part 1, color generation; dimensional stability; and fire retardancy. Holzforschung 2017, 71,
207–215. [CrossRef]

30. Yu, L.P.; Li, G.P. Study on processing conditions of spruce with nitrogen-phosphorus-boron environmentally
friendly fire retardant. China Wood Based Panels 2006, 13, 14–16.

31. Gu, B. Study on the Effect of Properties of UF Plywood Treated with BL-Environmental Friendly Flame
Retardant. Chapters, Composition Analysis of BL Environmental Protection Flame Retardant. Ph.D. Thesis,
Beijing Forestry University, Beijing, China, 2007; pp. 50–56.

32. Zhang, X.T.; Mu, J.; Chu, D.M.; Zhao, Y. Synthesis of fire retardants based on N and P and poly(sodium
silicatealuminum dihydrogen phosphate) (PSADP) and testing the flame-retardant properties of PSADP
impregnated poplar wood. Holzforschung 2015, 70, 341–350. [CrossRef]

33. Chu, D.M.; Mu, J.; Zhang, L.; Li, Y.S. Promotion effect of NP fire retardant pre-treatment on heat-treated
poplar wood. Part 2, hygroscopicity; leaching resistance; and thermal stability. Holzforschung 2017, 71,
217–223. [CrossRef]

34. Hosseinpourpia, R.; Adamopoulos, S.; Mai, C. Effects of Acid Pre-Treatments on the Swelling and Vapor
Sorption of Thermally Modified Scots Pine (Pinus sylvestris L.) Wood. BioRES 2018, 13, 331–345. [CrossRef]

175



Forests 2019, 10, 955

35. Himmel, S.; Mai, C. Effects of acetylation and formalization on the dynamic water vapor sorption behavior
of wood. Holzforschung 2015, 69, 633–643. [CrossRef]

36. Guo, F.; Huang, R.F.; Lu, J.X.; Chen, Z.J.; Cao, Y.J. Evaluating the effect of heat treating temperature and
duration on selected wood properties using comprehensive cluster analysis. J. Wood Sci. 2014, 60, 255–262.
[CrossRef]

37. Li, S.J.; Qian, X.R.; Yu, J.; Wang, Q.W. Influence of FRW Fire Retardant Treatment on the Color and Painting
Properties of Wood. J. Northeast. For. Univ. 1999, 6, 38–40.

38. Boruvka, V.; Zeidler, A.; Holecek, T.; Dudík, R. Elastic and Strength Properties of Heat-Treated Beech and
Birch Wood. Forests 2018, 9, 197. [CrossRef]

39. Ladislav, R. Wood Deterioration, Protection and Maintenance; John Wiley & Sons: Chichester, UK, 2016.
40. Wang, W.; Zhu, Y.; Cao, J.Z.; Sun, W.J. Correlation between dynamic wetting behavior and chemical

components of thermally modified wood. Appl. Surf. Sci. 2015, 324, 332–338. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

176



Article

Functionalized Surface Layer on Poplar Wood
Fabricated by Fire Retardant and Thermal
Densification. Part 2: Dynamic Wettability and
Bonding Strength

Demiao Chu 1,2, Jun Mu 1,*, Stavros Avramidis 3, Sohrab Rahimi 3, Shengquan Liu 2

and Zongyuan Lai 1

1 Key Laboratory of Wood Material Science and Utilization (Beijing Forestry University), Ministry of
Education, Beijing 100083, China; 13chudemiao@sina.cn (D.C.); lzy2015@bjfu.edu.cn (Z.L.)

2 School of Forestry and Landscape Architecture, Anhui Agricultural University, Hefei 230036, China;
liusq@ahau.edu.cn

3 Department of Wood Science, University of British Columbia, Vancouver, BC V6T 1Z4, Canada;
stavros.avramidis@ubc.ca (S.A.); sohrab.rahimi@alumni.ubc.ca (S.R.)

* Correspondence: mujun@bjfu.edu.cn; Tel.: +86-010-62336053

Received: 9 October 2019; Accepted: 30 October 2019; Published: 5 November 2019

Abstract: In continuation of our former study on a novel combined treatment of nitrogen–phosphorus
fire retardant and thermomechanical densification on wood, this study focuses on the dynamic
wettability and the bonding strength. The contact angle was measured using the sessile drop method
and the surface energy was calculated according to the van Oss method. Water surface penetrating
and spreading is analyzed by both the Shi and Gardner model and the droplet volume changing
model. The results reveal that the combined treatment increased the surface energy, especially the
acid–base component. The contact angle declined and the water droplet spread more easily on the
surface. Meanwhile, the rate of relative droplet volume decreased by 32.6% because the surface layer
was densified and stabilized by the combined process. Additionally, the surface possesses the lowest
roughness and highest abrasion resistance on the tangential section. Thus, the bonding strength of
the combined treated poplar decreased by 29.7% compared to that of untreated poplar; however, it is
still 53.3% higher than that of 220 ◦C heat-treated wood.

Keywords: combined treatment; wettability; surface free energy; bonding strength; poplar

1. Introduction

Wood is a renewable bioresource with many applications such as in construction, decoration,
furniture, and cabinetry [1]. The demand for wood products in China has dramatically increased not
only for esthetic reasons, but also because of government bonuses and mandates for using renewable
materials mainly due to environmental concerns [2,3]. As a result, the demand for plantation trees has
noticeably increased particularly due to forest product reduction. Nonetheless, the downside of using
plantation timbers is substantially related to its low density, mechanical strength, and dimensional
stability [4,5]. The service life of wood products depends on chemical or physical modifications.
Density of wood is routinely considered to be one of the most important material characteristics on
account of its strong correlation with strength [1,6]. Several thermomechanical (TM) methods have
been developed for that purpose [7,8]. For further details, see Part 1 of our study [9].

Apart from the compression stability, the TM process may exacerbate the surface characteristics
namely roughness and wettability, etc., which impacts bonding and coating performance [10–14].
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Surface alteration is an indispensable part in the TM modification of wood; however, its wettability
and bonding properties have not been well studied.

Nitrogen–phosphorus (NP) is an ecofriendly, benign, and affordable fire retardant [15].
Our research group attempted to enhance the leachability and hygroscopicity of NP, as well as
smoke development during burning [16]. Recent studies revealed that NP also has an intensification
effect on high-temperature (HT) treatment of wood [17,18]. In Part 1 of this study, it was reported that
the combined process of using NP fire retardant and TM methods improved compression recovery
and combustion safety. Since NP is a water-soluble chemical agent, it may enhance the hydrophilia of
the treated wood. Here, we attempt to reveal the synergetic effects of this combined method on surface
properties and bonding strength. The Shi and Gardner model and the droplet volume changing model
are used to characterize the dynamic wetting process, and the surface characters and surface free
energy are taken into account to explain bonding performance of the NP–HT combined treated wood.

2. Materials and Methods

2.1. Treatment

The NP–TM method was used to fabricate a certain thickness of functionalized surface layer on
poplar (Populus beijingensis W. Y. Hsu). The treatment is the same as described in Part 1 [9].

2.2. Surface Free Energy

Surface free energy of wood is calculated mainly based on Young’s equation. Two methods have
been used for the calculation of the surface free energy, namely the van Oss-Chaudhury-Good (vOCG)
theory. The Young equation is

γS = γL cosθ. (1)

In the vOCG method, the surface free energy is expressed as

γS = γS
LW + γS

AB + 2(γS
− γS

+)1/2. (2)

Combining Equation (4) with Young’s equation gives

γL (1 + cosθ) = 2(γS
LW γL

LW)1/2 + 2(γS
+ γL

−)1/2 + 2(γS
− γS

+)1/2 (3)

where γS and γL are the surface free energy of solids and liquid, respectively, γSL is the surface tension
of the solid–liquid interface, and θ is the contact angle between a solid (S) and a liquid (L). The γSv
is the total surface energy calculated using the vOCG method, γS

AB is the acid–base based surface
free energy for solids and liquid, γS

LW and γL
LW are, respectively, the Lifshitz–van der Waals-based

surface free energy for solids and liquid, γS
+ and γS

− are, in turn, the acid-based surface free energy
for solids and liquid, γS

− and γL
− are, respectively, the base-based surface free energy for solids and

liquid. Distilled water, formamide, and diiodomethane, with known energy characteristics (Table 1),
were used to calculate the surface free energy of treated wood samples [19].

Table 1. Surface tension and components of three different test liquids.

Liquids
Surface Free Energy (mJ m−2)

γL γL
LW γL

AB γL
+ γL−

Distilled water 72.8 21.8 51.0 25.5 25.5
Diiodomethane 50.8 50.8 0 0 0

Formamide 58.0 39.0 19.0 2.28 39.6
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2.3. Contact Angles and Dynamic Wettability

A surface contact angle instrument coupled with SCA 20 software (OCA 20 Data Physics
Instruments GmbH, Filderstadt, Germany), wherein a video measuring system with a high-resolution
CCD camera and a high-performance digitizing adapter that enables instantaneous recording of
the image and calculation of the contact angle, was used. Every group contained five replicates
(20 mm × 20 mm × thickness) and data were collected randomly from three sites on each sample, using
an automatic microsyringe to dispense 1.5 μL drops of testing liquids on the surface.

Images of the droplet on the surface were taken and stored at intervals of 1 s during the first 10 s,
then intervals of 5 s until the end of the test. The contact angle (θ), height (h) and liquid–wood interface
diameter (d) of each droplet images were measured for further calculation. Thus, the wetting model of
the water droplet volume changes (here named the D-V model) during the wetting process, could be
calculated as

ARt = 1 − (Vt/V0) = a (1 − exp (−Kat)) (4)

where ARt is the absorption ratio at t (s), Vt and V0 is the droplet volume at t (s) and 0 s, respectively;
a is a material constant and Ka refers to the decrease rate of intrinsic relative droplet volume.

According to the Shi and Gardner (S-D model), the contact angle changes during the wetting
process could be calculated as

θ = (θi·θe)/{θi + (θe − θi)exp[Kθ(θe/ (θe − θi))t]} (5)

where θ is the contact angle at a certain time, θi and θe are the initial (instantaneous) and equilibrium
contact angle, respectively; Kθ refers to how fast the liquid spreads and penetrates the porous structure
of wood, which is a constant referred to the intrinsic decrease rate of relative contact angle. The t
represents wetting time, then the θi, θe and Kθ values could be calculated. As the influence of water
absorption, the wetting performance of the tested surface changes with time, and the instant decrease
rate of contact angle (IKθ) in the first 10 s was also calculated.

2.4. Surface Characteristics and Bonding Strength

Mass loss of surface abrasion for the processing layer was measured with a JM-IV instrument
(Wuhan Gelaimo Testing Equipment Co., Ltd., Hubei, China), according to international standard ISO
7784-1 (1997). The wheel was coupled with 240-grit sanding paper during testing, and the mass loss
values were calculated after 100 rotations. Surface roughness measurements were obtained by the
stylus method in the perpendicular direction to the fibers on the wood surface and were carried out
using a Taylor Hobson Surtronic 3+ instrument (Metrology Instrument Taylor Hobson Ltd., Leicester,
England) at a constant speed of 1 mm/s over 15 mm of tracing length and a 2.5 mm cutoff across the
sample grain. Bonding strength of treated wood was determined according to JAS234-2003 and STM
D2559 using polyvinyl acetate glue (PVAc). After gluing (200 g m−2), the samples were pressed under
4 kg force (kgft) and maintained for 12 h.

3. Results and Discussion

3.1. Contact Angles and Surface Free Energy

Table 2 shows the contact angles of different test liquids. Calculation of the surface energies
was conducted using contact angles of diiodomethane, distilled water, and formamide, wherein the
diiodomethane was selected as nonpolar test liquid and the formamide was used as the polar test
liquid. The contact angles of the formamide and diiodomethane were lower than that of water. For all
samples investigated, the total surface free energy ranged from 39 to 57 mJ m−2, which agrees with
previous studies [20].

According to the vOCG theory, the total surface energy (γs) of the WNP–TM was increased by
the NP–HT treatment. The γsAB value increased dramatically, while the γsLW decreased by 7.6%.
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The AB refers to acid–base interactions and is related to the hydrogen bond component and the LW is
the London–van der Waals component. Both of the electron donors (γs−) and acceptors (γs+) were
increased, wherein the γs+ was proved less affected by the HT [20]. This result means that the treated
poplar surface became more hydrophilic after the NP–HT, which helps water-based adhesives to
spread and penetrate. The reason is that the nitrogen–phosphorus fire retardant used in the study
is a water-soluble chemical, which could cause a small contact angle with distilled water [15,18].
The γs value of the WHT samples decreased because of the HT, where the free reactive hydroxyl
groups in hemicelluloses are partly removed [21,22]. The TM process further decreased the surface
energy of the WHT–TM samples. That result could be explained by the increased density and enhanced
surface smoothness causing a lower contact area of liquid and wood fibrillation. Similarly, the surface
smoothness and density enhancement in WTM samples brought a considerable increase of the electron
acceptor (γs+) component of the surface energy.

Table 2. Contact angle and surface free energy of untreated and treated poplar.

Groups
Contact Angle (◦) Surface Free Energy (mJ m−2)

Diiodomethane H2O Formamide γs γsLW γsAB γs+ γs−

WNP–TM 44.42 ± 2.42 64.98 ± 4.3 71.72 ± 2.68 55.13 37.32 17.81 2.15 36.9
WTM 35.28 ± 4.73 115.24 ± 3.7 97.55 ± 5.28 45.80 41.90 3.90 6.76 0.56

WHT–TM 41.21 ± 4.12 116.88 ± 8.7 73.28 ± 0.62 39.95 39.00 0.95 0.05 4.22
WHT 38.56 ± 3.52 116.56 ± 6.8 69.99 ± 4.30 42.38 40.32 2.06 0.20 5.42
Wc 38.40 ± 1.14 71.58 ± 1.6 59.30 ± 0.83 45.65 40.41 2.18 0.08 15.12

3.2. Dynamic Wetting Process

Representative images of water droplets and contact angle curves of untreated and treated
samples are illustrated in Figure 1. It can be seen that all contact angles are decreasing as a function of
testing duration.

Figure 1. Images of water droplets on surface of untreated and treated poplar.

As seen in Figure 1, the untreated poplar possessed a low contact angle of 70.4◦ at 0 s, and the
volume of the water droplet decreased quickly within 60 s. After 220 ◦C HT for 2 h, the contact angle
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of WHT became much higher than that of Wc. The contact angle of WHT–TM was further enhanced
because of the TM process. Similarly, the contact angle at 0 s on the WTM was around 50% higher than
that of Wc, whereas it decreased sharply as the test time proceeded. It can be clearly observed that the
surface swelled from the image at 30 s. In addition, the contact angle was 7.9◦ and the droplet almost
disappeared at 60 s. For the WNP–TM, the contact angle at 0 s was even lower than that of Wc, while it
maintained a relatively stable value after 5 s. The contact angle reduced around 33% after 60 s, which
was much lower than that of WTM and Wc. Moreover, there was no swelling observed even at the
interface of water droplet and wood surface. This could be explained by the high water solubility of
the NP fire retardant. Contrary to that of WTM, the contact angle of WNP–TM was much more stable
during the whole wetting process, and the enhanced compression stability of the surface relieved the
decline of contact angle.

During the wetting process, the decline of the contact angle on the wood surface is caused by both
spreading and penetration of the water droplets. The differences existed on both the initial contact
angle and the decline rate during the test. Figure 2 illustrates the fitting curves of contact angle, instant
decrease rate of contact angle IKθ value, and the absorption ratio of untreated and treated poplar.

  
(a) (b) 

  
(c) (d) 

 
Figure 2. Contact angle curves (a), fitting curves of contact angle (b), instant decrease rate of contact
angle IKθ (c), and absorption ratio of the water droplet (d) on the surface of untreated and treated poplar.

The calculation of contact angle and absorption ratio changes was done according to the contact
angle changing model (S-D wetting model) and droplet volume changing model (D-V wetting model),
respectively, in order to further prove the hypothesis (Table 3). The R2 values of the wetting models are
higher than 0.95 for most samples.
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Table 3. Wetting kinetics of water droplets on untreated and combined treated poplar.

Groups
Contact Angle Change Absorption Ratio Change

θi (Degrees) θe (Degrees) Kθ R2 Ka R2 SE

WNP–TM 41.92 26.24 0.019 0.90 0.153 0.907 0.034
WTM 115.94 0.1 * 0.040 0.99 0.826 0.998 0.036

WHT–TM 116.36 109.60 0.004 0.95 0.076 0.959 0.013
WHT 113.79 105.98 0.002 0.96 0.099 0.966 0.014
Wc 68.73 3.42 0.174 0.92 0.227 0.928 0.039

Note: * means that we presumed the θe value of WTM to be 0.1.

In the S-D model, the Kθ value reflected the shape of the wetting curve. The Kθ value of the
WHT–TM was 97.70% lower than Wc. The reduction of the Kθ value revealed the decline of the water
spread and penetration on the surface. The initial (θi) and equilibrium (θe) contact angles of Wc
was 68.73◦ and 3.42◦, respectively. Due to HT, the θi value of WHT increased by 65.56%. Besides,
the decrease between θi and θe was only 6.86%, which indicated that the water droplet changed slightly
during the wetting process. For the post-TM-treated samples of WHT–TM, the Kθ values increased.
This result could be caused by the enhancement of surface smoothness, thus making the water droplet
more easily spread on the surface.

As illustrated in Figure 2a, the curve of contact angle for WTM showed two broad peaks between
10 s to 40 s, the contact angle of WTM declined until the end of the test. The θe value was almost zero,
here we presumed it to be 0.1. The contact angle of WHT only had a mild decline within the first 10 s
and thereafter kept a relatively stable value. There is no obvious difference in the contact angle curve
between WHT–TM and WHT, revealing that the post-TM process could not make it more hydrophobic.
The increased density could be the reason for the increase of θi on the WTM, while the low compression
stability caused the decline of the contact angle.

According to Figure 2b, the fitting curves of WTM and Wc decreased sharply at the beginning
stage. For the WTM, the contact angle declined until the end of the test. The surface swelling probably
alleviated the decrease of the contact angle, causing an inclination to a linear function than the reality.
The wettability of the testing surfaces changed as the wetting time increased.

It is worth noting that the θi on the WNP–TM decreased significantly, that is 39.15% lower than that
of Wc. Nevertheless the contact angle decrease trend and fitting curve assembled with that of WHT

and WHT–TM (Figure 2a,b). Besides, the θe value was much higher than that of WTM and Wc, revealing
that the volume of the water droplet changed less. The instant decrease rate of contact angle value
(IKθ) of Wc increased, while the IKθ values of WNP–TM, WHT–TM, and WHT were stable, indicating that
the water droplets had a weak effect on the surface at the beginning stage (Figure 2c). The alleviation
effect on the decrease of the contact angle could also make the IKθ value of WTM more stable and lower
than the reality. The θi value of WNP–TM was the lowest because the NP fire retardant used in this
study has a high hygroscopicity [15]. The lower decline could be explained by the increased surface
density and high compression stability, as stated in Part 1.

In the D-V model, the Ka value reflects the change of absorption ratio; a smaller Ka value reveals
a lower decrease rate of the droplet volume. The Ka of the water droplet on all the testing surfaces
increased sharply at first, then reached a constant value as the time increased (Figure 2d). The only
TM samples of WTM has the highest Ka value, additionally, the absorption ratio curve reached the
maximum within 5 s. It could be concluded that the water droplet on WTM was mostly absorbed in the
beginning stage. In favor of the result of S-D wetting model, the absorption ratio curve of WNP–TM

resembled with that of WHT–TM and WHT. This means that the WNP–TM, WHT–TM, and WHT possessed
favorable resistance to water. In other words, the water droplet infiltrated less into the surface layer.
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3.3. Surface Characteristics and Bonding Strength

The TM process also exacerbates the surface characteristics and affects the bonding or coating
performance [13,14]. Surface roughness, abrasion resistance, and bonding strength of all the treated
samples are lower than that of untreated poplar, as illustrated in Figure 3.

As shown in Figure 3a, the TM process significantly enhanced the surface smoothness of WHT–TM,
WTM, and WHT–TM; this is because the surface roughness was flattened in these samples. Among those
compressed samples, the WNP–TM has the lowest roughness values, including the mean arithmetic
deviation of the profile (Ra), root-mean-square roughness (Rq), and mean peak-to-valley height (Rz).
The filling effect of the NP probably further enhanced the surface roughness. Besides, HT also enhanced
the surface roughness for WHT, which agrees with other studies [23].

Compared to the Wc, the abrasion mass loss of WHT increased sharply (Figure 3b). The abrasion
performance related to the shearing strength of the surface; the TM treatment enhanced the surface
density mainly by reducing the pore and lumen structures. The degradation of the cell wall chemical
components made the surface more brittle; thus, the enhancement of WHT–TM was limited. Additionally,
the cracks in cell walls due to the TM may further decrease the abrasion resistance; the mass loss of WTM

was higher than that of Wc, although the surface density increased. Since the cell walls were mostly
undamaged and the NP recrystallized in the pores, the abrasion resistance of the WNP–TM remained at
the same level as the Wc. The slight decrease of abrasion could be explained by the decomposition and
catalytic dehydration effects of the NP on the cell wall under hot press conditions [17].

 
(a) (b) 

 
(c) 

Figure 3. The surface roughness (a), abrasion mass loss (b), and bonding strength (c) of untreated and
treated poplar.

As shown in Figure 3c, the bonding strength of all treated poplar decreased, especially the WHT

samples. The bonding strength of the WHT–TM increased slightly as the surface hardness and abrasion
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resistance increased by the TM process, although the wetting properties were not enhanced. For the
NP–TM treated poplar, the bonding strength of WNP–TM was 29.67% lower than that of Wc, which
could be explained by the low permeability, as discussed according to D-V model. The adhesive
hardly goes into the gaps and fewer interactions existed between the wood and adhesive. Conversely,
the wetting process was so fast that too much adhesive absorbed into the surface layer and the glue
line was weak for WTM.

4. Conclusions

This work further investigated the effect of nitrogen–phosphorus fire retardant (NP)
pre-impregnation and the thermomechanical densification (TM) process on poplar wood. This NP–TM
combined treatment could increase the surface energy and improve the spreadability of water on wood
surfaces, which enhances the contact effect between wood and adhesive. However, the surface layers
of the NP–TM combined treated poplar were highly condensed and stabilized, which prevents the
permeation of the liquid on the surface. In addition, the NP–TM-treated wood possessed the lowest
roughness and highest abrasion resistance on the functionalized surface. Therefore, it conversely
influences the interactions of adhesive and pores on the surface. The low compression stability of
the TM-only treated poplar causes surface swelling during the wetting process and decreases the
bonding strength. Compared with that of wood that was only heat-treated, the surface bonding
strength of the NP–TM combined treated poplar increased by 53.3%. In future studies, it is worth
investigating possible methods for enhancing wetting performance and bonding strength while keeping
the compression stability of this functionalized surface layer, making this new material more useful for
the wood industry.
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Abstract: In contrast to conventional coating processes such as varnishing, plasma powder deposition
by means of an atmospheric pressure plasma jet on wood is not yet widely used. A key advantage
of this process is that volatile organic compounds and organic solvents are avoided. In the present
work, European beech (Fagus sylvatica L.) and pine sapwood (Pinus sylvestris L.) were coated with
polymer (polyester), metal (aluminum coated silver) or metal oxide (bismuth oxide) particles.
Furthermore, a layer system consisting of polyester and metal or metal oxide was investigated.
The layer thickness and topography were analyzed with a laser scanning microscope and scanning
electron microscope, revealing thicknesses of 2–22 μm depending on the coating material. In general,
the chemical composition of the layers was determined using X-ray photoelectron spectroscopy and
Fourier-transform infrared spectroscopy measurements. The coatings consisting of metal and metal
oxide showed a band gap and plasmon resonance in the range of 540 and 450 nm. Through this
absorption, the wood may be protected against ultraviolet (UV) radiation. In the water uptake
and release tests, the polyester layers exhibited a reduction of water vapor absorption after 24 h in
100% relative humidity (RH) by 53%–66%, whereas the pure metal oxide layers indicated the best
desorption performance. The combination of metal oxide and polyester in the one-layer system
combines the protection properties of the single coatings against water vapor and UV radiation.

Keywords: plasma powder deposition; moisture; UV protection; coating system; polyester; bismuth
oxide; silver; wood protection

1. Introduction

Wood is a hygroscopic and porous material, which is strongly influenced by environmental
conditions that change the wood properties. Two main factors are moisture and exposure to ultraviolet
(UV) radiation, which influence the mechanical properties [1] and structural changes [2] in wood.
In addition, a higher moisture content can promote fungal growth [3]. Therefore, it is necessary to
protect the wood from environmental influences.

In order to reduce the moisture absorption of wood, three options are possible: a passive
protection by structural measures, a superficial protection, e.g., by lacquers, or a deep protection by
wood impregnation procedures.

In many lacquers the binders or pigments are dissolved or dispersed in organic solvents.
If the solvents are based on volatile organic compounds, they are harmful to the environment [4].
An alternative could be a powder coating applied with an atmospheric pressure plasma jet (APPJ).
In this plasma powder deposition technique, particles on a nm to μm scale are melted in the plasma
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and applied to the surface. This technique is environmentally friendly by omitting volatile organic
compounds and organic solvents. Many organic and inorganic materials can be used as powder for
the coating process. Another advantage of this technique is that thermally instable materials such as
wood can also be coated.

Wallenhorst et al. [5,6] describe a plasma powder deposition with organic particles (PMMA) on
wood. In former research it has been shown that a polyester coating could be deposited on wood and
wood composites [7] but the moisture behavior has not yet been investigated. However, it is assumed
that a water-repellent layer can be produced by coating with polymer particles.

As already mentioned, another problem is UV radiation. The absorption spectrum of wood, in
particular lignin, shows a strong band between 200 and 400 nm in which the light is absorbed [8].
Due to the absorption of UV radiation, there is a radical induced depolymerization in lignin and the
cellulose [9], which decomposes the wood surface. In addition to pigmented coatings and organic UV
absorbers [10], protective layers based on metals or metal oxides can be used to achieve UV protection
for wood.

Many semiconductors exhibit photocatalytic activity; however, this process involves the initial
absorption of photons [11]. If a semiconductor with photocatalytic properties is irradiated with light
of energy higher than the band gap of the semiconductor, there is a movement of electrons from the
valence band to the conduction band in the semiconductor [12].

Due to the absorption, the wood could be protected from decomposition by UV light.
Another possibility is the application of metal particles which show a plasmon absorption [13].
Similar to semiconductors, the particles absorb light in a certain spectral range of the light by the
plasmon resonance.

For sufficient UV protection, the layers should provide an absorption range of 340–400 nm [14].
Widely used semiconductors with good photocatalytic properties or UV absorption are ZnO [15],
TiO2 [16] or Bi2O3 [17]. Materials with plasmon absorption are silver, aluminum and gold [18].

Similar to the water-repellent coatings, metal or metal oxide layers can be applied under atmospheric
conditions using the APPJ system. Atmospheric pressure plasma powder depositions were used to
apply ZnO [19,20], copper [21,22] or aluminum layers [23] on wood.

To combine the advantages of the metal or metal oxide layers (UV-protection) and the plastic
layer (moisture protection), it is evident that a combination of the layer-types is beneficial for wood
protection. Such coating systems were produced using an atmospheric pressure plasma chemical
vapor deposition (APCVD) process, whereby silver, copper or zinc-SiOx coatings were produced
with hexamethyldisiloxane and a metal salt solution [24,25]. One of the differences between plasma
powder deposition and APCVD is the state of the matter of the starting materials to be deposited.
In the APCVD, liquid precursors are used. Tshabalala and Sung [26] also describe a hybrid coating
of inorganic-organic compounds produced using cold plasma chemical vapor deposition onto wood.
The generated films show a lower moisture sorption of the wood samples.

In this study, metal and metal oxide, polyester and a coating system consisting of both were
produced using an APPJ on European beech and pine sapwood. Bismuth oxide and aluminum silver
particles were used for UV protection due to their band gap and plasmon resonance. The chemical
composition of the generated layers was examined with X-ray photoelectron spectroscopy (XPS) and
Fourier-transform infrared spectroscopy (FTIR) measurements. The layer thickness and topography
were analyzed with laser scanning microscopy (LSM) and scanning electron microscopy (SEM).
UV/Vis spectra were recorded to determine the absorbing properties of the layer. Finally, water uptake
and release tests were performed to verify the protective effect of the layers.
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2. Materials and Methods

2.1. Coating Process

The different coatings were generated using an APPJ system. The system consists of a power
supply (high voltage), a self-developed spray nozzle as an electrode and a brush disperser (RBG 2000,
Palas GmbH, Karlsruhe, Germany). The plasma was generated between the high voltage electrode and
the grounded spraying nozzle as an arc, which is blown out by compressed air to generate a plasma
torch. The input power of the APPJ is 2 kW, which is described by the pulsed high voltage of 15 kV
(effective voltage 2–3 kV) with a pulse repetition frequency of 50 kHz and a pulse period of 5–10 μs.
A simplified structure of the self-developed spray nozzle is shown in Köhler et al. [7].

Three general types of coatings were generated: pure polyester (P) or metal oxide layers (MOL)
and a coating system (CS) consisting of polyester and metal oxide.

The powders used for the MOLs and CSs were bismuth oxide (Bi) (grain size < 4 μm) (bismuth
(III)-oxide, Asalco GmbH, Lüneburg, Germany) and an aluminum powder coated with silver (eConduct
Aluminum 203000, ECKART GmbH, Hartenstein, Germany) (eCon) (D50 = 20–26 μm). The polyester
(P) powder (D50 = 45 μm) (Interpon 610 MZ013GF, Akzo Nobel Powder Coatings GmbH, Arnsberg,
Germany) was based on iso- and terephthalic acid.

The powders were injected by compressed air via the brush disperser into the plasma jet.
The particles were melted by the plasma and deposited on the tangential surface on European beech
(Fagus sylvatica L.) and pine sapwood (Pinus sylvestris L.) (40 (T) × 40 (L) × 10 (R) mm3), traversing
in meander-shaped paths at a distance of 20 mm from the ground electrode. To ensure that the
metal oxide was present on the surface of the CSs, the CSs were manufactured in two stages—at first,
a polyester layer was sprayed onto the wood samples, afterwards the metal or metal oxide was applied.
The parameters used for the coating process refer to the layers described in Köhler et al. [7,27] and
are shown in Table 1. Before the coating process, the wood samples were conditioned at 20 ◦C/65%
relative humidity (RH) until constant mass was reached, and the densities of European beech and
pine sapwood were measured with a balance (Kern KB 360-3N, KERN & Sohn GmbH, Balingen,
Germany)—the density is 690.1 kg/m3 and 514.8 kg/m3, respectively.

Table 1. Coating Parameters for polyester, metal oxide and metal powder.

Powder
Plasma Power

(%)
Process Gas Flow

Rate (L/min)
Substrate Scan
Speed (mm/s)

Powder Feed
Rate (m3/h)

Powder Feed
Speed (mm/h)

Polyester 100 60 40 4.3 150
Metal oxide/metal 100 60 40 2.2 100

After the coating process, the substrates were annealed for 8 min using an infrared radiation (IR)
- heater (ceramic heating element (150 W), RS Components GmbH, Mörfelden-Walldorf, Germany)
at a distance of 10 mm. Afterwards, the samples were conditioned at 20 ◦C/65% RH until constant
mass was reached. For the water absorption test, all surfaces except the coating surface of the sample
were sealed three times with 2K-PUR boat lacquer (bacuplast Faserverbundtechnik GmbH, Remscheid,
Germany). All samples were sterilized with ionizing radiation at a dose of 53.3 kGy (Steris, Synergy
Health Allershausen GmbH, Allershausen, Germany). To determine the coating and sealing lacquer
weight, the samples were compared to the untreated samples at the same conditions (20 ◦C/65% RH).

2.2. Surface Characterization

The chemical surface composition was investigated u sing XPS and FTIR measurements.
The XPS data were obtained on a PHI 5000 Versa Probe II (ULVAC-PHI, Chigasaki, Japan) using

monochromatic Al-Kα radiation with a photon energy of 1486.6 eV. The detector resolution measured
at the Ag 3d5/2 peak was 0.6 eV at a pass energy of 23.5 eV. Detailed spectra of carbon (C 1s), oxygen
(O 1s), bismuth (Bi 4f ), silver (Ag 3d5) and aluminum (Al 2p) were recorded with a spot size of 200 μm,
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a pass energy of 46.95 eV and a step size of 0.1 eV. To avoid charging effects, the measurements were
carried out by neutralizing sample charging. All spectra were shifted to the main C 1s peak at 284.8 eV.

The FTIR measurements were performed using a PerkinElmer Frontier (PerkinElmer LAS
(Deutschland) GmbH, Rodgau Jügesheim, Germany) with a diamond attenuated total reflection (ATR)
(Specac Golden Gate GS 10515, Specac Ltd., Orpington, UK). The spectra were recorded at the range of
400–4000 cm−1, averaged over 64 scans and a resolution of 4 cm−1.

The UV-Vis absorbance spectra were recorded using a PerkinElmer 650 (PerkinElmer, Inc., Shelton,
CT, USA) with an integrating sphere module in the range of 300–900 nm with a velocity of 10.5 nm/s
and a slit width of 5 nm.

LSM (VK-X100, KEYENCE Deutschland GmbH, Neu-Isenburg, Germany) was used to determine
the layer thickness. The measurement was conducted using a 20× objective for the polyester and CS
coating and a 100× objective for the MOL. In comparison to the mean height of coated to uncoated
area, the coating thickness could be determined. Before the analysis, a tilt correction was performed,
and the image noise was reduced.

SEM images were performed on an EVO LS 15 (Carl Zeiss AG, Oberkochen, Germany) with an
accelerating voltage of 15 kV. To avoid charging effects, the sample was pre-sputtered with a 20 nm
gold layer.

2.3. Water Uptake and Release Tests

The water uptake and release tests were carried out in accordance with the procedure of
Meyer et al. [28]. The uptake of liquid water, absorption and desorption of water vapor of the wood
specimens were investigated after a treatment time of 24 h. A balance with an accuracy of 0.001 g was
used to determine all masses (Kern KB 360-3N, KERN & Sohn GmbH, Balingen, Germany). For the
water uptake and release tests, it is assumed that the coating and sealing lacquer do not absorb water.

2.3.1. Absorption

The samples were dried in an oven at 103 ◦C to constant mass and were weighed afterwards. Then,
the samples were placed in a closed plastic box on a stainless-steel perforated plate over deionized
water with the coated side up. The box was stored under constant conditions of 20 ◦C/65% RH.
After 24 h, the samples were weighted and the moisture content of the samples was determined using
the following equation:

WV A 24100%RH =
(m100%RH −m0)

(m0 −mc)
× 100, (1)

where WV A 24100%Rh is the water vapor uptake after 24 h at 100% RH, m100%RH the mass after 24 h of
vapor suspended, m0 the mass after drying at 100 ◦C and mc the mass of the coating and sealing lacquer.

2.3.2. Desorption

The samples were conditioned at 20 ◦C/100% RH until fiber saturation (after 28 days) and the
mass was determined. Subsequently, the specimens were placed with the coated side on silica gel
for 24 h in a closed plastic box. The box was stored under constant conditions of 20 ◦C/65% RH.
After 24 h, the samples were weighted and the moisture content of the samples was determined using
the following equation:

WV D 240%RH =
(mFS −m0%RH)

(mFS −mc)
× 100, (2)

where WV D 240%Rh is the water vapor desorption after 24 h at 0% RH, m0%RH the mass after
24 h suspended on silica gel, mFS the mass at fiber saturation and mc the mass of the coating and
sealing lacquer.
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2.3.3. Liquid Water Uptake

The specimens were dried in an oven at 103 ◦C to constant mass and were weighed afterwards.
The samples were submersed in deionized water in a closed plastic box. The box was stored under
constant conditions of 20 ◦C/65% RH. After 24 h, the samples were weighted and the moisture content
of the samples was determined using the following equation:

W 24SUB =
(mSUB −m0)

(mSUB −mc)
× 100, (3)

where W 24SUB is the water submersion after 24 h, mSUB the mass after 24 h submersed in water, mO
the mass after drying at 103 ◦C and mc the mass of the coating and sealing lacquer.

3. Results and Discussion

3.1. Average Thickness and Surface Morphology

LSM measurements were performed to determine the average layer thickness and are shown in
Figure 1. The CSs consist of polyester and bismuth oxide or polyester and eCon and are abbreviated as
PBi and PeCon in the following. The produced layer thickness of the Bi and eCon layers is approximately
3.1 μm and 4.4 μm, whereas the thickness of the polyester layer and the CSs is approximately 18.8 μm.
The CSs did not show significant differences (Fischer’s exact test) from the polyester coatings. Due to
the constant layer thickness of the CSs and the polyester layer, it can be assumed that the metal oxide
particles are embedded in the polyester coating.

Figure 1. Coating thickness of metal oxide, polyester and coating system (CS) layer (n = 5).

The morphology of the coatings was assessed with SEM measurements and is shown in Figure 2.
Pine and beech samples show the same layer morphology; therefore, only pine is shown here as an
example. The pine reference shows the characteristic tracheides of the pine wood (a). Due to the impact
on the wood surface the particles melted in the plasma form lenticular shapes which overlap each
other and form a homogeneous surface. In the MOLs and the polyester coating (b)–(d) some isolated
spots of the wood surface are apparent. The CSs (e) and (f) showed scattered holes on the surface.
The metal oxide particles in the CSs seem to be under the surface of the polyester. In comparison to the
MOLs and the CSs, the MOLs have a rather smooth surface. This could be due to the two-step coating
process. In the second process step, in addition to the melting of the metal particles by the plasma,
the surface of the previously deposited polyester is melted, too. It seems that by introducing the metal
drops into the melt of the polyester, the metal drops are not transformed into lenticular structures but
rather into spherical shapes.
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Figure 2. Scanning electron microscopy (SEM) images of pine wood (a) with different coatings: (b) Bi,
(c) eCon, (d) polyester, (e) polyester and bismuth (PBi) and (f) polyester and eCon (PeCon).

3.2. Chemical Surface Characterisation

XPS measurements were performed in order to determine the elemental composition and binding
states of the samples. Depending on the reference and the coating, different elements were detected:

• Wood reference and polyester layer: carbon (C 1s) and oxygen (O 1s),
• Bi coating and PBi: C 1s, O 1s and bismuth (Bi 4f )
• eCon and PeCon: C 1s, O 1s, aluminum (Al 2p) and silver (Ag 3d5).

A small amount of fluorine was detected in the layers with a polyester content. The atomic
concentration of the samples is shown in Table 2.

Table 2. Atomic concentration of reference and coatings in atom—%.

Sample C 1s O 1s Al 2p Ag 3d5 Bi 4f F 1s

Beech
reference 68.14 31.86 – – – –

Pine reference 71.22 28.78 – – – –
Beech P 77.81 21.93 – – – 0.26
Pine P 77.98 21.7 – – – 0.32

Beech Bi 50.58 32.76 – – 16.66 –
Pine Bi 63.63 24.75 – – 11.62 –

Beech PBi 77.18 22.39 – – 0.18 0.25
Pine PBi 77.3 22.29 – – 0.15 0.26

Beech eCon 58.07 34.92 3.76 3.25 – –
Pine eCon 58.24 32.82 5.09 3.85 – –

Beech PeCon 77.13 22.17 0 0.21 – 0.49
Pine PeCon 77.05 22.51 0 0.22 – 0.22

In comparison to the reference of the polyester coating, the amount of carbon increased, and that
of oxygen decreased by approximately 7–10 atom-%, respectively. The MOLs show a decrease of
oxygen and an increase of the respective deposited metal. The chemical composition of the CSs was
similar to the polyester coating with a small amount of the used metal. To confirm the assumption
from the LSM and SEM measurements that the metal particles largely are embedded into the polyester,
the detail spectra of carbon and oxygen were recorded, too. For a clearer presentation only the beech
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samples are shown. Figure 3 shows the C1s and O1s detail spectra of the reference, the polyester and
CSs coated beech. The carbon and oxygen peek of the polyester coating have a similar structure to
the CS—by the same structure and the low percentage of metal oxide at the surface it could confirm
the embedding.

Figure 3. X-ray photoelectron spectroscopy (XPS) detail spectra of reference, polyester and CSs coated
beech carbon (a) and oxygen (b).

To determine the oxidation state of the metal particle by the plasma torch, a detailed spectrum
of bismuth, aluminum and silver was recorded and the peak position was analyzed. All peaks were
normalized to the maximum of each spectrum. The bismuth detail spectra are shown in Figure 4a and
consist of two peaks at the binding energies of 158.7 eV and 164.0 eV, which correspond to the Bi 4f 7/2

and Bi 4f 5/2. The peak position indicates that bismuth (III) oxide [29,30] was applied at the surface.
The peak separation of the Bi 4f 7/2 and Bi 4f 5/2 is 5.3 eV. Similarly to bismuth, the silver spectrum
consists of two peaks: the Ag 3d5/2 and Ag 3d3/2, with a peak separation of 6 eV (Figure 4b). The Ag
3d5/2 peak for the MOLs and the CS is located at 367.9 eV and 367.6 eV, respectively. The peak at
367.9 eV corresponds to the Ag(0) oxidation state [31,32]. The peak position at 367.6 eV is shifted to
lower binding energies, which indicates the existence of silver in oxidation states [33,34]. Hsu et al. [35]
explain the shift to a lower binding energy by a slight oxidation of the silver surface.

Figure 4. XPS detail spectra of (a) bismuth, (b) silver and (c) aluminum of beech coating.

Figure 4c shows the high-resolution spectra of aluminum. Only one spectrum could be shown
because no aluminum was detected in the CS. The main peak at 74.7 eV is characteristic of Al2O3 [36]
or Al(OH)3 [37], whereas the small shoulder at 72.4 eV could be identified as Al(0) [38].

The results of the FTIR measurements are illustrated in Figure 5a–c. Figure 5a clearly shows the
broad OH stretch band at 3300 cm−1 for the untreated reference specimens. The peak is pronounced
since the main components of wood (lignin, cellulose, hemicellulose) all contain hydroxyl groups.
After coating with polyester, a new spectrum is clearly evident—the OH band is no longer visible, but
a characteristic carbonyl peak at about 1750 cm−1 is apparent. Due to the penetration depth of the
ATR-IR measurement in the μm–range, a complete and area-wide coating can be assumed.

193



Forests 2019, 10, 898

Figure 5. Coated and uncoated European beech with (a) reference and polyester coating, (b) Bi and
eCon coating and (c) PBi and PeCon (n= 3).

Figure 5b compares Bi and eCon coated beech FTIR spectra. The reflective characteristic of the
eCon particles in IR wavelength results in a mostly peak-free spectrum for eCon. Only for bismuth MOL
a characteristic peak is visible in the range of 400–700 cm−1, which is assigned to the Bi-O-Bi vibration
band [39]. It should be emphasized, however, that also no peaks specific to wood are recognizable—a
complete and area-wide deposited layer can again be assumed. Finally, PBi and PeCon deposits on
beech are shown in Figure 5c. Again, no wood-typical peaks can be found. Characteristic polyester
bands are clearly visible in case of PBi but are far less pronounced than in the pure polyester spectra
shown in Figure 5a. This supports the conclusion of the XPS measurements that the metal particles are
embedded. An attenuation of the characteristic polyester peaks can be explained by near-surface or
not fully covering metal particles, whereby the IR radiation can indeed react with the polyester, but a
significant proportion is reflected in advance by near-surface or on-surface of the metal particles.

3.3. UV/Vis Spectroscopy

Figure 6 shows the absorption spectra of the coatings and the wood reference measured at room
temperature using UV-vis spectroscopy. The uncoated wood and the polyester coating show an
absorbance in the range of 300–400 nm (Figure 6a). The measured spectra can be divided into two
coating groups: with bismuth (Figure 6a) and with eCon (Figure 6b). All bismuth-based layers show
an absorption behavior of the visible light with a wavelength <500–550 nm. The absorption behavior of
the semiconductor allows the conclusion that bismuth oxide is present in a crystalline phase. The band
gap of the crystalline semiconductor could be calculated using the Tauc plot method with the following
equation [40]:

(αhν)
1
n = A

(
hν− Eg

)
, (4)

where Eg, h, α, ν, and A are the energy of the band gap, Planck’s constant, absorption coefficient, light
frequency and a constant. The use of n has been reported in former research [41]. The band gap energy
is identified by extrapolating the straight line to the x-axis [42] in the plot (αhν)2 vs. (hν) [43] (Figure 6c).
The thus determined band gap of the layers was at approximately 2.3 eV.

The eCon layers show no absorption behavior while the PeCon layers appear at a wide absorption
peak at approximately 450 nm. These peaks could be associated with the plasmon resonance (PR)
of the coated silver particles [44,45]. The PR can be influenced by different material parameters like
size, shape, distance [46,47], composition of the nanostructures and the dielectric properties of the
surrounding environment [48]. The effect is described in the literature for nanoparticles or thin stacked
metal layers [49,50], which are not present in the layers produced here. A possible explanation for
the PR could be that the particles were embedded close enough to each other in the polyester that
PR would occur. The distance between the metal particles is sufficient for PR to occur, compared to
Aslan et al. [51]. This effect cannot be observed in the eCon layers, since the particles are not embedded
and no structures can be created by the impact of the particles on the wood surface, which allows PR.
The PR is visible despite the slight formation of an oxide layer from the XPS results.
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Figure 6. Absorbance spectra of coated and uncoated pine and beech wood: (a) reference and polyester
coating, (b) coatings with bismuth oxide, (c) coatings with eCon (d) normalized band gap of the bismuth
oxide existing layers (n = 5).

3.4. Water Uptake and Release Test

The absorption and desorption of water vapor and the absorption of liquid water were investigated
in terms of the moisture behavior of the coated and uncoated wood samples. In general, the moisture
content of the pine samples is higher than the beech samples. In Figure 7a, the water vapor absorption
after 24 h is presented. In both wood species, the uncoated reference and the MOLs show the same
absorption behavior, whereas the layers consisting of polyester can reduce the water vapor uptake by
53.5% and 66.0% in the beech and pine samples, respectively. The desorption is shown in Figure 7b.
The MOLs exhibit a higher desorption than the uncoated references, while the polyester layers have
the lowest desorption behavior. The CSs show the same desorption level as the uncoated wood
references. The water submersion test shows no positive characteristics of the applied coatings
(Figure 7c). All coated samples and the reference are at the same moisture content. The samples
showed a concave form after 24 h. The concave forms could be due to the holes in the layer surface,
which were detected in the SEM images (Figure 2) as the water could only enter the sample from this
side unhindered. The bend of the samples leads to the failure of the coating and partly to cracks in the
front edges. This means that more water can penetrate the samples, which is reflected in the equality
of the measured values. After the water submersion, the coatings were investigated with the SEM
measurements (Figure 8). In the reference and the MOLs, the roughness of the surface increased after
the water treatment, individual fibers are visible, and the coating acts washed out. The images of the
polyester layer and the CSs reveal cracks in the surface compared to the untreated samples.
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Figure 7. (a) Absorption (b) desorption of water vapor and (c) liquid water submersion of coated and
uncoated beech and pine wood (n = 10).

Figure 8. SEM images of pine wood (a) with different coatings: (b) Bi, (c) eCon, (d) polyester, (e) PBi
and (f) PeCon after water uptake and release test.

4. Conclusions

In this study, three different layer types of beech- and pinewood were deposited. The results of
the investigations allow the following conclusions:
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• In the CSs, the metal oxide particles are largely embedded in the polyester.
• The layers containing bismuth oxide show a band gap in the visible spectral range of light at

540 nm, which allows its use as a potential UV protection of wood.
• The eCon MOLs show no protection against UV radiation but could reflect infrared light (<15 μm).
• The CSs with eCon show plasmon resonance probably due to their structure, which also serves as

UV protection for wood.
• The bismuth MOLs show good reflective properties in long-wavelength infrared.
• The polyester-containing layers show a lower absorption behavior than the metal oxide layers.
• The metal oxide layers have a higher desorption behavior than the polyester-containing layers.
• The good behavior of the layers against water vapor could not be shown in the submersion test.
• The combination of metal oxide and polyester in the one-layer system combines the positive

properties of the polyester layer in absorption and the metal oxide layer in desorption. The layers
created in this way protect the wood from water vapor and exhibit good desorption properties.

• The combination of metal oxide and polyester in the one-layer system combines the protection
properties of the single coatings against UV radiation and water vapor.

The results discussed here indicate that plasma powder coatings offer a promising way to produce
protective wood layers. In further experiments, the UV-protective properties of the generated layers
will be the focus. A possible lignin degradation by UV light should be evaluated with the aid of the
zero-span test. Furthermore, the parameters such as layer thickness or cover ratio should be evaluated
and undergo natural weather conditions.
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Abstract: The main purpose of this study was to investigate the hydrophobic effect and chemical
changes induced by thermo-treatment and alkyl ketene dimer (AKD) on the surface properties of
Alder (Alnus cordata (Loisel) Duby) wood before and after an artificial weathering test. Thermal
treatment was conducted at a temperature of 200 ◦C for 4 h in a thermo-vacuum cylinder. Then,
the paper sizing agent, AKD at different concentrations of a solution of 0.1%, 0.5% and 10% was
used as a potential hydrophobizing reagent for untreated and thermally treated alder wood surfaces.
The contact angle measurement, ATR-FTIR analysis and colour variation were carried out for the
samples. The preliminary results revealed that the contact angle values of the wood materials increased
with thermal modification. However, the influence of the thermal treatment on hydrophobicity was
small when compared to the substantial effect of the AKD application in this respect, and also after
the artificial weathering test. The FTIR analysis supported the hypothesis that AKD could make
bonds chemically stable even when using a small concentration of AKD. The findings acquired in this
work provide important information for future research and the utilization of the AKD on lesser-used
wood species.

Keywords: underused wood species; thermo-vacuum treatment; surface degradation;
hydrophobic effect

1. Introduction

It is known fact that wood undergoes degradation processes when exposed to exterior conditions.
In particular, the surface is affected by exposure to light and water. The hygroscopic nature of wood
produces some undesirable properties [1]. Due to water absorption and desorption, it is easily subjected
to the biological attack of fungi and insects as well as dimensional instability. All of these adverse
factors influence the overall properties of wood in outdoor use.

To enhance the performance of wood under critical environmental conditions, different approaches
may be applied. There are several chemical treatments to preserve wood surfaces, but these could
cause toxic emissions during the production, service life and after use [2]. An important alternative to
preserve wood is thermal modification.

As noted by Hill [3], the heating temperature used during the treatment provoked changes
in the wood. Thermo-treatment removes water from wood and causes changes in the chemical
composition of wood and ultrastructure through autocatalytic reactions and cross-linking of the
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cell-wall constituents [4,5]. The wood became less hygroscopic, and an improvement in dimensional
stability could be observed [6]. However, thermally modified wood shows a general decrease in
mechanical properties. The colour change is not permanent in time when the wood is exposed to
exterior situations. Decay resistance does show some improvement, however is not recommended to
use thermally treated wood in ground contact situations [3,6].

Hemicellulose degradation starts with the hydrolytic cleavage of acetyl followed by carboxyl
groups from the side chains, which in the presence of temperature and water, leads to the formation
of acetic and formic acids. Afterwards, organic acids catalyze the further hydrolysis of the cell wall
polysaccharides. The corresponding sugars can be further dehydrated to aldehydes, with furfural and
hydroxymethylfurfural being typical products originating from pentoses and hexoses [7,8].

The degradation of amorphous cellulose also occurs which implies the inaccessibility of hydroxyl
groups to water molecules. This is one of the factors that contribute to a decrease of equilibrium
moisture content. However, the lignin degrades and its content increases and new methylene bridges
arise which are responsible for crosslinking [9–11]. At the same time, heat treatments modify the
wettability of wood, which is directly related to the chemical changes of the wood structure, especially
to the degradation of the hemicelluloses.

The effectiveness of water-repellency treatment can be defined as the ability of a treatment to
prevent or control the rate of liquid water uptake [12]. Several direct and indirect analytical approaches
have been adopted to wood samples, including the measurement of wettability through the water
contact angle (WCA) [12,13]. The relevance of the determination of the wettability of wood and its
significance in wood science was critically discussed by Petrič and Oven [13].

Numerous investigations were carried out on the wettability changes of wood during heat
treatment. General statement thermo-treatment has induced a reduced wettability [3]. However,
Huang et al. [14] stated that induced weathering increased the wettability of heat-treated wood.

Weathering is a complex process that modifies and degrades the overall molecular structure of
wood and wood-based products. The ultraviolet (UV) radiation is one of the main responsible of
the photodegradation, causing the fastest and the strongest degradation of the wood components.
The quantum energies of UV light break many of the chemical bonds presented in the wood
constituents [15].

Thus, a certain degree of surface degradation of the treated wood used in outdoor conditions
would still be expected. Therefore, surface protection of thermo-treated wood products would be
necessary to enhance the overall effective service life of the final product [15].

While thermal modification of wood is an important alternative for improving technological
performance, numerous studies have proposed making wood materials water-repellent by using
various derivatives of anhydride, epoxide, alkyl chloride, aldehyde and chlorosilane [16], such as
octadecyltrichlorosilane, which according to Hui et al. [17], have exhibited hydrophobic properties.
Other chemical treatments of esterification, such as acetylation of cellulose [18] or natural fibers [19],
can also be used.

An interesting treatment regarding the use of fluorine, which is a chemical element with the
highest electronegativity, has led to hydrophobic characteristics in carbon fiber [20]. For wood,
fluorination converts the bond between the carbon and hydroxyl groups into C–F bonds, thus making
it hydrophobic [21].

Alkyl ketene dimer (AKD) can be also used to make wood surfaces hydrophobic [22] and is a
widely used hydrophobization chemical in the papermaking industry [23]. Compared with other
chemical compounds, it exhibits low toxicity, requires no special equipment, and the solvents involved
are recyclable. Each AKD molecule is composed of two alkyl chains and one hetero four-member ring
that reacts to hydroxyl groups to bind β-ketoester linkages [23,24].

There were three different hypotheses of the mechanisms of the reaction of AKD with cellulose
materials. The first hypothesis states that the substance could react directly with cellulose hydroxyl
(principally with C6 hydroxyl) as it is less sterically hindered when compared to the hydroxyl group
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on C2 or C3 [25–28]. The second one indicates that the mechanism of the reaction of AKD and
water molecules is faster than cellulose even if it produces an unstable β-keto acid [29,30]. The third
hypothesis takes into account whether the reaction could occur between AKD molecules forming an
oligomer [31]. Other authors [32,33] have argued that the reaction between the hydroxyl groups in
cellulose and AKD is essential to repel water.

However, although many studies were carried out related to the use of AKD on the wood
surface, the investigation of the chemical reaction after an accelerating weathering test remains
poorly investigated.

During the last decades, the demand for sustainable material removing the use of toxic chemicals
obtaining materials with great potential and durability has been increasing. For this reason, it has
raised the necessity to modify the wood products. High-value wood resources might be obtained
with different processes, including impregnation, chemical modification or thermal treatments, among
others. The potential economic gain is more attractive when considering lesser-used or minor wood
species of relatively low market value.

The effects of thermal treatments on properties of lesser-used hardwood species, such as Alder
wood, have been understudied [15]. Italian Alder (Alnus cordata (Loisel) Duby) can grow very
rapidly (up to 30 m tall and reaching 70–80 cm in diameter) in the soil at increased humidity along
watercourses [34–36]. Italian alder grows along the watershed, even at high altitudes mainly in Southern
Italy. These species have been introduced in Sardinia and the Southern Alps. Recent plantations were
also established in other European countries including France, Spain, Portugal, England, and the
Netherlands. It has also been recently introduced in New Zealand and Chile [15]. It shows a density
of 0.560 g/cm3 at 12% moisture content, while the strength is variable with density. Normally, the
compression value is approximately 36 N/mm2, and the bending approximately 80 N/mm2 [37]. It is
mainly used for energy, but also for furniture, paneling, plywood, and paper pulp. Italian Alder wood,
similarly to Black alder, for its machinability, colour homogeneity, and pleasant appearance, could be
an alternative for different industrial destinations [38,39].

At present, this wood material has low commercial value for different reasons, mainly related
to the economic competition caused by wood species from abroad. To reduce the importation of
wood material, an environmentally friendly improvement of the properties of native or adapted minor
species is one of the new challenges for wood researchers.

Our research assumes a gradual increase of hydrophobicity of untreated and thermo-treated Alder
woods using AKD. The choice of a water-repellent agent, such as AKD, for the superficial processing
of Alder wood is conditioned by the need for the application of a low toxicity chemical agent able to
maintain the properties of natural wood by improving its water-repellency.

This study combined thermal bulk-modification alder with additional surface treatment using AKD
at different concentrations. The main purpose of the present study was to investigate the hydrophobic
effect and chemical changes induced by thermo-treatment and AKD on the surface properties of
Alder wood before and after an artificial weathering test. The changes in surface hydrophilicity were
investigated utilizing WCA measurements. The attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) was used to investigate the chemical changes of the wood surface.

2. Materials and Methods

2.1. Sample Preparation

Four Alder (A) trees were selected and harvested in the Apennine forest (Calvello municipality,
Basilicata Region, Southern Italy, 40◦28′12.1′′N 15◦51′59.3′′E). The logs were then sawn in a commercial
sawmill in boards of 40 mm (tangential) × 200 mm (radial) × 2200 mm (longitudinal). For this study,
1 m3 of boards were randomly selected. Half of the boards were initially dried to 0% moisture content
in a vacuum ranging from 185–200 mbar at a temperature of 90 ◦C for 4 h. The drying process started
at an initial temperature level of 30 ◦C and increased to 90 ◦C at 5 ◦C per hour intervals. In the next
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step, the thermal treatment was applied to the boards by gradually increasing to a final temperature of
200 ◦C, under 220–320 mbar of pressure conditions for 4 h in a thermo-vacuum cylinder (WDE-Maspell
s.r.l., Terni, Italy). Further information on this technology has been described by Todaro et al. [40].

After the thermal-vacuum treatment, 24 defect-free specimens (5 mm × 50 mm × 50 mm tangential,
radial and longitudinal) were cut and randomly assigned to groups according to Table 1.

Table 1. Experimental design of untreated and thermo-treated alder samples.

Treatment Pre UV Test Post UV Test

Untreated A A post UV
Thermo-treated ATH ATH post UV

Untreated + 0.1% AKD A + 0.1%AKD A + 0.1%AKD post UV
Thermo-treated + 0.1% AKD ATH + 0.1%AKD ATH + 0.1%AKD post UV

Untreated + 5% AKD A + 5%AKD A + 5%AKD post UV
Thermo-treated + 5% AKD ATH + 5%AKD ATH + 5%AKD post UV

Untreated + 10% AKD A + 10%AKD A + 10%AKD post UV
Thermo-treated + 10% AKD ATH + 10%AKD ATH + 10%AKD post UV

(UV: Ultraviolet; A: Alder; ATH: Thermo-treated wood; AKD: Alkyl ketene dimer).

The untreated and the thermo-treated wood samples were then exposed for one month to a climatic
chamber in a controlled environment (20 ◦C and 65% of humidity). The samples were immersed in
three different AKD/toluene solutions at an ambient temperature for 10 s each.

The AKD solutions were obtained by dissolving AKD wax C18 in the toluene solvent to achieve:
0.1%, 5% and 10% concentration (w/w). Then, the samples were put under a fume hood where the
toluene was allowed to evaporate overnight. Finally, the samples were kept at the standard climate of
20 ◦C and 65% of the relative humidity.

2.2. Water Contact Angle (WCA)

The angle formed between the wood surface and the line tangent to the droplet radius from
the point of contact with the wood surface was determined using digital image analysis software
(Drop Shape Analysis, Krüss GmbH, Germany). Demineralized water of 6 μL was employed for the
measurements. The WCA was recorded every 0.5 s for a total of 120 s, thus for each drop, a total
number of 240 WCA values were recorded. Each measurement was undertaken 3 times on each of the
24 wood specimens before and after the weathering test.

2.3. ATR-FTIR Analysis

Each of the 24 samples was analyzed, before and after the weathering test, with an ATR-FTIR
spectrometer (PerkinElmer, FT-IR Spectrometer Frontier, Perkin-Elmer Inc., Norwalk, CT, USA.) with
Spectrum™ Software operating on 4 scans and 2 cm−1 resolution. The spectra were recorded within a
wavelength from 650 cm−1 to 4000 cm−1 and were baseline corrected and normalized by the software.
To normalize the infrared spectra, the band referred to 1025 cm−1 in the fingerprint region was used.
For the samples with AKD, the band usually used was at 2917 cm−1

2.4. Artificial Weathering Test of the Samples

The wood samples were tested in artificial weathering using the fluorescent UV lamp and water
test. The test was carried out according to the European standard (EN 927-6) and the experiment
lasted one week. The cycle started with 24 h conditioning, followed by 2.5 h UV and then 0.5 h water
spraying. These two phases were repeated for 6 days. All the samples were put in a chamber test for
116 h having 24 h conditioning, 15 h spraying water, and 77 h UV irradiation.

The apparatus was equipped with ultraviolet A (UVA) 340 nm lamps maintaining the constant
temperature with a value of 45 ◦C during the conditional phase and 60 ◦C during the UV irradiation.
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The irradiation set point was 89 W/m2 at 340 nm and the conditions during the spray phase were from
6 L/min to 7 L/min during UV off.

2.5. Colour Variation

The colour changes during aging were constantly monitored on the specimens based on the
method of the Commission International de l’Eclairage (CIE) using color parameters, L*, a* and b* [15]
and their average values were calculated for each treatment.

Colorimetric measurements, by using Minolta CM-2002 spectrophotometer (Minolta Corp.,
Ramsey, NJ, USA), were also performed on three separated locations and repeated three times before
thermo-treatment, after thermo treatment and after AKD. In addition, the measures were repeated
after weathering test.

3. Results and Discussion

3.1. Water Contact Angle (WCA)

The results of the WCA measurements of untreated and thermo-treated alder wood, before and
after UV, were displayed in Figures 1 and 2. As expected, water was absorbed faster by the untreated
wood (A) compared to the thermo-treated wood (ATH) (Figures 1a and 2a). The lower wettability on
the wood surface after thermal treatment could be ascribed to several events taking place in the wood.
One of the probable causes are the migration of non-polar extractives to the wood surface during
heating [7,14,41].

(a) 

Figure 1. Cont.
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(b) 

Figure 1. The water contact angle (WCA) during time on untreated alder samples (A), before (a) and
after UV exposure (b).

(a) 

Figure 2. Cont.
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(b) 

Figure 2. WCA during time on thermo-treated alder samples (ATH), before (a) and after UV exposure
(b).

Several other parameters also play an important role in the reduced hygroscopicity of wood
surfaces [4,42]. For example, the different types of reactions between the cell-wall components occur
during heating and they imply a cross-linking between the lignin and polysaccharides, and a reduction
in free hydroxyl groups. At high temperatures, the hemicelluloses, as one of the first structural
components of wood that changes during heating [6], may undergo oxidation and pyrolysis reactions.
They can also cause changes in compounds, like the formation of furfural polymers, which are
considered to be less hygroscopic compared to hydroxyl groups [43]. The hydrophobicity of both A
(10.1 after 9 s) and ATH (23.1 after 120 s), before artificial weathering, were greatly improved after the
application of AKD (Figures 1a and 2a). The hydrophobic effect of the AKD substance could be caused
by the esterification reactions between AKD and wood compounds, like hemicellulose [23,24].

After artificial weathering, the WCA of A (3.9 after 2.5 s) and mostly ATH (4.6 after 11 s) decreased
significantly (Figures 1b and 2b). This result is similar to other published studies. The initial WCA of
the heat-treated specimens were higher than the untreated samples [44], but after the weathering test,
the difference in WCA between the control and TH was limited. Some of the previous studies stated
that these changes in the wettability were strictly due to the combination of structural and chemical
changes of wood surfaces [45,46].

The Figures 1 and 2 suggest that after artificial weathering, the hydrophobicity remains unchanged
for the A and ATH wood surface treated with 5% and 10% of AKD. However, for the wood sample
A + 0.1% AKD (from 129.8 to 60.58) and ATH + 0.1% AKD (from 139.0 to 50.21), a decrease of WCA
was observed.

3.2. ATR-FTIR Analysis

In Figure 3, the FTIR spectra before UV exposure, between the wavelengths of 4000 cm−1 and 600
cm−1 of both untreated (A) and thermo-treated alder wood (ATH), are displayed.
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Figure 3. Comparison of FTIR spectra of alder wood (A and ATH, respectively).

As stated by Colom et al. [47], in the spectra, two different areas can be observed: The first was
between 3600 cm−1 and 2700 cm−1 and it was referred to the stretching vibrations of O–H and C–H
groups; the second between 1800 cm−1 and 800 cm−1, is called the fingerprint region, assigned to
stretching vibrations of wood structural compounds.

Clear differences could be noticed in the fingerprint region. The first important difference was the
intensity of the band of 1734 cm−1, assigned to the C=O stretching vibration of acetyl or carboxylic
acid which was slightly smaller in ATH. As stated by Colom et al. [47], this variation indicated the
cleavage of the acetyl side chains in the hemicelluloses.

After thermo-treatment, a band at 1335 cm−1 appeared. A previous study has used this doublet
to monitor the described degradation process. Colom et al. [47] reported that a decrease in the
ratio between the absorption band of 1335 cm−1 and 1316 cm−1 signifies an increase in crystallinity.
This indicated that the degradation process was more intense in the amorphous cellulose component
than in the crystallized portion.

Another significant difference was in the doublet at 1610–1595 cm−1 which occurred only in spectra
A. The presence of this doublet before the heat treatment showed that the lignin was a mixture of the
guaiacyl and the syringyl components [48]. After thermo-treatment, the strong decrease of a band at
1610 cm−1 meant that only the degradation of the the guaiacyl occurred, most likely due to its easier
degradation compared to the syringyl [49]. This behavior was confirmed by bands at 1595 cm−1 and
1510 cm−1, based on the aromatic skeletal vibration in the lignin having a similar intensity before and
after the treatment. This result can be attributed to the predominant syringyl units, which remained
unchanged after the heating process [47].

There were other signals that did not change after thermo-treatment but were equally
important—1377 cm−1, 1240 cm−1, 1165 cm−1, and 1030 cm−1 were assigned to C–H, C–O–C and C–O
stretching vibrations of the different groups in carbohydrates, and 898 cm−1 was connected to the
amorphous region of cellulose.

In Figure 4, the FTIR spectra of A and ATH, pre and post UV, are displayed showing only the
fingerprint region.
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Figure 4. Comparison of FTIR spectra of A and ATH before and after UV of the fingerprint region.

After UV treatment, many changes take place in the fingerprint region (Figure 4). The bands 1595
cm−1, 1510 cm−1, and 1465 cm−1, assigned to the lignin component, decreased significantly in both A
and ATH as a result of the irradiation process. This means that the structure of lignin polymer was
degraded to a significant extent. The decrease of bands at 1595–1510 cm−1 showed that the guaiacyl
nuclei (1510 cm−1) are more sensitive to the artificial aging degradation process that the syringyl nuclei
(1595 cm−1). In contrast to what was claimed by [50], the absorbance to stretching vibration of acetyl
or carboxylic acid at 1730 cm−1 decreased greatly. After UV, the doublet at 1335–1316 cm−1 assigned
to the cellulosic component developed, resulting in a high crystallized cellulose content. During the
weathering test, the degradation of the amorphous cellulose component was more intense. The band
at 1426 cm−1 related to CH2 stretching, shifted at 1430 cm−1 after the degradation of amorphous
cellulose [51].

For a better understanding of the effect of the hydrophobizing reagent on wood surfaces, it is
essential to analyze, in advance, the ATR-FTIR spectra of AKD (Figure 5).

Figure 5. FTIR spectra of alkyl ketene dimer (AKD).

The specification bands of AKD are at 2915 cm−1 and 2848 cm−1 which characterize the C–H
stretching vibration representing methyl and methylene groups of the alkyl chain in the AKD molecule.
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There are other relevant signals, 1848 cm−1 connected to the stretching of C=C and the band at
1700 cm−1, related to the group C=O. These characteristic signals related to AKD can be observed
also in Figure 6. The FTIR spectra of untreated (A) and thermo-treated alder (ATH) with different
concentration of AKD on their surfaces showed high intensity bands ranging from 2850–2950 cm−1.
This is characteristic of the AKD molecule and the sharp peaks located at 1467 cm−1 and 1845 cm−1

that represent the C=C and C=O groups in the lactone ring of the AKD molecule.

Figure 6. Comparison of FTIR spectra of A (top) and ATH (bottom) with AKD.

The reaction mechanisms of AKD with wood fiber hydroxyl groups of cellulose were considered
as an esterification reaction by Hubbe [23] and Seppänen [24]. The evidence of this reaction was
the presence of the band at 1720 cm−1, indicating that the carbonyl groups originated from both
the AKD and wood compounds. This band would underline the reaction between the AKD and
wood surface since the band relative the stretching C=O in wood and in pure AKD was present at
different wavenumbers.

As expected, the significant differences in intensity of the bands among a different concentration
of AKD were recorded. Furthermore, there were differences between A and ATH samples immersed
in AKD solutions, in particular at the concentration of 0.1% AKD. This was correlated to the
thermo-treatment that destroyed and changed some chemical components of the cell walls that
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may act as binding sites [4,5]. Therefore, it could be assumed that the effect of AKD was significant,
even at a low concentration of the solution.

After the weathering test, the analysis of ATR-FTIR showed some relevant differences (Figure 7).
As previously discussed for Figure 4, the main changes occurred in the fingerprint area of the wood.

Figure 7. Comparison of FTIR spectra of A (top) and ATH (bottom) with AKD after UV exposure.

The other relevant changes were displayed in the spectra: The bands ranging from 2850–2950 cm−1,
which is typical of a AKD molecule; and the bands at approximately 1730 cm−1.

The 2915 cm−1 and 2848 cm−1 peaks which were C–H stretching vibration representing methyl and
methylene groups of the alkyl chain in the AKD had a minor intensity in the spectra ATH + AKD post
UV compared to A + AKD post UV. This could be dependent on the degradation of the methyl group
of AKD. In the case of ATH samples, the C–H wood groups already modified by the heat treatment
continue to alter further by lowering the intensity of this area of the FTIR spectrum. The band at
1730 cm−1 almost disappeared. The ester group, and thus the principal interaction between AKD and
wood compounds, had been degraded by UV irradiation. Considering that the effect of waterproofing
of AKD did not vary significantly, according to the WCA analysis, it could be assumed that there were
other interactions more or less strong between the wood and wax AKD.

Several authors have demonstrated [26–28,32,33] that AKD has the potential to substitute other
surface treatments to obtain a durable hydrophobic effect. Furthermore, AKD could be also used
as an antifungal treatment [52]. In fact, the authors demonstrated that wood treated with AKD
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showed a promising resistance against G. trabeum, C. versicolor, P. placenta, but failed to prevent C.
puteana attacks.

A previous study investigated the use of AKD to modify particleboard surfaces [53]. The authors
stated that the hydrophobicity attained with AKD was due to esterification with wood hydroxyl groups
and a subsequent orientation of the hydrocarbon chains [54]. Although FTIR-spectroscopy indicated
ester formation, the strong absorption bands decreased after toluene extraction.

3.3. Colour Variation

The changing in natural coloration of wood and, in particular the darker tonality after heating
(−26.39), can be attributed to the chemical reactions of oxidation or to the formation of a new compound
by degradation of the wood component (Table 2). These results and the differences between the
untreated and thermo treated samples before and after the weathering test, are largely discussed in a
previous work [15].

Table 2. The colour change (mean value) for both the treated and untreated alder. The colour variation
of ATH samples are referred to A control samples.

ALDER ΔL Δa Δb ΔE

Control samples

A 0 0 0 0
A + 0.1%AKD −0.14 0.03 0.36 0.42
A + 5%AKD −0.62 0.77 0.42 1.34
A + 10%AKD 0.05 0.63 0.45 0.87

Thermo-treated

ATH −26.39 3.10 0.83 26.58
ATH + 0.1%AKD −0.38 −0.44 −0.01 1.32
ATH + 5%AKD 0.57 −2.02 −8.27 8.58
ATH + 10%AKD −0.04 −1.37 −8.78 8.90

After immersion of each sample in AKD solutions, the change in colour for the untreated samples
are negligible. In case of thermo-treated wood, the total colour variation was due mainly to the
modification of b* coordinate (−8.27 and −8.78).

The color change of the specimens in terms of ΔL, Δa, Δb and ΔE occurring after the weathering
test are displayed in Table 3.

Table 3. The colour change (mean value) for both the untreated and treated alder after the
weathering test.

ALDER Post UV ΔL Δa Δb ΔE

Control samples

A −5.02 −0.34 1.66 5.31
A + 0.1%AKD −8.52 4.76 7.52 12.36
A + 5%AKD −5.73 −1.23 −3.61 7.00
A + 10%AKD −6.34 −0.73 −5.35 8.34

Thermo-treated

ATH 1.11 −2.50 −2.58 3.90
ATH + 0.1%AKD 4.22 −2.72 −4.13 6.58
ATH + 5%AKD 6.24 −2.74 −1.32 7.28
ATH + 10%AKD 7.68 −3.04 0.59 8.47

Alder wood, in both untreated and thermo treated samples, showed that AKD did not create
a layer to protect and cover the wood by a photo-degradation. In fact, in terms of the total colour
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variation, no significant difference was depicted when AKD was used. On the contrary, compared
to A and ATH, the wood surface covered by AKD seemed to be less appropriate to protect wood
by photodegradation. For the ATH sample at an increasing concentration of AKD solution, the ΔL*
increased and the surfaces were thus slightly lightened. The interaction of photon energy with the
wood samples covered with AKD solution involves complex physical and chemical reactions only
partially explained through ATR-FTIR analysis [15].

Our preliminary research presented an assessment of the effectiveness of the chemical modification
of underused, untreated, and thermo-treated woods using AKD in improving its hydrophobicity. The
AKD/water dispersions are commercially available and more environmentally friendly than toluene.
However, the scope of this research was to highlight the main evidence of the relationship between
AKD and alder wood surface.

4. Conclusions

• The untreated and thermo-treated wood samples treated with 0.1% of AKD had a significant
decrease in WCA after the weathering test.

• The FTIR analysis showed that guaiacyl nuclei in the alder wood was more sensitive to heat
degradation than syringyl nuclei.

• The presence of the band between 1720 cm−1 in the FTIR spectra before the use of UV could
indicate the formation of the carbonyl groups originated from the reaction between AKD and
hydroxyl groups of cellulose, making the surface water repellent.

• After the weathering test, the band between 1700 cm−1 and 1750 cm−1 in FTIR spectra disappeared,
thus it could be assumed that there were other interactions, more or less, strong between the wood
and AKD.

• The analysis of WCA showed that the investigated range of AKD, at 5% and 10%, did not differ in
wettability also after weathering test. This evidence suggests that the optimal solution could be
found in this range.

• In terms of colour variation, the results revealed that AKD in outdoor conditions was not very
effective in restricting UV light induced degradation in the wood specimens.
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Abstract: To quickly clarify the effect of heat treatment on weatherability of Cunninghamia lanceolate
(Lamb.) Hook., we investigated the surface degradation under natural exposure. A comparison
between heat-treated and untreated samples was taken based on surface color changes and structural
decay at each interval. Over four weeks of natural exposure, multiple measurements were carried
out. Results show that color change decreased in the order of 220 ◦C heat-treated > untreated >
190 ◦C heat-treated. The results also indicate that the wood surface color stability was improved
via the proper temperature of thermal modification. Low vacuum scanning electron microscopy
(LVSEM) results expressed that thermal modification itself had caused shrinking in the wood surface
structure. From the beginning of the weathering process, the heat treatment affected the surface
structural stability. After natural exposure, the degree of wood structure decay followed the pattern
220 ◦C heat-treated > 190 ◦C heat-treated > untreated. Therefore, when considering the impact on the
structure, thermal modification treatment as a protective measure to prevent weathering was not an
ideal approach and requires further improvement.

Keywords: natural weathering; heat-treated; color change; wood anatomical; Cunninghamia lanceolate

1. Introduction

In recent years, the wood protection industry has been paying greater attention to environmentally
friendly substitutes for traditional wood protection treatments. One existing environmentally conscious
method is the thermal modification of wood. Modified wood does not impregnate the material with
any harmful substances or chemicals and the finished material does not produce environmental
pollution. In the heat-treatment process, the wood is heated to high temperatures, ranging from 160 ◦C
to 260 ◦C, for various standing times based on the species and the desired material properties [1–4].
Thermal modification offers particular benefits. In general, it reduces the equilibrium moisture content,
improves hydrophobicity, enhances dimensional stability, maintains uniform wood color, and offers
improved protection, especially against damage caused by micro-organisms and insects. However,
brittleness, cracking, and other forms of mechanical strength loss are the main disadvantages of
heat-treated wood [1,3,5]. Thermally-modified wood has many applications for exterior structures,
including terraces, fences, decks, cladding, garden furniture, doors, and windows; as well as interior
uses, e.g., decorative panels, parquet, kitchen furniture, and saunas [3,6,7].

Weathering is the general term used to refer to the slow degradation of materials when exposed
to the weather. It can be influenced by several factors, including sunlight, moisture, heat/cold, wind,
air pollutants, and biological agents [8]. Weathering of wood surfaces can cause color, chemical,
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physical, mechanical, and microscopic changes. These changes occur in the wood surface at a depth of
0.05–2.5 mm during the initial weathering period [9].

Earlier research generally examined the resistance of heat-modified wood to artificial
weather [10–16]. Heat-treated wood exhibits high physical characteristics and low mechanical
properties during artificial weathering. Artificial weathering tests are generally considered to be a
simulation of outdoor conditions, but this method includes only UV light and moisture cycles. There
are many other degradation factors in the natural environment, such as microbes, air pollutants,
chemicals, and biological agents [8]. Therefore, and artificial weathering experiment cannot fully
substitute for a study of natural weathering, and it is still necessary to test the service life of wood.
Research of natural weathering always takes many years. In fact, the surface changes of weathering
characteristics begin from the moment the wood is exposed to the outdoor environment. It has been
reported that the surface characteristics of wood can change significantly during a short exposure
period [17]. Therefore, surface change analysis is a method that can evaluate the weatherability of
wood over a short period of time.

The purpose of this study is to clarify the effect of heat treatment on the weatherability of
Cunninghamia lanceolate (Lamb.) Hook. wood. We conducted an outdoor exposure experiment for one
month and examined the anatomical and physical changes of wood surface. In order to attain these
objectives, some techniques and methods for the study of wood surfaces were used such as a colorimeter
for physical color changes and low vacuum scanning electron microscopy (LVSEM) for anatomical
changes. These analytical tools provided accurate insight into the degradation process, which allowed
a comparison between heat-treated and untreated Chinese fir exposed to natural conditions.

2. Materials and Methods

2.1. Preparation of Wood Samples

All the samples used in this study were taken from Chinese fir (Cunninghamia lanceolate) [18].
Samples were obtained from sapwood straight off the grain, and each was free of knots and visible
defects. Samples were 10 (R) × 10 (T) × 10 (L) mm in size. Under drying conditions, three parts of
the samples were cut with a hammer microtome. Lumber was heat-treated at 190 ◦C and 220 ◦C for
120 min, respectively, under steam. This range was chosen because 220 ◦C is a significant critical point
for the heat treatment of Chinese fir [19]. From previous studies of Chinese fir [20], heat treatment at
190 ◦C and 220 ◦C was determined to be optimal temperatures for strength and corrosion resistance,
respectively. Timbers were dried to a moisture content of 8% prior to the steam-heat treatments. About
4% moisture content was achieved after the steam-heat treatments. Samples were classified into three
groups as follows: (1) untreated controls, (2) 190 ◦C heat-treatment, and (3) 220 ◦C heat-treatment.

2.2. Natural Weathering Conditions

Untreated and heat-treated Chinese fir samples were placed in an outdoor environment for
four weeks. The experiment was conducted during the summer season of 2018 in Fukuoka, Japan.
The statistics mean temperature, humidity, duration of sunshine, total rainfall and wind speed were
30.01 ± 1.41 ◦C, 67.81% ± 6.31%, 9.13 ± 3.57 h, 1.68 mm, and 2.92 ± 0.80 m/s, respectively. They were
orientated in a south-facing position at 45◦ relative to the horizontal (latitude 33◦ north) according to
JIS K 5600-7-6 [21]. After one day of exposure, all the specimens were retrieved from the weathering
racks, and measurements were taken in a laboratory, after which they were put back on the weathering
racks. This was repeated after 2, 4, 7, 14, 21, and 28 days [22]. On each occasion, a puff of nitrogen was
used to gently clear the surface of dust.

2.3. Color Measurements

Color measurements were used to evaluate the degree of color change on the sample surfaces
after each period of natural weathering [22]. There were 10 replicates for each treatment group.
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A mathematical average was established based on 30 measurements for every data point of color
measurement. For each sample, the color coordinates L*, a*, and b* were established both before
and after exposure to weather. A handy colorimeter (Model NR-3000, Nippon Denshoku, Tokyo,
Japan) was used to measure the color change, with a D65 standard illuminant and the 2◦ standard
observer. The color difference values of ΔC*, ΔE*, and ΔH* were determined before and after the
natural conditions. C* indicates chroma, while ΔC* is the chroma difference. The parameter ΔE*
indicates the total difference value. ΔH* is the difference in hue [23,24]. Average values and standard
deviation were computed for each sample. These parameters were then employed to establish ΔC*,
ΔE*, and ΔH* based on the following formulae:

C* = [(a*)2 + (b*)2]1/2 (1)

ΔC* = C* - Co* (2)

ΔE* = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2 (3)

ΔH* = [(ΔE*)2 − (ΔL*)2 − (ΔC*)2]1/2 (4)

Positive values of ΔC* indicate greater vividness, whereas a negative value indicates a more faded
hue in comparison to the initial color. A low ΔE* indicates that the color was not altered very much or
remained the same, while a high value indicates obvious color change. ΔH* records the extent of the
hue change.

2.4. Statistical Analysis

By statistical analysis of the color data before and after natural weathering, the color difference
values of different exposure times did not conform to normal distribution. The rank sum test method
of paired samples was selected in this experiment. With the change of exposure time, the color
difference of 190 ◦C and 220 ◦C heat-treated wood was compared separately with that of untreated
samples. The measurement index is the color difference values of ΔC*, ΔE*, and ΔH*, which were the
quantitative data of the paired design. The rank of the contrast difference was reported in the results.
The results of the Wilcoxon signed ranks test indicated the Z value, the approximate method was used
to calculate the p value, and the statistical significance of the difference was determined.

2.5. Low-Vacuum Scanning Electron Microscopy (LVSEM)

During the natural weathering experiment, samples that had no coating were observed via
low-vacuum scanning electron microscopy (LV-SEM, Model JSM-5600LV, JEOL, Tokyo, Japan).
The microscopy conditions were as follows: a voltage of 15 kV, a pressure of approximately 10–30 Pa,
and a working distance of 10–20 mm. This LVSEM method was deployed over the exact same area of
wood surface before and after exposure. LVSEM was a valuable tool to observe the anatomical changes
in the process of weathering [25,26].

3. Results

3.1. Discoloration of Wood Surfaces

Wood absorbs light, and polymeric compounds inside wood interact with photons. These factors
lead to the deterioration and discoloration of wood. When wood is exposed to natural conditions,
other factors such as moisture and microorganism growth also contribute to the degradation. The color
of the exposed wood is influenced by light radiation, rain water, and temperature. UV light causes
particularly remarkable color changes [24,27–29]. Color stability is an important parameter among the
physical properties of wood.

After heat treatment, the color exhibited a notable change, and the colors visible to the naked
eye became darker. L* (lightness) decreased, while a* (redness) increased. Different temperatures had

219



Forests 2019, 10, 791

effects on the color of wood. B* (yellowness) and C* (chroma) increased after 190 ◦C heat treatment,
while these variables decreased after 220 ◦C heat treatment. These changes might be due to hydroxyl
groups that were oxidized to carbonyl groups and carboxyl groups during heat treatment. If this is the
case, then the wood color was darkened because the carbonyl groups belong to chromophric groups
and the carboxyl groups to auxochromic groups [30].

Figure 1 shows the color modifications (L*, a*, b*, and c*) of untreated and heat-treated wood
surfaces while exposed to natural conditions. Increases in a* (redness) were observed with the increase
in exposure time during the first stages. Redness of heat-treated samples underwent an especially
noticeable increase after the first weathering day. However, a slow increase in redness was also
shown during the first 4 exposure days for untreated samples. After the first 4 days, the value of
a* decreased quickly for both untreated samples. After the first 4 days, the value of a* decreased
quickly for both untreated and heat-treated wood. Increases in b* (yellowness) and c* (chroma) were
observed with increases in the number of natural weathering days. In particular, b* and c* exhibited
rapid increases during the first week. Nevertheless, a slow increase in these values was also shown in
the natural weathering experiment after the first week. This implies that the first week is a critical
period for changes in yellow and intense chroma during the natural weathering. The L* (lightness)
value of untreated wood demonstrated a decrease in each treatment, but the L* values increased as
the number of days increased for wood that received heat treatment at 190 ◦C and 220 ◦C. As time
increased during the first week, the value of L* changed rapidly. After one week, however, the value of
L* changed incrementally. The darkening of untreated wood might be caused by high temperature
inducing the migration of extractives to the wood surface. Several previous studies have reported
similar results [11,12,31–33]. The surface of heat-treated wood became lighter during weathering as
the extractives were degraded and removed. This lightening was mainly due to the photodegradation
of lignin [12].

Figure 1. Cont.
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Figure 1. Color modifications for each of the four weeks of natural exposure: (a) Lightness L*;
(b) redness a*; (c) yellowness b*; (d) chroma c*.

Figure 2 shows the effect of natural exposure on ΔC*, ΔE*, and ΔH*, revealing the color changes
as a result of the effects of natural weathering on wood samples. The ΔC* (chroma difference) values
in untreated and in heat-treated wood increased significantly in the first seven days, and the values
then stabilized after the first week. The ΔC* value for 190 ◦C heat-treated wood was lower than other
treatments. This result indicates that 190 ◦C heat-treatment could attenuate the chroma difference
during the natural weathering process. The values of ΔH* (hue difference) exhibited insignificant
changes during the four weeks of the experiment for both untreated and heated-treated wood (Figure 2c).
Meanwhile, ΔE* (total color difference) values in untreated wood increased quickly over the initial
seven-day period, and the values then started decreasing after two weeks. However, this phenomenon
was not found in heat-treated wood. This implies that untreated and heat-treated samples exhibited
different color change responses during the four weeks of natural weathering.

 
(a) (b) 

Figure 2. Cont.
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(c) 

Figure 2. Color changes of wood samples subjected to natural conditions: (a) Chroma difference Δc*;
(b) color change ΔE*; (c) hue difference ΔH*.

Wilcoxon signed ranks test statistics demonstrated significant differences in ΔC*, ΔE*, and ΔH*
values during the four weeks of natural exposure for the untreated, 190 ◦C heat-treated, and 220 ◦C
heat-treated wood samples (Table 1). The results illustrated that the surface chroma exhibited a
significant negative difference for both the 190 ◦C heat-treated and untreated in the initial stage of
natural weathering (Table 2). The 190 ◦C heat treatment clearly promoted the stability of chromaticity.
The same results were also obtained for ΔE* (total color difference value) and ΔH* (hue difference), but
the differences were not so significant. However, the 220 ◦C heat-treated wood exhibited a significant
positive difference in ΔC*, ΔE*, and ΔH* when compared to untreated wood (Table 2). This shows that
220 ◦C heat treatment could not stabilize the color during the process of weathering. On the contrary,
this treatment brings about greater color change (Table 1).

Table 1. Ranks heat-treated–untreated.

N Mean Rank Sum of Ranks

ΔC*

190 ◦C heat-treated–untreated

Negative ranks 48 a 37.11 1781.50
Positive ranks 20 b 28.23 564.50

Ties 0 c

Total 68

220 ◦C heat-treated–untreated

Negative ranks 17 a 22.12 376.00
Positive ranks 53 b 39.79 2109.00

Ties 0 c

Total 70

ΔE*

190 ◦C heat-treated–untreated

Negative ranks 39 a 30.74 1199.00
Positive ranks 29 b 39.55 1147.00

Ties 0 c

Total 68

220 ◦C heat-treated–untreated

Negative ranks 4 a 14.50 203.00
Positive ranks 56 b 40.75 2282.00

Ties 0 c

Total 70

ΔH*

190 ◦C heat-treated–untreated

Negative ranks 41 a 35.30 1447.50
Positive ranks 27 b 33.28 898.50

Ties 0 c

Total 68

220 ◦C heat-treated–untreated

Negative ranks 28 a 30.20 845.50
Positive ranks 42 b 39.04 1639.50

Ties 0 c

Total 70
a Heat-treated < untreated; b Heat-treated>untreated; c Heat-treated = untreated.
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Table 2. Test statistics; a heat-treated–untreated.

ΔC* ΔE* ΔH*

190 ◦C 220 ◦C 190 ◦C 220 ◦C 190 ◦C 220 ◦C
Z −3.718 b −5.071 b −0.159 b −6.083 b −1.677 b −2.323 b

Asymp. Sig. (2-talled) ** ** 0.874 ** 0.093 *
a Wilcoxon signed ranks test; b Based on negative ranks. * Statistically significant p < 0.05; ** Statistically
significant p < 0.01.

Other researchers [34,35] reported that cellulose remained relatively stable after heat treatment of
Chinese fir. In hemicelluloses, the acetyl group was decomposed from molecular chains to acetic acid
and degraded pyranose. A cross-linking occurrence had been formed among the aromatic units in
the lignin. The observed that higher heat treatment temperatures intensified the reaction [19]. In the
present study, there are two potential reasons for the favorable color stability under natural weathering
of wood heat-treated at 190 ◦C. First, the heat treatment temperature of 190 ◦C may not have been
enough to greatly change the chemical composition of wood because hemicellulose degradation was
less 3% [34]. Second, color deepening after heat treatment could inhibit the color change to a certain
extent [36,37]. As a result, the color change of wood during natural exposure was weakened and the
color stability was improved after 190 ◦C heat treatment. The relative content of lignin in wood was
significantly increased after heat treatment at 220 ◦C because of the degradation of hemicellulose [19,34].
The most important change in the process of weathering was the decomposition of lignin [24,27,38–41].
This directly results in the aggravation of weathering, and the color change was very significant.
Therefore, selecting the appropriate thermal modification temperature played a substantial role in
color stability during the weathering process.

3.2. Wood Structure Changes

The changes of wood surface structure accompany other physical changes taking place during
the natural weathering. Heat treatment changes the characteristics of wood, including microscopic
structural changes. In this study, low vacuum scanning electron microscopy (LVSEM) was used
to investigate the wood structure degradation of heat-treated Chinese fir (Cunninghamia lanceolate)
subjected to natural exposure. Both heat-treated and untreated wood surfaces were surveyed for
comparison. LVSEM analysis of the three sections of heat-treated Chinese fir sapwood showed
obvious microscopic structural changes that took place during the short-term exposure to conditions
(Figures 3 and 4). It was found that microstructure did not change in the first two days of natural
weathering, until after four days had a little change (shown in Figure 4g).
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3.2.1. Cell Wall

As shown in Figure 3a,f,k the microstructure of the heat-treated wood was rougher than the
microstructure of untreated wood. Heat treatment caused the cell wall to become slightly plasticized [42].
The surface of the heat-treated Chinese fir wood was more brittle than the surface of untreated wood.
In contrast, the 220 ◦C heat treatment had greater effects than the 190 ◦C heat treatment. After four weeks
of natural weathering, the middle lamella and primary cell wall had substantially disappeared (as shown
by the arrows in Figure 3e,j,o). Compared with the unexposed condition, the secondary cell wall
became obviously thinner. The degradation of the secondary cell wall in heat-treated wood was
more severe than untreated wood under natural weathering conditions. The comparison between
the two heat treatment groups found that higher heat treatment temperatures produced more severe
weathering erosion of the secondary cell wall (Figure 3).

The S1 layer comprises 30.0% cellulose, 51.7% lignin, and 18.3% hemicellulose. The S2 layer
comprises 54.3% cellulose, 15.1% lignin, and 30.6% hemicelluloses. The S3 layer is composed of 13%
cellulose, no or only negligible amounts of lignin, and 87% hemicelluloses [43]. The lignin content in
wood exposed for four weeks is somewhat lower than the content in wood exposed for seven days.
Compared with the untreated wood, the heat treatment caused significant degradation of hemicellulose
and cellulose in the cell wall. Therefore, the lignin percentage was relatively increased. Chemical
composition changes caused differences in the structure. As a result, the change in the material from
exposure was more significant in heat treatment groups. However, there is a rupture phenomenon in
the weathering stage due to the high level of lignin in the cell wall of the wood exposure for seven days.
Previous studies on the heat treatment of Chinese fir showed that chemical changes increased with
high temperature. The degree of wood plasticization increased with the proportion of hemicellulose
and cellulose [7,19]. The results of this experiment are consistent with previous research conclusions
that reported that heat treatment produced microstructural changes [12].

In the case of Chinese fir, the untreated and the heat-treated wood tended to show degradation
in the primary cell wall and middle lamella when subjected to natural weathering after two weeks
(as shown by the arrows in Figure 3d,i,n). According to the literature [43], the primary cell wall and
middle lamella comprised primarily lignin (84%), a smaller percentage of hemicelluloses (13.3%), and a
very small percentage of cellulose (0.7%). The disappearance of the primary cell wall and lamella in
wood after four weeks of weathering evidenced that the most photosensitive component of the cell wall
was lignin. This conclusion conformed to previous studies [12]. The lignin content in the cell walls of
the heat-treated Chinese fir was much higher than that of the untreated control group, and higher heat
treatment temperatures produced higher proportions of lignin in the cell wall [19,43]. The cell wall
lignin content exhibited the following pattern: 220 ◦C treated > 190 ◦C treated > untreated. Structures
with high lignin content were more seriously eroded during weathering due to the photodegradation
of lignin. The degree of cell wall damage after weathering followed the pattern: 220 ◦C treated >
190 ◦C treated > untreated.

3.2.2. Rays

Figure 3a,f,k show that the heat treatment apparently did not alter the microstructure of the
wood rays. After natural weathering over 28 days, ray parenchyma cells exhibited a much higher the
degree of degradation in the heat treatment groups and untreated groups than surrounding tracheids
(as shown by the square area in Figure 3e,j,o). It is well known that parenchyma cells only possess very
thin primary cell walls and no secondary walls. The chemical constituents of these cell walls are mostly
lignin [14]. After heat treatment, these cell walls are still mainly composed of lignin. The attenuation
of the cell wall in the parenchyma cells during the weathering process was obvious. This provides
more evidence that the photosensitivity of lignin was particularly prominent.
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3.2.3. Cross-Field

SEM pictures of the cross-field structure on the radial section of untreated and heat-treated samples
displayed certain differences (Figure 4). Serious structural damage was found at the cross-field after
heat treatment at 220 ◦C (shown in Figure 4m). Longer exposure times produced the more obvious
damage. After 28 days of weathering, the cell walls of the ray parenchyma at the cross-field position
were significantly degraded (as shown by the square area in Figure 4e,j,o). Compared with the thickness
of cross-field tracheid walls after weathering, the degradation of ray parenchyma cells is obvious.
These cells only possess primary walls and do not contain secondary walls. Therefore, their main
components were lignin [14,43], and lignin was highly degraded during weathering. The degradation
degree of tracheid cell walls also increased with higher heat treatment temperatures.

In SEM micrographs of the cross-field pits of Chinese fir, it can be seen that the pits did not suffer
damage due to the heat treatment process (Figure 4f,k). The edges of the bordered pits were destroyed
after 1 week of weathering and cracked along the direction of the microfibril (as shown by the circle
area in Figure 4c,h,m). Higher heat treatment temperatures produced higher plasticity. During the
process of weathering, cracking was more likely to occur under the influence of shrinkage and swelling.

3.2.4. Tracheids

Micrographs of the radial surface of untreated and heat-treated wood demonstrated that the
natural weathering process caused degradation of the wood surface. After only a week, severe
longitudinal micro-cracks appeared on the tangential surface tracheids of the heat-treated wood
(as shown by the arrows in Figure 4h,m). Cellulose is responsible for wood strength, hemicelluloses
and lignin compose the matrix system in wood, and lignin provides wood with rigidity or stiffness.
During the process of weathering, the change of humidity and the loss of lignin in the secondary cell
wall caused serious surface shrinkage and made the wood crack more easily. After heat treatment,
plasticization exacerbated the cracking.

4. Discussion

In summary, it can be seen that the more serious deterioration during the natural weathering
process was caused by the anatomical position of high lignin content. Lignin was always the most
sensitive chemical component in weathering, and this is consistent with the results of previous
studies [24,27,38–41]. Relative lignin content depended more on the degradation of hemicellulose at
higher treatment temperatures [30,34]. The more obvious the decay phenomenon happened in the
high lignin content anatomical position under natural exposure. We conclude that heat treatment
of wood could not improve structural stability; on the contrary, it would aggravate the decline of
the anatomical structural structure. Both 190 ◦C and 220 ◦C heat treatments accelerated the aging
phenomenon, and these results differ only in degree. These trends were contrary to the results of
color stability.

Heat-treated wood, considered comprehensively, can enhance the dimensional stability of wood,
maintain uniform wood color, and, most importantly, prevent degradation caused by microorganisms
and insects [1,3,5]. These advantages play a very positive role in the natural weathering of wood.
In particular, reducing the damage caused by microorganisms and insects greatly improves the
degradation resistance of the wood itself, and it mitigates the effects of natural weathering caused
by decay. However, because heat treatment reduces the mechanical strength and structural stability
of wood, heat treatment as a means of wood weatherproofing should be comprehensively evaluated
first. In the process of heat treatment, the changes of mechanical strength and structural stability
should be considered and serve as the focus of future research. Making full use of the advantages of
improving corrosion resistance and reducing the loss of mechanical strength and structural stability,
heat-treatment technology is better applied to the environmentally friendly modification of wood
weathering prevention, and the utilization rate of wood is thus improved.
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5. Conclusions

Heat-treated and untreated Cunninghamia lanceolate samples were exposed to natural conditions
for one month. The physical and anatomical changes were examined on wood surfaces by different
analysis methods.

After 190 ◦C heat treatment, the color change of the Chinese fir surface was significantly restrained
in the process of natural weathering. Heat treatment played a positive role in maintaining the physical
properties of wood.

The LVSEM study indicated that heat treatment aggravated the degradation of the wood structure
in Chinese fir subjected to natural conditions. Thermal modification was not conducive to the
maintenance of structural stability.

The effect of heat treatment on the weatherability of Chinese fir wood was beneficial for aesthetic
properties and harmful for structural properties. If heat treatment is deployed as an anti-weathering
treatment method, practitioners should comprehensively consider the advantages and disadvantages
of thermally modified wood.
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Abstract: Wood is one of the most important construction materials, and its use in building applications
has increased in recent decades. In order to enable even more extensive and reliable use of wood,
we need to understand the factors affecting wood’s service life. A new concept for characterizing
the durability of wood-based materials and for predicting the service life of wood has recently been
proposed, based on material-inherent protective properties, moisture performance, and the climate-
and design-induced exposure dose of wooden structures. This approach was validated on the decking
of a model house in Ljubljana that was constructed in October 2013. The decay and moisture content
of decking elements were regularly monitored. In addition, the resistance dose DRd, as the product
of the critical dose Dcrit, and two factors taking into account the wetting ability of wood (kwa) and
its inherent durability (kinh), were determined in the laboratory. DRd correlated well with the decay
rates of the decking of the model house. Furthermore, the positive effect of thermal modification and
water-repellent treatments on the outdoor performance of the examined materials was evident, as
well as the synergistic effects between moisture performance and inherent durability.

Keywords: decay; decking; inherent durability; moisture performance; resistance model; service life

1. Introduction

Wood is one of the most important building materials. It is frequently used outdoors, where it
is exposed to weathering and degradation. In Europe, wood-degrading fungi are the predominant
reason for failures of wood used in outdoor applications [1,2]. Various solutions are used to prevent
fungal decay and to achieve the desired service life, namely the use of biocides, wood modification,
proper design and the use of domestic or imported durable wood species [3]. More recently, consumers
are avoiding tropical wood species, so the importance of domestic wood species is increasing [4].
Unfortunately, the majority of European wood species do not provide a sufficiently high durability [5].
Particular emphasis is therefore placed on the utilization of domestic wood species [4].

Service life prediction of wooden objects is challenging, because the time during which a
particular wooden structure will fulfil its function depends on a variety of factors, including the wood
material used, the protection applied and various climate-related parameters [6]. In addition to the
material-inherent durability, the moisture and temperature conditions inside the wood, i.e., the material
climate, are the most important factors influencing the ability of fungi to decompose wood [2,7,8].
These two factors are influenced by the design of the construction, the exposure conditions and local
climatic conditions (microclimate).

Forests 2019, 10, 903; doi:10.3390/f10100903 www.mdpi.com/journal/forests231
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Building information modelling (BIM) software packages nowadays require information about
service life and maintenance intervals for key materials used in the planning phase [9]. This
information is required by the European Construction Products Regulations [10] and is needed for
performance-based design [11]. The Eurocode [12] provides indicative design working lives of 10 years
for temporary structures, 50 years for building structures and 100 years for monumental building
structures and bridges. These values are set for objects regardless of the materials used. The expected
service life of wooden structures under the given exposure conditions is a key parameter in the selection
of materials for construction. Unfortunately, the current European standardization system provides
neither information about expected service lives nor a methodology for the service life prediction of
wood-based materials and components.

A new concept for characterizing the durability of wood-based materials and for predicting the
service life of wood was recently proposed by Meyer-Veltrup et al. [13,14], based on the material-inherent
protective properties, the moisture performance and the climate- and design-induced exposure dose of
wooden structures. This approach has been successfully applied to untreated wood [15–17]. In this
study, this modelling approach will be expanded to variously modified and preservative-treated woods.

2. Materials and Methods

2.1. Materials

This study investigated the performance of 19 different wood species and wood-based materials
used in a decking application (Table 1). The selected materials were eight untreated wood species,
Norway spruce (Picea abies (L.) H. Karst), European larch heartwood (Larix decidua Mill.), European
beech (Fagus sylvatica L.), European ash (Fraxinus excelsior L.), Scots pine heartwood and sapwood
(Pinus sylvestris L.), sweet chestnut (Castanea sativa Mill.) and European oak heartwood (Quercus sp.),
and 11 materials that had been treated or modified in different ways. Although the authors are aware
that not all these materials are traditionally used in decking, we have included them as reference wood
species. In addition, the objective of this paper was not only to determine the performance of decking
per se, but to validate the model [13]. In order to address this objective, materials of various durability
have to be investigated.

Thermal modification (TM) was performed according to a commercial process (Silvapro®,
Silvaprodukt, Ljubljana, Slovenia), with an initial vacuum in the first step of the treatment [18,19]. The
modification was performed for 3 h at the target temperature (ranging between 210 ◦C and 230 ◦C,
depending on the wood species). Impregnation was performed with a commercial copper–ethanolamine
solution Silvanolin® (Silvaprodukt, Ljubljana, Slovenia), which consisted of copper, ethanolamine,
boric acid and quaternary ammonium compounds [20]. The concentration of active ingredients and
consequent retention met use class 3 (UC 3) [21] requirements. Impregnation was performed according
to the full cell process in a laboratory impregnation setup. It consisted of 30 min vacuum (80 kPa),
180 min pressure (1 MPa) and 20 min vacuum (80 kPa). The same procedure was applied for the
impregnation of wood with 5% commercially available natural wax dispersion with a solid content up
to 50% by weight (Montax 50, Romonta, Germany) [22]. The acrylic surface coating Silvanol® Lazura
B (Silvaprodukt, Ljubljana, Slovenia) was manually applied on the wood by brushing in two layers,
with a 24-h drying time between them.

232



Forests 2019, 10, 903

T
a

b
le

1
.

N
in

et
ee

n
di
ff

er
en

ti
nv

es
ti

ga
te

d
w

oo
d

sp
ec

ie
s

an
d

w
oo

d-
ba

se
d

m
at

er
ia

ls
.

W
o

o
d

S
p

e
ci

e
s

T
re

a
tm

e
n

t

N
o

rw
a
y

S
p

ru
ce

(P
ic

ea
ab

ie
s)

S
co

ts
P

in
e

–
S

a
p

w
o

o
d

(P
in

us
sy

lv
es

tr
is

)

S
co

ts
P

in
e

–
H

e
a
rt

w
o

o
d

(P
in

us
sy

lv
es

tr
is

)

E
u

ro
p

e
a
n

L
a
rc

h
(L

ar
ix

de
ci

du
a)

E
u

ro
p

e
a
n

A
sh

(F
ra

xi
nu

s
ex

ce
ls

io
r)

E
u

ro
p

e
a
n

B
e
e
ch

(F
ag

us
sy

lv
at

ic
a)

S
w

e
e
t

C
h

e
st

n
u

t
(C

as
ta

ne
a

sa
ti

va
)

E
n

g
li

sh
O

a
k

(Q
ue

rc
us

sp
.)

T
h

e
rm

a
l

M
o

d
ifi

ca
ti

o
n

Im
p

re
g

n
a
ti

o
n

w
it

h
N

a
tu

ra
l

W
a
x

C
o

p
p

e
r–

E
th

a
n

o
la

m
in

e
Im

p
re

g
n

a
ti

o
n

W
a
te

r
B

o
rn

e
A

cr
y

li
c

S
u

rf
a
ce

C
o

a
ti

n
g

A
b

b
re

v
ia

ti
o

n
P

A
P

S
P

H
L

D
F

E
F

S
C

S
Q

T
M

N
W

C
E

A
C

P
A

P
A

P
A

–
N

W
P

A
N

W

P
A

–
A

C
P

A
A

C

P
A

–
C

E
P

A
C

E

P
A

–
C

E
–
N

W
P

A
N

W
C

E

P
A

–
T

M
P

A
T

M

P
A

–
T

M
–
N

W
P

A
T

M
N

W

P
A

–
T

M
–
C

E
P

A
T

M
C

E

P
S

P
S

P
H

P
H

L
D

L
D

L
D

–
T

M
L

D
T

M

F
E

F
E

F
E

–
T

M
F

E
T

M

F
S

F
S

F
S

–
T

M
F

S
T

M

F
S

–
T

M
–
N

W
F

S
T

M
N

W

C
S

C
S

Q
Q

233



Forests 2019, 10, 903

2.2. Outdoor Exposure

Figure 1 shows the wooden model house unit at the Department of Wood Science and Technology
in Ljubljana, Slovenia (46◦02′55.7” N, 14◦28′47.3” E, elevation above sea level 293 m), where the
in-service performance of decking elements was tested. This object has been used in several studies.
The objective of this model house was to comprehensively assess the technical and aesthetic service
life of wood. The aesthetic service life has been reported already [23], so this manuscript focusses on
the technical service life only. The average temperature in Ljubljana is 10.4 ◦C, the annual precipitation
is 1290 mm and the Scheffer Climate Index is 55.3. The test specimens, with a cross section of
2.5 × 5.0 cm2, were exposed on the decking of the model house. At least seven samples of the wood
material were exposed on the decking. The in-service testing started in October 2013 and the prime
objective was to monitor the occurrence and development of decay (functional service life) and the
moisture performance. Decay was visually evaluated annually and rated (0—no attack; 1—slight
attack; 2—moderate attack; 3—severe attack; 4—failure) as prescribed by EN 252 [24]. Only the decking
specimens were considered within this study.

 

Figure 1. Wooden model house unit in October 2013 at the beginning of the exposure. Yellow arrow is
pointing north.

Moisture content (MC) during service life is one of the indicators of moisture performance. For
MC measurements, resistance sensors were applied at 19 positions, with one pair of sensors for each
wood material. They were linked to a signal amplifier (Gigamodule, Scanntronik, Zorneding, Germany)
that enabled wood MC measurements between 6% and 60%. Pairs of stainless-steel screws with a
diameter of 3.9 mm and length of 25 mm served as resistance electrodes, fastened in the middle of the
tangential surface with a longitudinal distance of 32 mm between them. The screws were insulated
with a universal heat-shrinking tube, except for the tip, which served as the point of measurement.
Hence, the measurements take place approximately 10 mm below the surface. Sensors were located at
least 20 cm from the cross section. The electrical resistance of the wood was measured every 12 h, and
these data were used for calculating the wood’s MC. Resistance characteristics for each material were
determined as reported by Kržišnik et al. (in press) [25], using the methodology described by Brischke
and Lampen [26] and Otten et al. [27].
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2.3. Determination of Factors Describing Inherent Durability (kinh)

Agar block tests with pure fungal culture were used for the assessment of inherent durability.
A decay test was performed according to a modified CEN/TS 15083–1 procedure [28]. Specimens
(1.5 × 2.5 × 5.0 cm3) made of 19 wood materials (Table 1) were conditioned in a standard laboratory
climate (T = 25 ± 1; RH = 65 ± 2) and steam-sterilized in an autoclave before incubation with decay
fungi; 350-mL experimental glass jars with aluminium covers and cotton wool with 50 mL of potato
dextrose agar (DIFCO, Fisher Scientific, Franklin Lakes, NJ, USA) were prepared and inoculated with
white rot fungi Trametes versicolor (L.) Lloyd (ZIM L057) and two brown rot fungi Gloeophyllum trabeum
(Pers.) Murrill (ZIM L018) and Fibroporia vaillantii (DC.) Parmasto (ZIM L037). The fungal isolates
originated from the fungal collection of the Biotechnical Faculty, University of Ljubljana, and are
available to research institutions on demand [29]. Information regarding the origin of the fungal
isolates and details about identification are available in the appropriate catalogue. One week after
inoculation, two random specimens per jar were positioned on a plastic high-density polyethylene
(HDPE) mesh, which was used to avoid direct contact between the samples and the medium. The
assembled test glasses were then incubated at 25 ◦C and 80% relative humidity (RH) for 16 weeks, as
prescribed by the standard. After incubation, specimens were cleaned from adhering fungal mycelium,
weighed to the nearest 0.0001 g, oven-dried at 103 ± 2 ◦C, and weighed again to the nearest 0.0001 g to
determine mass loss through wood-destroying basidiomycetes. Five replicate specimens for each of
the selected materials/wood species were used in this test.

2.4. Determination of Factors Describing Wetting Ability (kwa)

For the assessment of wetting ability, a range of laboratory tests were performed. Tests was
performed on five replicate samples (1.5 × 2.5 × 5.0 cm3) of each material. One set of specimens was
used for sorption tests, and the other for various immersion tests. The average relative values of the
multiple test were combined to calculate the wetting ability factor.

Short-term capillary water uptake was carried out at 20 ◦C and 50 ± 5% RH, on a Tensiometer
K100MK2 device (Krüss, Hamburg, Germany), according to a modified EN 1609 [30] standard, after
conditioning at 20 ◦C and 65% RH until constant mass. The axial surfaces of the specimens were
positioned to be in contact with the test liquid (distilled water), and their masses were subsequently
measured continuously every 2 s for up to 200 s. Other parameters used were: velocity before contact
with water 6 mm/min, sensitivity of contact 0.005 g, and depth of immersion 1 mm. The uptake of
water was calculated in g/cm2 on the basis of the final mass change of the immersed sample and the
surface in contact with water.

Long-term water uptake was based on the ENV 1250–2 [31] leaching procedure. Before the test,
specimens were oven-dried at 60 ± 2 ◦C until constant mass and weighed to determine the oven-dried
mass. The dry wood blocks were placed in a glass jar and weighted down to prevent them from floating;
100 g of distilled water was then added per specimen. The mass of the specimens was determined
after 24 h, and the MC of five replicate specimens was calculated. MC was determined gravimetrically,
as a ratio between the retained water and the oven-dried mass of the specimens.

To determine the sorption properties of the samples, a water vapour uptake test in a water-saturated
atmosphere with a drying process above freshly activated silica gel was performed. Specimens were
oven-dried at 103 ± 2 ◦C until constant mass and weighed. The specimens were stacked in a glass
climate chamber with a ventilator above distilled water. Specimens were positioned on mesh above
the water using thin spacers [13]. After 24 h of exposure, they were weighed again and the MC was
calculated. Specimens were then left in the same chamber for an additional three weeks until a constant
mass was achieved. In addition to wetting, outdoor performance is also influenced by drying. After
three weeks of conditioning, most specimens were positioned above freshly activated silica gel for
24 h in a closed container, and the MC of the specimens was calculated according to the procedure
described by Meyer-Veltrup et al. [13]. Five replicate specimens were used for this analysis.
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2.5. Factor Approach for Quantifying the Resistance Dose DRd

A modelling approach was applied according to Meyer-eltrup et al. [13] and Isaksson et al. [32]
in order to predict the field performance of the examined materials. The model describes climatic
exposure and the resistance of the material. The acceptability of the chosen design and material is
expressed as follows:

Exposure ≤ Resistance. (1)

The exposure can be expressed as an exposure dose (DEd), determined by daily averages of
temperature and MC. The material property is expressed as the resistance dose (DRd) in days [d], with
optimum wood MC and wood temperature conditions for fungal decay [33]:

DEd ≤ DRd, (2)

where DEd is the exposure dose [d] and DRd is the resistance dose [d].
The exposure dose DEd depends on the annual dose at a specific geographical location and several

factors describing the effect of driving rain, local climate, sheltering, distance from the ground and
detail design. Isaksson et al. [32] give a detailed description of the development of the corresponding
exposure model. The present study focussed on the counterpart of the exposure dose, which is the
resistance, expressed as resistance dose DRd. This is considered to be the product of the critical dose
Dcrit and two factors expressing the wetting ability of wood (kwa) and its inherent durability (kinh).
The approach is given by Equation (3), according to Isaksson et al. [32] (Table 2):

DRd = Dcrit × kwa × kinh, (3)

where Dcrit is the critical dose corresponding to decay rating 1 (slight decay), according to EN 252 [24],
kwa is a factor accounting for the wetting ability of the tested materials [-], relative to the reference
Norway spruce, and kinh is a factor accounting for the inherent protective properties of the tested
materials against decay [-], relative to the reference Norway spruce. Namely, the wetting ability and
inherent durability of the Norway spruce were set to 1. Materials with either of these values better
than the one determined for Norway spruce have higher values overall, but limited to a value of 5.

Table 2. Description of key terms addressed in respective article.

Term Description

kwa
Factor describing the wetting ability of wood-based materials. Factor is expressed

in relative values, relative to the wetting ability of the spruce.

kinh
Factor describing the inherent durability of wood-based materials. Factor is
expressed in relative values, relative to the inherent durability of the spruce.

DRd

Resistance dose reflects the material property and is expressed in days (d), with
optimum wood MC and wood temperature conditions for fungal decay, before the

first evidence of decay.
Rel. DRd Relative resistance dose. Usually spruce is used as the normalisation factor.

Based on the results of the various moisture tests presented in this paper, the wetting ability
factor kwa was calculated. The methodology for the calculation of kwa followed the Meyer-Veltrup
procedure [13], except that the size of the specimens differed. The original model prescribes
specimens (0.5 × 1.0 × 10.0 cm3) that are of a different shape from that used in the present study
(1.5 × 2.5 × 5.0 cm3). Since the methodology is based on relative values, the sample size has a minor
influence on the outcome. Results from durability tests were used to evaluate the inherent resistance
factor kinh, and both factors were used to determine the resistance dose DRd of the 19 wood materials
examined in this study. Only basidiomycetes were applied to determine kinh in this research. Terrestrial
microcosm tests and in-ground durability tests were not performed, as prescribed by the original
Meyer-Veltrup approach [13].
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2.6. Dose–Response Model

A dose–response model for the fungal decay of wood in aboveground situations, as described in
detail by Brischke and Meyer-Veltrup [34], was applied to the recorded material–climatic data (MC, T).
For comparative analysis, the total dose D (= cumulative daily dose d over time) was determined. A
moisture-induced dose component dMC and a temperature-induced dose component dT were therefore
calculated based on the physiological needs of decay fungus and optimized on the basis of long-term
field tests at several climatically different locations in Europe by Brischke and Rapp [7]. The model
considers wood MC and T as the key parameters for fungal growth and decay and allows a daily dose
between 0 for adverse conditions and 1 for favourable conditions. The two-dose components dMC and
dT are calculated separately, as follows:

dMC = 6.75 × 10−10MC5−3.50 × 10−7MC4 + 7.18 × 10−5MC3−7.22 × 10−3MC2 + 0.34MC − 4.98; if MC ≥ 25% (4)

dT = −1.8 × 10−6T4 + 9.57 × 10−5T3 − 1.55 × 10−3T2 + 4.17 × 10−2T; if 40 ◦C > T > −1 ◦C, (5)

where dMC is the moisture-induced daily dose (d), dT is the temperature-induced daily dose (d), MC is
the daily wood MC (%), and T is the daily average wood temperature (◦C). To consider the impact
of MC and temperature on decay, a weighting factor (a) was added to calculate the daily dose (d), as
follows. The following conditions were considered: the daily dose (d) of days with a temperature
above 40 ◦C, with a temperature below −1 ◦C, or with an MC below 25% was set to 0:

d = ((a × dT) + dMC)/(a + 1); if dT > 0 and dMC > 25%, (6)

where d is the daily dose (d) and a = 3.2 is the weighting factor of the temperature-induced daily dose
component dT.

For n days of exposure, total exposure dose is given by:

d(n) =
∑n

1
di =

∑n

1
( f (dT(Ti), dMC(MCi))), (7)

where Ti is the average temperature (◦C) and MCi is the average moisture content for day (%).
Decay is initiated when the accumulated dose reaches a critical level. The dose is thus defined

as a material–climate index and the response is considered to be the mean decay rating according to
EN 252 [24], or the resulting decay rate (i.e., the decay rating per year). Expected service lives were
estimated according to Equation (8) using a mean decay rating 2 (moderate decay) as a limit state.
Any decay rating above this limit state means that serviceability is no longer given. A critical dose
dcrit = 670 (for white and soft rot) and dcrit = 356 (for brown rot) was needed to reach the limit state.

ESL =
dcrit
da

, (8)

3. Results and Discussion

3.1. Resistance Dose Based on Inherent Durability and Wetting Ability

Our data clearly confirm that the resistance of different wood species and treated or modified
wood products in aboveground applications is primarily dependent on the degree of inherent material
resistance against fungal decay (kinh), but also on the wetting ability (kwa) of the particular material.
The material resistance dose DRd is a product of both factors and the respective critical dose Dcrit,
as summarized for all materials in Table 3. Since kinh and kwa are normalized to Norway spruce,
the relative material resistance dose (rel. DRd) of Norway spruce is 1.0. The rel. DRd of Beech (FS)
is 0.88, while the rel. DRd of Ash (FE; 1.22) and Scots pine sapwood (PS; 1.32) are slightly higher.
The highest relative DRd among the nontreated wood species was determined for Oak (Q; 5.92) and
Sweet chestnut (CS; 6.40) (Table 3). Rel. DRd of Oak (Q; 5.92) and Scots pine heartwood (PH; 2.97)
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were similar to those reported by Meyer-Veltrup et al. (2017) (Q; 5.10; PH; 2.75). This confirms the
robustness and reliability of the approach. However, the main objective of the study reported by
Meyer-Veltrup et al. [13] was to determine the rel. DRd of nontreated wood. In contrast, this study
focused on the comparison of the performance and validation of the methodology with wood treated
with biocides (copper–ethanolamine) or water repellents (wax) and (thermally) modified wood.

Table 3. Material resistance dose DRd and MC data for kinh and kwa calculated based on the
Meyer-Veltrup et al. (2018) methodology [14].

Material kinh kwa DRd rel. DRd

PA 1.0 1.0 325 1.00
PA–NW 1.3 2.4 977 3.01
PA–AC 1.1 2.9 1009 3.10
PA–CE 5.0 1.5 2356 7.25

PA–CE–NW 5.0 2.9 4705 14.48
PA–TM 3.1 1.8 1763 5.43

PA–TM–NW 3.4 2.5 2698 8.30
PA–TM–CE 5.0 1.2 1978 6.09

PS 1.1 1.2 430 1.32
PH 2.5 1.2 966 2.97
LD 1.6 1.9 1002 3.08

LD–TM 2.7 3.2 2746 8.45
FE 1.2 1.0 396 1.22

FE–TM 2.9 1.9 1771 5.45
FS 0.9 1.0 284 0.88

FS–TM 2.6 2.1 1773 5.46
FS–TM–NW 3.3 2.6 2815 8.66

CS 5.0 1.3 2080 6.40
Q 3.9 1.5 1923 5.92

The treatment of Norway spruce wood with water repellents (wax) had a positive effect on the
wetting ability. The factor kwa increased from 1.0 (reference spruce) to 2.4 for wax-treated wood. A
similar effect was noted for Norway spruce wood when applying an acrylic coating (PA–AC; 2.9).
As a consequence, the rel. DRd of wax-treated Norway spruce (PA–NW; 3.01) was similar to that of
Scots pine heartwood (PH; 2.97) or larch heartwood (LD; 3.08) (Table 3). As expected, the highest
inherent durability against fungal decay was found for copper–ethanolamine-treated wood. Biocidal
ingredients (copper, boron and quaternary ammonium compounds) effectively prevent decay [35,36].
The respective factor kinh increased up to the defined maximum of 5.0. When the wetting ability of
copper-treated wood was improved with a wax treatment (PA–CE–NW), rel. DRd reached the highest
value (14.48). The positive effect of water repellents on the outdoor performance of preservative-treated
wood has been shown previously by Obanda et al. [37] and Lesar et al. [38], who showed that
hydrophobic treatments reduced the water uptake and limited leaching of active ingredients.

Thermal modification has a positive effect on both the inherent protective properties against
fungal decay and the wetting ability. This is in line with findings from previous studies [39]. The
highest improvement was observed for larch heartwood. The rel. DRd increased from 3.08 to 8.45
(Table 3). Larch was modified under fairly mild conditions, so the treatment presumably did not
degrade biologically active extractives but had a positive effect on the wetting ability [40]. Thermal
modification combined with a wax treatment resulted in the second highest rel. DRd, for wax-treated
and thermally modified Beech (FS–TM–NW, 8.66). Apparently, wax treatment and thermal modification
act synergistically. Thermal modification improves the durability and sorption properties of wood,
while wax treatment improves its resistance against liquid water uptake [22].
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3.2. Moisture Performance of Decking

Moisture dynamics are an essential parameter for the overall outdoor performance of wood, in
addition to the inherent durability. In order to present the data more clearly, we have decided to
summarize the data and present them in Table 4 and Figure 2. In addition to average and extreme
data, the percentage of wet days was found to be an important parameter as well. The term “wet day”
refers to days when the wood MC exceeds the predefined threshold of 25% while the temperature
stays between 4 ◦C and 40 ◦C. Respective wood moisture measurements were performed in the centre
of the wood samples, approximately 10 mm below the surface. It should be considered that the MC on
the surface of the wood might have been even higher, as the surface is directly exposed to weathering.
In addition, the authors are aware that different thresholds could be taken into account, depending on
the wood sorption properties. For example, the threshold for thermally modified wood might be lower
than that for beech. In general, the 25% wood moisture threshold is considered to be the minimum
MC required for fungal decay on the majority of untreated woods from temperate regions. This value
represents a conservative fibre saturation (FSP) value. However, it should be considered that lower
threshold values are possible if fungi can transport water from a neighbouring moisture source to the
wood [41,42]. In addition, it is generally accepted that fibre saturation is a range rather than a fixed
threshold [43] and varies between 22% and 36% [42,43], depending on the wood species. In modified
wood these values can be considerably lower.

Table 4. Measurements of moisture content (MC) of wood decking at the wooden model house unit.
Calculated median and average values of all measurements, and the number and percentages of the
measurements with MC equal to or higher than 25% are shown. Measurements were performed in the
period between 11.4.2014 and 26.11.2018 (n = 3381).

Material Average MC (%) Median MC (%) No. of meas. MC > 25% % of meas. MC > 25%

PA 27.9 21.7 1.075 31.8%
PA–NW 20.1 17.8 838 24.8%
PA–AC 18.5 16.9 672 19.9%
PA–CE 16.9 15.9 247 7.3%

PA–CE–NW 20.1 18.9 242 7.2%
PA–TM 25.4 25.5 1.764 52.2%

PA–TM–NW 16.1 12.4 643 19.0%
PA–TM–CE 19.1 14.0 927 27.4%

PS 49.4 55.3 2.841 84.0%
PH 19.5 15.9 844 25.0%
LD 19.3 17.8 723 21.4%

LD–TM 13.3 12.0 6 0.2%
FE 14.6 14.0 94 2.8%

FE–TM 17.5 16.8 779 23.0%
FS 27.3 25.7 1.747 51.7%

FS–TM 18.9 19.5 811 24.0%
FS–TM–NW 17.7 14.0 771 22.8%

CS 17.3 15.6 608 18.0%
Q 16.6 15.8 370 10.9%

239



Forests 2019, 10, 903

 

Figure 2. Distribution of moisture content in various wood-based materials exposed as decking of the
model house in Ljubljana in the period between 11 April 2014 and 26 November 2018 (n = 3381).

Median values are more indicative than average values, since resistance-based measurements
are fairly inaccurate at higher MC, above 50% to 60%, depending on the wood species. We will
focus on median values below. The highest median value was reported for Scots pine sapwood. The
median MC was 55.3%, with 84.0% of the measurements being above the threshold of 25%. The low
moisture performance of Scots pine sapwood was expected and has been reported, for instance, by
Žlahtič-Zupanc et al. [44]. The second-highest median MC was for beech wood decking elements. This
coincides with its good permeability [4]. Surprisingly, thermally modified wood did not exhibit a
good moisture performance. However, the moisture performance of freshly modified wood was fairly
good (Table 3). The excellent moisture performance of freshly thermally modified wood has often
been reported [39]. However, as can be seen from the data presented in Table 4, exposure under use
class 3.2 [21] (above ground, exposed to weathering) conditions apparently led to an increased water
uptake [44–46]. The drop in moisture performance can be ascribed to the formation of microcracks,
bacterial degradation of pit membranes and blue staining [47]. The combination of thermal modification
and wax treatment considerably improved the moisture performance of decking elements (Table 4,
Figure 3, and Figure 4). Wax formed a hydrophobic layer on the surface that limited the penetration of
liquid water into the wood [22]. Wax-treated, thermally modified Norway spruce wood thus exhibited
the lowest median MC, 12.0%. A similar but less prominent effect was also observed for wood coated
with acrylic coatings. Due to their anatomical features (tyloses, aspirated pits, etc.), heartwoods (PH,
Q, and CS) revealed a fairly good moisture performance (Figure 2).
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Figure 3. MC of spruce (PA), thermally modified spruce (PA–TM), wax-treated spruce (PA–NW)
and wax-treated thermally modified spruce (PA–TM–NW) decking of model house in Ljubljana in
the period between 11 April 2014 and 26 November 2018. Plots displayed are moving averages of
20 measurements.

 

Figure 4. MC of beech (FS) and wax-treated, thermally modified beech (FS–TM–NW) decking of model
house in Ljubljana in the period between 11 April 2014 and 26 November 2018. Plots displayed are
moving averages of 20 measurements.
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The high moisture performance of wax-treated, thermally modified wood (PA–TM–NW;
FS–TM–NW) is evident from Figures 4 and 5. At almost any time, the MC of the thermally modified
and wax-treated wood was significantly below that of the untreated reference. This is further evidence
of the synergistic effect of wax and thermal modification. However, from Figures 3 and 4 it can be
seen that the moisture performance of untreated spruce wood and untreated beech wood decreased
after a certain period of exposure. We assume that the decreased moisture performance may be
associated with fungal decay. Fungi open up new voids in the cell matrix, which results in better
permeability [48]. One possible explanation for increased electrical conductivity (hence, increased MC)
could be the consequence of fungal colonisation, due to the presence of electrolytes excreted by the
fungi. However, recent results clearly indicate that the increased moisture content of decayed wood
cannot be ascribed to the changed relationship between electrical resistance and MC, as reported by
Brischke and coworkers [49].

 

Figure 5. Laser confocal image of the surface of the spruce wood coated with an acrylic coating after
five years of exposure. The remaining coating on the decking element is brown, while parts where the
coating was removed remain lighter. The surface was severely damaged. Field of view 5850 × 5882 μm.

In addition to the median MC, the number of measurements with MC equal to or higher than
25% is important, since it accounts for the time component (time of wetness). This value provides
information about the MC of wood for which conditions are suitable for fungal decay. However, it
should be noted that, although the 25% threshold might be suitable for nonmodified wood, recent
studies have indicated that the minimum MC required for the decay of thermally modified wood is
lower than that of untreated wood [50].

3.3. Decay Rate in the Decking of the Model House

During the first year of exposure, there was no decay to the decking of the model house in
Ljubljana. In the second year, the first signs of decay developed on Norway spruce (PA), beech (FS)
and Scots pine sapwood (PS). This is in line with findings from previous studies [13,51]. One of the
possible reasons for the lesser decay of Scots pine sapwood could be associated with pinosylvin. This
extract in pine sapwood causes a delay in spore germination [52]. Decay occurred in the third year. In
addition, decay developed on coated Norway spruce (PA–AC), Scots pine heartwood (PH), Ash (FE),
wax-treated Norway spruce (PA–NW) and larch (LD). In the fourth year, the first signs of decay also
appeared on oak (Q). After four years of exposure, only sweet chestnut (CS), copper-treated spruce
(PA–CE; PA–CE–NW) and thermally modified wood remained without visible signs of decay (Table 5).
After five years of exposure, Norway spruce wood was completely degraded, followed by beech and
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Scots pine sapwood. Fairly prominent decay was noted on Norway spruce coated with acrylic coatings.
It must be noted that the acrylic coating was not maintained, so its initially positive effect turned
negative, as previously reported by Isaksson et al. [53]. Coating limited liquid penetration in the first
stages, but later on when cracks form coatings limit the drying of the wood, which enables fungal
development below the acrylic coating. First, cracks formed; later, flakes of coating appeared as well
(Figure 5). Brown rot fungi caused the majority of decay on softwood species, e.g., fruiting bodies
of Gloeophyllum sp. were found. On hardwoods, white rot was more dominant. Fruiting bodies of
Trametes versicolor were frequently found.

Table 5. Decay rating of the decking elements determined according to EN 252 [24].

Material
Average Decay Rating of the Decking Elements

2014 2015 2016 2017 2018

PA 0.0 1.0 2.4 3.7 4.0
PA–NW 0.0 0.0 0.2 1.1 1.9
PA–AC 0.0 0.0 0.8 1.6 2.8
PA–CE 0.0 0.0 0.0 0.0 0.0

PA–CE–NW 0.0 0.0 0.0 0.0 0.0
PA–TM 0.0 0.0 0.0 0.0 0.0

PA–TM–NW 0.0 0.0 0.0 0.0 0.0
PA–TM–CE 0.0 0.0 0.0 0.0 0.2

PS 0.0 0.6 1.2 2.2 3.1
PH 0.0 0.0 0.6 1.5 2.3
LD 0.0 0.0 0.6 1.3 1.6

LD–TM 0.0 0.0 0.0 0.0 0.1
FE 0.0 0.0 1.0 1.4 2.1

FE–TM 0.0 0.0 0.0 0.0 0.0
FS 0.0 1.0 2.2 3.1 3.7

FS–TM 0.0 0.0 0.0 0.0 0.0
FS–TM–NW 0.0 0.0 0.0 0.0 0.0

CS 0.0 0.0 0.0 0.0 0.0
Q 0.0 0.0 0.0 0.5 0.9

3.4. Modelling Decay Rates of Treated and Modified Wood

A new concept for characterizing the durability of wood-based materials and predicting the service
life of wood was recently proposed by Meyer-Veltrup et al. [13,14], based on the material-inherent
protective properties, the moisture performance and the climate- and design-induced exposure dose of
wooden structures. This approach has been successfully applied to untreated wood [15–17] and was
validated on historical objects from WWII made of spruce wood [54].

The main objective of this study was to validate the model approach of Meyer-Veltrup et al. [13],
which has been developed and validated for untreated wood of numerous different species. The need
to consider both the inherent protective properties and the wetting ability of a wood-based material
for service life prediction becomes evident from Figure 6, in which the relationship between the total
(moisture- and temperature-induced) exposure dose and the decay rate of the various decking materials
is shown. The two parameters were not well correlated, because the effect of the material-inherent
properties of the different materials remained unconsidered.

In contrast, the material resistance dose DRd correlated well with the decay rates of the decking,
as shown in Figure 7. By also applying the effect of inherent protective properties, e.g., due to active
ingredients of wood preservatives, the material resistance is represented in a more comprehensive
manner compared to solely using temperature and MC data for establishing an exposure dose.
Furthermore, the positive effect of thermal modification and water-repellent treatments on the outdoor
performance of the examined materials is considered, as well as the most likely synergistic effects
between moisture performance and inherent durability.
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Figure 6. Mean decay rate of decking at the model house in Ljubljana versus the total exposure dose.
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Figure 7. Mean decay rate of the decking at the model house unit in Ljubljana versus the material
resistance dose DRd.

Although the preservative-treated decking, in particular, shows no decay yet, the model fits the
decay rates well in general. However, to better distinguish between different highly durable materials,
it might be necessary to collect further long-term data (i.e., field test data for an exposure time of
several decades) of the latter.
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4. Conclusions

The results clearly show that the dose DRd was well correlated with the decay rates of the decking of
the model house. The model approach, taking into account the material-inherent protective properties,
the moisture performance and the climate- and design-induced exposure dose of wooden structures,
also proved to be accurate for assessing modified and preservative-treated wood. Furthermore, the
positive effect of thermal modification and water-repellent treatments on the outdoor performance of
the examined materials was evident, as well as a synergistic effect between moisture performance and
inherent durability.

Since the number of long-term field tests for which corresponding lab decay and moisture dynamic
tests has been performed is scarce, it might be meaningful to sample from longer-running tests for
further subsequent validation of the model approach. This might also work for structures in service,
with a known service life, that show the first signs of decay.
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