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Abstract: Acetylation with acetic anhydride is well known to improve the dimensional stability and
durability of wood. Veneer is appealing for acetylation because of its thin thickness, which supports a
complete and even impregnation of difficult-to-treat wood species, such as beech (Fagus sylvatica L.).
Unlike resin-based veneer impregnation, acetylated veneer does not require any additional curing. As
a result, veneer properties are already altered prior to bonding. The compression thickness reduction
in acetylated beech veneer during the manufacturing of laminated veneer lumber (LVL) utilizing 1, 3,
and 6 MPa at 150 °C for 30 min is investigated in this study. The results show that acetylated beech
veneer is considerably less compressible than the references. Moreover, the density of acetylated LVL
at low pressure (1 MPa) is similar to the one of references, even though the compressibility is much
lower. This is due to the added acetyl groups after acetylation. The reduction in compressibility is
most likely caused due to a decrease in moisture content (MC) and its accompanied mechanisms.
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1. Introduction

The use of beech wood (Fagus sylvatica L.) is of growing interest. It is one of Europe’s
most important timber species [1]. Even though beech has high mechanical properties, it is
not dimensionally stable nor resistant to biodegradation [2-4]. To improve such properties,
wood modification can be applied to create load-bearing building products for exterior
uses [5], such as beech laminated veneer lumber (LVL), which is currently manufactured
for interior uses, such as BauBuche produced by the company Pollmeier. Acetylation is
of primary interest in this regard, as it has been shown to improve dimensional stability
and durability [6-11]. It is one of the few chemical wood modification technologies on the
market, and is known as ACCOYA® for solid wood and TRICOYA® for wood fibers. The
use of thin veneers for modification has the advantage of supporting even difficult-to-treat
sections of beech [4].

Some technologies for treating veneers with curing resins have been developed in
the last decade, for example, treatments with melamine resins, phenol resins, and 1,3-
dimethylol-4,5-dihydroxyethyleneurea (DMDHEU) [8,9,11-16]. Following an impregnation
step, the bonding and curing of the resin are combined in one process, with pre-curing
being an option. The compression of such boards can be carried out by applying high
pressures and temperatures [2]. During acetylation, wood hydroxyl groups (-OH), on
the other hand, react with acetic anhydride (C4H¢O3) to form covalent bonds and acetic
acid (CoH40») as a by-product [9]. Acetylation does not necessitate an additional curing
step. Since the moisture content (MC) of the acetylated veneers has already been lowered,
compression in a downstream bonding process is likely to be reduced [17]. For instance,
unmodified poplar veneers with low MC (7%) only minimally compressed during the
manufacturing of LVL [18]. Despite the fact that compression is rarely required for LVL
and even unwanted in load-bearing constructions, understanding the mechanisms of hot
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bonding is essential for production. The main purpose of this experiment is to determine
the compressibility of acetylated beech LVL during a hot-bonding process. To further
understand the material characteristics, oven-dry density and other density profiles are
studied on the manufactured boards.

2. Materials and Methods
2.1. Veneer Acetylation

Rotary-cut beech veneers (2200 x 600 mm?) were used for acetylation. Some of the
veneers had discolored red-heart areas. The commercial production plant of ACCOYA®
in Arnhem, the Netherlands, acetylated half of the veneers on an industrial scale. Half
of the veneers were kept as untreated references. After acetylation, the veneers had a
weight percent gain (WPG) of approximately 24.4 (SD 0.5%), measured by ACCOYA® on
five randomly selected acetylated veneers from the same sample set. Veneers were cut
to 500 x 500 mm? squares before bonding. Based on 576 measurements on 144 veneers,
untreated, unconditioned veneers were 2.36 mm thick (SD 0.15 mm) while acetylated
veneers were 2.48 mm thick (SD 0.06 mm). The MC was identified before bonding as 2.97%
(SD 0.26, n = 50) for the acetylated samples and 8.69% (SD 0.40, n = 50) for the references;
these were measured on veneers (100 x 100 mm?) of a similar stack from the same batch [5].
The slightly increased thickness of the acetylated veneers is known to be due to the bulked
cell walls.

2.2. Hot-Bonding LVL

In total, 18 eight-layered LVL boards were bonded using a hydraulic press (LAP-40,
Gottfried Joos GmbH & Co., KG, Kirchhundem, Germany) at 150 °C for 30 min with 1, 3
or 6 N/mm? pressure. For each material (acetylated and untreated) and pressure three
boards were manufactured. To avoid penetration into the checks during the application, a
1-C phenol-formaldehyde-resin (PF) supplied by Bakelite was applied at 200 g/m? on the
side without lathe checks. After pressing, the boards were immediately stacked under low
pressure in an ambient climate for 12 to 24 h to cool down.

2.3. Compression Ratio

On the same set of panels, the compression ratio was measured using two differ-
ent methods.

2.3.1. Method 1

During bonding, the LAP-40 press features an electronic scale (£0.1) that measures
the distance between the heating plates. After 10 s of pressing, the first distance (d;)
is measured, and the second is measured precisely after 29 min of pressing (dy). The
compression (ACy) is the difference between the two (Equation (1)). This method includes
the bond line thickness; after 10 s the wet film thickness is measured and after 29 min the
dry film thickness is measured.

ACl = d1 — dz/d1 x 100 in % (1)

2.3.2. Method 2

A different approach to measure compression is based on Bicke (2019) [2]. Shortly
before applying the adhesive on the veneers, the thickness is measured using a caliper
(£0.01) on each veneer edge (t;). The board thickness (tpoqrq) is measured after 12 to
24 h of cooling, again on four sides. The compression (AC») is calculated with the sum
of each veneer thickness per board before bonding and the cold board thickness after
pressing (Equation (2)). The bond line thickness is included in the board thickness (tyoard)
measurement, but not in the single-veneer thickness measurement (t;). As a result, the
degree of compression (ACy) is slightly but consistently biased depending on the bond



Forests 2022, 13,1122

30f7

line thickness, resulting in lower calculated compression. It is also possible that thickness
recovery (springback) takes place post-hot-pressing until the cold board is measured.

ACZ = (Zti — tboard)/zti x 100 in % (2)

2.4. Density
2.4.1. Gravimetrical

The boards were divided into 50 x 50 mm? samples (24 per board). The samples
were oven-dried (103 °C). The mass (my), length (lp), width (wg), and thickness (ty) were
measured. The density (p) was calculated by the following Equation (3):

p=mgy/l ><w0><toir1kg/m3 3)

2.4.2. X-ray Profile

A densitometer (Densityprofiler, GreCon GmbH) was utilized to measure the density
profiles of the acetylated LVL specimens and references. The measurements were carried
out on 54 samples from which the oven-dry density was previously recorded. The samples
were kept in a desiccator before the measurements. The specimens were inserted into the
machine so that the profiles displayed the densities over the board thickness. The X-ray
measured a vertical plane of 35 mm in height and 100 um in width, instead of a small beam.
As a result, the generated density value was a mean value over this vertical plane. The
density was recorded with measuring intervals of 0.05 mm, a feeding speed of 0.1 mm/s,
and a voltage of 33 kV.

3. Results and Discussion

In comparison with the references, acetylated samples were clearly less compressible
(Figure 1). With increasing pressure, this effect became larger. At 6 MPa, acetylated LVL
densified only as much as the references did at 1 MPa. This is in good agreement with
another study that found lower compression on acetylated wood [19].
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Figure 1. The compression ratio of acetylated and non-acetylated beech LVL was measured using
two methods, as described in Section 2. The fact that method 2 exhibited negative compression at
1 MPa whereas method 1 did not could be attributed to the second approach’s missing adhesive film
thickness (see method 2 in Section 2).

Wood needs to be above the glass transition temperature (Tg) for compression without
destroying the cell wall [20]. This is characterized as a movement from a glassy to a quasi-
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rubbery condition that is more of a temperature range rather than an exact point. In that
range, wood components soften and become compressible without breaking the cell wall
structure. The Tg of cellulose, hemicellulose, and natural lignin are 200-250 °C, 150-220 °C,
and 205 °C, respectively [21], while the properties of isolated compounds can vary from
those of wood [22-26]. Additionally, the Tg of wood is impacted by its MC [24,26]. Inside
the wood cell wall, water functions as a form of lubricant. After acetylation, however,
wood’s chemical composition is altered. For example, when hornbeam (Carpinus betulus L.)
was acetylated, reactive -OH groups of hemicellulose were replaced by acetyl groups, the
lignin structure was altered, and cellulose (—8.55%) and Klason lignin content (—2.86%)
were modestly reduced [27]. As a result of acetylation, the space for water was occupied by
acetyl groups and the cell wall was bulked (permanently swollen) [9]. Numerous studies
have shown that the MC of acetylated wood is decreased [10,28,29]. A low MC in the
acetylated samples was also discovered in this study, as described above. Therefore, it
is likely that the Tg was not attained due to the low MC of the acetylated beech veneers,
resulting in a decreased compression ratio. A high Ty was also found for acetylated
glucuronoxylan from aspen wood [30], for example.

The heat transfer was also likely to be reduced due to the lowered MC of the veneer, but
was not measured in this study. However, it is generally understood that heat conductivity
is linked to MC [31]. Reduced heat transfer was found in the manufacturing of acetylated
particle boards [32], for example. It is expected that this has merely a modest effect on the
compression in this study, because otherwise the top layers (higher temperature) of the
board would be denser than the inner layers (lower temperature), which was not the case
(Figure 2).
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Figure 2. One representative density profile for acetylated LVL and untreated references bonded with
1,3, and 6 MPa. The red—dotted lines show the mean values of each density profile.

Acetylated LVL pressed at low pressure (1 MPa) had a similar density to the references
(Table 1), even though the compression was lower, as previously described. When com-
paring acetylated wood to references, higher densities are frequently discovered [33,34].
The added acetyl groups replaced the reactive -OH groups, resulting in a higher density,
even if the extractives or other soluble substances were rinsed away during the acetylation
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process. Distorted veneer surfaces prevented density testing on single sheets, which may
have revealed more information about the density after acetylation.

Table 1. Oven-dry density measured with 24 samples on each board.

Material Pressure Oven-Dry Density (kg/m?) Rounded Density Difference between Acetylated
ateria (N/mm?) Mean Standard Deviation Samples and References Based on Mean (%)

Reference 1 715.6 221 4

Acetylated 1 740.7 16.9 B

Reference 3 841.0 271 10

Acetylated 3 756.5 18.9

Reference 6 947.8 34.8 20

Acetylated 6 7924 214

Returning to Table 1, higher pressures very marginally increased the density of the
acetylated samples, which is consistent with the minimal compression found previously
(Figure 1). With increasing pressure, the density differences between the acetylated samples
and references increased. As a result of compression, the densities of the references bonded
at higher pressures (3 and 6 MPa) were higher than that of the acetylated wood. This is
in good agreement with another study, where beech LVL (modified with low-molecular-
weight phenol formaldehyde and untreated) was pressed with different pressures. The
results showed higher compression with increasing pressure and higher WPG.

The findings on density profiles (Figure 1) support the previous results in Figure 1, i.e.,
that acetylated samples were less dense. Furthermore, the data in Table 1 are supported by
the mean values in Figure 2 (red—dotted lines). The local minima and maxima are more
or less evenly distributed across the thicknesses, indicating that the board densified to
the same degree in the core and top layers. For the eight-layered LVL, seven peaks were
recognized on each density profile. The PF bondline is represented by each peak in the
quasi-sinusoid curve, and the veneer is represented by the trough-shaped area between the
two peaks [35]. It is possible, though, that the water-soluble phenol resin plasticized the
cell wall and facilitated compression in that area [36]. Both effects, namely, the adhesive
distribution and the plasticizing effect, were very likely to cause the peaks. Considering
the height of the peaks, the plasticizing was reduced on the acetylated samples.

4. Conclusions and Outlook

After acetylation, beech veneers were only marginally compressible during a bonding
process, even when high temperature (150 °C), long pressing time (30 min), and high
pressure (6 MPa) were applied. Although acetylated beech LVL had a low compression
ratio, it had a similar density as the references pressed at a low pressure (1 MPa). This is
most likely the result of weight gain due to added acetyl groups during the acetylation
process. It is suggested that reduced MC and its accompanying mechanisms are the primary
cause of decreased compression.
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