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Abstract

Alnus acuminata, Vochysia ferruginea and Vochysia guatemalensis, low-density species, have been previously studied
due to their potential in the thermomechanical densification process. However, their spring back and set recovery values
are reported to be high. Therefore, the objective of this work was to investigate and evaluate the effects of steaming and
furfuryl alcohol impregnation pre-treatments on the spring back, set recovery, and thermal degradation of densified wood
of these three tropical hardwood species. The results indicate that both steaming and furfurylation pre-treatments improved
the dimensional stability of the densified wood of these three species. The wood densified with furfurylation pre-treatment
presented higher spring back values (greater than 3%) but lower set recovery (lower than 5%) than wood densified with
steaming pre-treatment. In addition, compared with the un-densified wood, the DTG/TG curves of the three species
showed that the furfurylation-pre-treatment presented thermal stability and chemical modification related to the structure
of hemicelluloses and the amorphous zones of cellulose and lignin, which was confirmed by the FTIR spectrum. In the
wood densified with steaming pre-treatment, a modification of hemicellulose was evident in the FTIR data, resulting in a
displacement of the curve that was only observed at higher temperatures, making it more thermally stable. The densified
wood of V. ferruginea and V. guatemalensis presented lower spring back and set recovery values in comparison to the
wood of 4. acuminata regardless of the treatment applied, suggesting that these two species present better conditions for
the densification process.

1 Introduction market due to its low mechanical resistance and low density

(Tenorio and Moya 2020) Tenorio et al. (2020) have shown

Costa Rica possesses a wide variety of tropical woods cata-
logued as low-density wood, both from natural forests and
commercial plantations (Moya et al. 2019). Alnus acumi-
nata, Vochysia ferruginea, and Vochysia guatemalensis are
fast-growing species used in commercial reforestation pro-
grams. However, their wood presents limited uses in the
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improved density of these three species using a thermome-
chanical densification process, but the dimensional stability,
specifically the spring back and set recovery, are considered
high in densified wood of these species (Tenorio and Moya
2020; Tenorio et al. 2020; 2021).

Thermomechanical densification is a process in which
the physical and mechanical properties of wood can be
improved through the application of heat and compression
(Kutnar and Sernek 2007). However, it is necessary to fix the
deformation resulting from transverse compression to elimi-
nate the two forms of recovery that occur after the process:
(i) elastic spring back: when the deformation produced by
the viscoelastic properties is instantaneously recovered by
removing the compression load and (ii) moisture-induced
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set recovery: when the densified wood recovers its initial
dimensions as a consequence of the release of internal
forces and by the action of moisture (Navi and Sandberg
2012; Sadatnezhad et al. 2017).

Dimensional instability produced by set recovery is one
of the main problems of densified wood (Navi and Sandberg
2012), so recent research has focused on applying treatments
to wood to prevent recovery to its original dimensions.
The treatments applied can be chemical (modification or
impregnation), physical (heating or steaming), or mechani-
cal (using devices) (Navi and Heger 2004). One of the sim-
plest and most widely used treatments is the application of
steam prior to compression (pre-steaming). Pre-steaming
has shown to reduce the set recovery of densified wood,
in addition to other positive effects such as the improve-
ment of its physical and mechanical properties (Inoue et
al. 2008). When wood is saturated with steam, it becomes
elastic, which allows for it to mould in the transverse direc-
tion without producing cracks (Navi and Heger 2004). The
effects of temperature and steaming allow for softening
of the physical structure of the material during densifica-
tion, and the wood reaches the glass transition temperature
(Lenth and Kamke 2001; Pelozzi et al. 2014) at which its
polymers are softened. Thus, molecular rearrangement and
microstructure of the material occur, and consequently, the
relief of internal stresses (Nogi et al. 2003; Gril et al. 2017;
Rodrigues et al. 2018) reduces the set recovery.

Chemical treatments of wood prior to densification are
another method applied to reduce the set recovery of densi-
fied wood. Chemical modification in wood occurs when a
reaction of some reagent with the main polymers of wood,
such as lignin, hemicellulose, or cellulose, occurs and
results in the formation of a stable covalent bond between
the reagent and the cell wall of the polymers (Hill 2006),
causing a change in the macromolecules of the cell wall
(Mantanis 2017). These changes in the wood result in
greater dimensional stability, so the wood is less prone
to dimensional change due to moisture loss or gain (Hill
2006; Rowell et al. 2009; Rowell 2012). Furfurylation is
a chemical modification method of impregnation in which
furfuryl alcohol (liquid produced from agricultural residues)
is chemically bound to the wood by the reaction of lignin
in the cell wall (Sejati et al. 2017; Li et al. 2016), inhib-
iting water molecules from reaching the polysaccharides
and hence reducing the equilibrium moisture content and
increasing its dimensional stability and durability (Esteves
et al. 2011; Sandberg et al. 2017).

On the other hand, during wood densification and, par-
ticularly when pre- or post-treatments are used to reduce the
deformation suffered, wood components (cellulose, hemi-
celluloses, and lignin) are subjected to chemical degradation
depending on the parameters used in the process, such as the
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temperature, moisture content, and process time (Popescu et
al. 2014; Navi and Pizzi 2015). The decomposition of these
components consists of a complex process in which succes-
sive reactions or decomposition processes overlap. Thus,
the individual chemical components of wood behave differ-
ently with respect to thermal degradation. Hemicelluloses
exhibit low thermal stability compared to cellulose, which is
a homopolysaccharide, whereas lignin possesses high struc-
tural diversity and degrades gradually over a wide tempera-
ture range compared to carbohydrates (Beall 1986; Helsen
and Van den Bulck 2000; Cerc Korosec et al. 2009). Degra-
dation of hemicelluloses starts at 180 °C or lower (Sivonen
et al. 2002), that of lignin begins at 250 to 450 °C (Williams
and Besler 1994; Alén et al. 1995), and the minimum tem-
perature for decomposition of cellulose crystals varies from
300 to 360 °C (Kim et al. 2001).

Thermogravimetry (TG/DTG) has proven to be a useful
technique to explain the thermal decomposition of various
biomass materials (Cerc Korosec et al. 2009; Popescu et al.
2014). Some researchers have used this technique to quan-
tify the modifications that appear in thermally or chemically
modified wood (Cerc KoroSec et al. 2009). In a complex
material such as wood, in thermogravimetric curves, it is
possible to observe two main zones: the first is associated
with the devolatilization of water, and the second is associ-
ated with the main components (cellulose, hemicellulose,
and lignin). The predominant process in the second zone
is that of cellulose, which has a high mass loss rate in its
decomposition interval (Orfao et al. 1999).

The present study investigated and evaluated the effect
of two pre-treatments (steaming and furfuryl alcohol
impregnation) on the spring back, set recovery, and thermal
degradation of the densified wood of three low-density, fast-
growing tropical hardwood species from Costa Rica (4/nus
acuminata, Vochysia ferruginea, and Vochysia guatemalen-
sis). The aim was to improve the physical-mechanical prop-
erties of the wood of these species while maintaining their
dimensional stability to achieve a successful densification
process.

2 Methodology
2.1 Material and sample preparation

Alnus acuminata, Vochysia ferruginea, and Vochysia gua-
temalensis trees growing in fast-growth plantations in the
provinces of Cartago and Alajuela in Costa Rica were used.
Three trees of each species (approximately 8 years old) were
cut, and the first two logs were used. Each log was 1.2 m
long and was sawn to obtain tangential wood. Of the total
number of sawn pieces, thirty samples per species (150 mm
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Table 1 Densification treatments used for the samples of the three spe-
cies

Stage Treat- Treat- Treatment
ment T1 mentT2 T3

Pre — treatment Steam Steam Furfurylation

Densification Stage 1 (heating) - - 60 min heat

Densification Stage 2 I5Smin  30min 15 min

(compression)

Densification Stage 3 10min 10 min 10 min

(stabilization)

length x 70 mm width and 20 mm thickness) that presented
a flat sawing pattern and the lowest percentage of heartwood
possible were selected and dried to 12% moisture content.
The initial density was calculated for this moisture con-
dition, and the ratio between the weight and volume was
determined by measuring the thickness, width, and length.
The initial moisture content was calculated as the ratio of
the initial weight to the oven-dried weight, expressed as a
percentage according to ASTM D-4422-16 (2016).

2.2 Wood pre-treatment

Prior to the densification process, two pre-treatments were
used to improve the dimensional stability of the densified
wood of the three species studied:

1. Steaming: Twenty samples of each species were steamed
for 30 min using an autoclave at normal pressure so that
the steam was applied in a closed system, allowing for
it to penetrate the interior of the wood. The temperature
was approximately 115 °C inside the wood in the auto-
clave, and this temperature was set at the beginning of
every steaming treatment. After steaming, the samples
were densified.

2. Furfurylation: Ten samples of each species were fur-
furylated following the procedure described by Pfriem
et al. (2012). The samples were placed in a pilot reac-
tor, where vacuum was applied for 45 min at -70 kPa
(gauge). Then, a furfuryl alcohol solution comprised
of furfuryl alcohol (50%), distilled water (46.25%),
sodium borate used as a buffer agent (2%), and an
organic acid catalyst composed of oxalic acid and citric
acid (1.75%) was introduced for 2 h at a pressure of
8 bar. Then, the reagent was extracted, and the reactor
temperature was set at 40 °C for 4 h with pressure vac-
uum at -70 kPa (gauge) applied every hour for 20 min.
After 4 h, the samples were removed from the reactor,
wrapped in aluminium foil and then heated in an oven
for 16 h at 103 °C. Next, the samples were subjected to
a final drying of 24 h at 103 °C without aluminium foil.
Finally, the samples were placed in a chamber condi-
tioned at 12% moisture. The weight% gain (WPG) was

41.4% for A. acuminata, 39.2% for V. ferruginea, and
45.3% for V. guatemalensis.

2.3 Densification process

The densification process used consisted of three stages:
heating, compression, and stabilization, and three densifi-
cation treatments were carried out by varying some of the
stages (Table 1). For treatments 1 and 2 (with presteam-
ing), stage | (heating) was not performed, and the steamed
samples were immediately taken to stage 2 (compression).
During this stage, the samples of treatment 1 were com-
pressed for 15 min, and the samples of treatment 2 were
compressed for 30 min before reaching a target thickness
of 9 mm (55% degree of compression). For treatment 3, the
furfurylated samples were heated (stage 1) for 60 min inside
an oven at 100 °C and then taken to stage 2, where they were
compressed for 15 min until reaching a target thickness of
9 mm (55% degree of compression). In the three treatments,
at the end of the compression stage, the samples were kept
compressed and heated but without load application for 10
additional minutes (stage 3, stabilization).

For the samples of A. acuminata and V. guatemalensis,
the temperature used during stages 2 and 3 of the densifica-
tion process was 180 °C, while that for V. ferruginea was
160 °C because previous studies have shown that a tem-
perature of 180 °C is not suitable for this species (Tenorio et
al. 2020). A total of 30 samples per species were densified.

2.4 Evaluation of the densification process and set
recovery

The final density, final moisture content (MC), percentage
of compression (% compression), percentage of densifica-
tion (% densification), and spring back were evaluated in
the densification process. The thickness of each piece was
determined at the end of stages 2 and 3 of the densification
process (compression and stabilization thickness). After
the process of densification, the width, length, weight, and
density of each wooden sample were determined. The final
density (after densification) was calculated as a relation
between the weight and volume, determined by measuring
the stabilization thickness, width, and length. The final MC
was calculated as the ratio of the final weight (after the sta-
bilization stage) to the oven-dried weight, expressed as a
percentage according to ASTM D-4422-16 (2016).

The % compression was calculated as the ratio of the ini-
tial thickness to the compression thickness, expressed as a
percentage. The % densification was calculated as the rela-
tionship between the initial density (before the densification
process) and the final density (after the densification pro-
cess). The spring back of the thickness of the densified wood
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was calculated as the ratio of the compression thickness to
the stabilization thickness, also expressed as a percentage.

Set recovery was determined according to Eq. 1, and two
consecutive cycles were carried out.

T, — T,
4 s 07
SR =1 X 100% (1)

where T is the thickness of the densified wood samples after
being heated at 103 °C and soaked for 24 h, T} is the thick-
ness of wood after densification and heating in an oven at
103 °C for 24 h, and 7, is the initial oven-dried thickness of
wood before densification.

2.5 Thermogravimetric analysis (TGA)

TGA analysis was performed on a TA Instruments Q500
(New Castle, Denver, USA) thermogravimetric analyser.
Approximately 5 mg of each densification-treated and an
un-densified wood per species were used, and an inert atmo-
sphere was provided by ultrahigh purity nitrogen with a flow
rate of 90.0 ml min~!. Each analysis began with thermal sta-
bilization and a 10-minute isothermal period at 30 °C, fol-
lowed by constant heating at 10 °C min~" up to 700 °C. The
data acquired were processed in TA Instruments Universal
Analysis 2000 software. The following information was
obtained: TGA curves and derivate calculations from the
TGA data, temperature and mass at the beginning of thermal
decomposition processes (T; and W, respectively), tempera-
ture and mass at the deflection (shoulder) before the point of
maximum decomposition (Ty, and W, respectively), tem-
perature and mass of the maximum decomposition rate (T,
and W, respectively), and the temperature and mass at the
final decomposition point (T;and W, respectively).

The un-densified sample was wood of each of the species
without any pre-treatment or densification process.

2.6 FTIR analysis

After the densification process, three samples (8 mm width
x 50 mm length x densification thickness) of each densifica-
tion treatment and an un-densified wood were taken from
each species to determine the Fourier transform infrared
spectroscopy (FTIR) spectra. The samples were measured
on the inside of the wood by means of a Nicolet 380 FTIR
spectrometer (Thermo Scientific) using a single reflec-
tance ATR cell (equipped with a diamond crystal). All data
were recorded at room temperature in the spectral range of
4000-700 cm™! by accumulating 64 scans with a resolu-
tion of 1 cm™!. The FTIR spectra obtained were processed
with Spotlight 1.5.1, HyperView 3.2, and Spectrum 6.2.0
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software developed by Perkin Elmer Inc. (Massachusetts,
USA).

Baseline correction was applied at 1800 to 650 cm™ > and
the main components in this vibration band were identified.
This band was selected because several studies have identi-
fied it as the range where variation in the changes of the
surface of the wood most occurs (Li et al. 2016; Bonifazi
et al. 2015).

1

2.7 Statistical analysis

Compliance of the measured variables with the assump-
tions of normal distribution, homogeneity of variance, and
outliers was verified. An analysis of variance was applied
to verify the effect of the densification treatments on each
of the variables measured during the densification process
(% compression, % densification, and spring back) and the
changes in the physical properties (initial and final mois-
ture content, density and set recovery) for each species. The
Tukey test was used to determine the significant differences
between the means of the variables measured. The analysis
of variance and Tukey tests were performed with SAS soft-
ware (SAS Institute Inc., Cary, NC).

3 Results
3.1 Wood parameters before and after densification

The initial MC varied between 12% and 13% for T1 and
T2, respectively, and there were no significant differences
between the two treatments, while T3 showed the lowest
average statistically (less than 7%) of the three species
(Table 2). In the MC after steaming, significant differences
were observed between T1 and T2 for A. acuminata and V.
guatemalensis, the T2 treatment had the lowest average, and
the samples of V. ferruginea did not present significant dif-
ferences (Table 2). The averages obtained for the final MC
of the three species were less than 1%, except for T1 for
V. ferruginea, which was 1.63%. For A. acuminata and V.
guatemalensis, T2 showed the lowest values, while V. ferru-
ginea exhibited the lowest values for treatments T2 and T3
(Table 2). With respect to the initial and final density, there
were no significant differences between T1 and T2, but both
treatments presented a statistically lower density in relation
to T3 for all three species (Table 2).

For the three species, no differences were observed
between T1 and T2 with respect to the % densification,
which was approximately 75% for A. acuminata, 70% for
V. ferruginea, and approximately 78% for V. guatemalensis.
T3 presented the lowest average, approximately 60% for all
three species (Table 2). With respect to the % compression
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Table 2 Characteristics of the wood of three tropical hardwood species before and after densification process
Species Treatment Initial MC MC after Final MC (%) Initial density Final density % densification % com-
(%) steaming (%) (g/em®) (g/em®) pres-
sion
Alnus Tl 12242.1) 25334 0.494 (38.83) 0.4%(8.0) 0.78 (7.8) 7224 5324
acuminata (11.96) (16.3) (1.5)
T2 13.14(7.6)  19.638 0.19%(29.84)  0.4B(9.1) 0.7% (10.0)  76.6* 51.98
(13.02) (14.9) (1.3)
T3 648 (12.6) - 0.684(27.10) 0.74(8.2) 1.14(9.2) 64.18 52.08
(17.9) (2.4)
Vochysia Tl 1234(2.3) 18764 1.64 (26.4) 048 (11.6)  0.78(9.3) 69.94 51.84
Serruginea (10.46) (15.5) (1.8)
T2 1294 (6.0)  17.934 0.6° (20.4) 048(132)  065(134) 6944 51.84
(8.88) (13.3) (1.4)
T3 5.78 (8.9) - 0.55 (28.9) 0.6%(14.8)  094(12.1) 6045 51.44
(19.7) (2.8)
Vochysia Tl 1234(2.9) 23234 03B (28.9)  04B@3.1) 0.78 (5.5) 80.74 53.94
guatemalensis (11.97) (10.1) 2.2)
T2 13.6%(3.2)  19.93B(6.36) 0.2B(31.7) 0.4% (8.8) 0.78 (8.7) 77.34 51.78
(5.2) (1.3)
T3 6.28 (6.7) - 0.5%(33.2) 0.74(103)  1.14(6.5) 63.08 52.48
(24.1) (1.2)

Legend: the values in parentheses mean coefficient of variation. Different letters for each parameter represent statistical differences between

different treatments (significances at 95%).

for A. acuminata and V. guatemalensis, no differences were
observed between T2 and T3, with averages of approxi-
mately 51%, while T1 showed a slightly higher average
of 53%. In V. ferruginea, no significant differences were
observed between treatments (Table 2).

Regarding the spring back, in 4. acuminata and V. ferru-
ginea, there were no significant differences between T1 and
T2. In addition, 4. acuminata exhibited the highest spring
back averages in the three treatments, while for V. guate-
malensis, T2 did not show spring back averages (Fig. 1a).
For T3, the spring back was higher in all three species com-
pared to T1 and T2 (Fig. 1a).

In the two set recovery cycles, the same behavior was
observed in all treatments (Fig. lb, c). For A. acuminata,
there were no differences between T1 and T2; V. ferruginea
in T2 had the highest average in the two cycles, while V.
guatemalensis in T1 had the highest average (Fig. 1b, c).
For the three species, T3 showed statistically lower aver-
ages (Fig. 1b, c).

3.2 Thermogravimetric analysis

Figure 2 shows the DTG/TG curves of the un-densified and
densification wood of the three species. The DTG curves
show two decomposition steps. The first step corresponds
to dehydration and elimination of low molecular weight
compounds and takes place for the three species from 15
to 106 °C for the un-densified wood and from 25 to 130 °C
for the wood densified in the three treatments (Fig. 2a, c, e).
The mass loss at the end of the first step was approximately

10% for A. acuminata, 8% for V. ferruginea, and 12% for
V. guatemalensis for the un-densified wood; for the wood
densified in T1 and T2, it was 8% and 4%, respectively, for
T3 for the three species (Fig. 2b, d, f).

The second step, which varies between 150 and 480 °C,
was assigned to the decomposition of the main wood compo-
nents (cellulose, hemicellulose, and lignin). It was observed
for all three species that the curves of treatments T1 and
T2 (pre-steaming) present the same shape as that of the un-
densified wood but with a shift towards higher temperatures
during the whole decomposition process (Fig. 2a, c, ¢),
while the curve of T3 (furfurylation pre-treatment) presents
marked differences in shape compared with the other two
treatments and the un-densified wood (Fig. 2a, c, e).

These similarities and differences in the behaviour of the
DTG curves can be verified by evaluating the different tem-
peratures (Table 3). First, an important aspect to highlight is
that the un-densified wood presented lower decomposition
temperatures in relation to the wood in the three densifica-
tion treatments, except for T;, where the wood of T3 showed
the lowest values (Table 3). For the densification treatments,
in general, the temperatures evaluated for T1 were slightly
lower than those in T2, with the exception of Ty, and T; of
A. acuminata and T; of V. guatemalensis, as these tempera-
tures were higher in T2. Meanwhile, T3 presented lower
values in relation to T1 and T2 for all temperatures analysed
in the decomposition process, except Ty, for which T3 pre-
sented the highest value of the three wood species (Table 3).

The parameters related to the mass indicate that the un-
densified wood showed the lowest percentages of mass in
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Fig. 1 Spring back (a) and set recovery cycles (b and c¢) for densified wood of three tropical hardwood species
Legend: different letters for each parameter represent statistical differences between different treatments (significances at 95%).

the whole process (Table 3). The W, values were similar for
T1 and T2 for the three species, whereas for Wy, in 4. acu-
minata, the T1 treatment presented a lower value than T2,
while the W, values were similar for the other two spe-
cies. For W, in A. acuminata and V. ferruginea, there was
a higher value in T1 than in T2, and no differences were
observed in V. guatemalensis. W, varied between species;
for A. acuminata, the value of W was lower in T1 in rela-
tion to T2, while in V. ferruginea, the opposite occurred; T2
was lower than T1, and there was no difference between T1
and T2 in V. guatemalensis. Finally, T3 presented a higher
percentage of mass in relation to T1 and T2, and during the
whole decomposition process, the un-densified wood exhib-
ited evident differences from T,, to T; (Fig. 2b, d, f; Table 3).
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3.3 FTIR analysis

FTIR spectra were used to investigate the possible chemical
reactions and chemical structural changes in the three spe-
cies of control and densified wood (Fig. 3). In 4. acuminata,
in the densification treatments with steaming (T1 and T2),
no differences were observed in the vibrations with respect
to the un-densified wood, while for V. ferruginea and V.
guatemalensis, only a decrease in the 1108 cm™! peak was
observed, which corresponds to the aromatic skeletal and
C-O stretch of polysaccharides and lignin (Fig. 3).

With respect to T3 for the three species, changes in inten-
sity were observed in most of the bands in relation to the
un-densified wood. A decrease in intensity was observed
in the peaks at 896, 1031, 1108, 1182, 1225, 1294, 1341,
1394, 1481, 1535, 1614, 1688 and 1733 cm™!, and the
1652 cm™ ! peak disappeared. This band corresponds to con-
jugated C=0 inquemines coupled with C=0 stretching of
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Table 3 Thermogravimetric data for the thermal degradation of densified and un-densified wood from three tropical hardwood species
Species T, (°C) Wo%)  TyCO  Weu ) T,(0)  W,Ch) T,(C) W,
(%)
A. acuminata Tl 233.2 922 310.5 78.7 369.3 42.1 487.2 21.0
T2 2393 91.9 304.3 80.6 369.3 41.5 481.2 22.1
T3 214.9 94.5 290.0 87.3 349.2 65.0 493.2 42.8
Un-densified 216.8 89.4 273.2 81.2 347.8 35.8 448.3 19.8
V. ferruginea T1 226.6 92.1 306.2 79.8 359.2 43.9 469.4 19.9
T2 230.7 91.7 308.3 79.2 365.3 40.6 480.7 17.9
T3 2123 94.1 302.1 84.5 347.6 61.0 483.4 382
Un-densified 2143 91.3 277.5 80.4 341.8 36.8 454.5 15.8
V. guatemalensis T1 235.2 91.0 304.4 79.3 365.2 41.5 486.5 20.4
T2 237.2 91.4 308.3 78.6 367.3 41.5 485.1 20.8
T3 220.9 94.2 296.2 86.3 340.9 70.6 491.4 46.0
Un-densified 223.2 87.1 281.9 76.3 338.8 42.4 442.5 20.8

Legend: T;: temperature at beginning of thermal decomposition processes, W;: mass at beginning of thermal decomposition processes, Tg:
temperature at the deflection (shoulder) before the point of maximum decomposition, W, : mass at the deflection (shoulder) before the point of
maximum decomposition, T,,: temperature of maximum decomposition rate, W, : mass of maximum decomposition rate, T: final temperature
of thermal decomposition, Wy mass at the final of thermal decomposition.

various groups of hemicellulose. In addition, an increase in
the intensity of the peaks at 692, 785 and 1566 cm™! was
observed (Fig. 3).

4 Discussion
4.1 Densification parameters

The characteristics of the wood before and after the den-
sification process showed no differences between the pre-
steaming treatments (T1 and T2), except for the final MC
and % compression (Table 2). This can be attributed to the
differences in the compression time used in each treatment,
15 min for T1 and 30 min for T2 (Table 1). In this sense,
the application of a longer compression time at a constant
temperature causes moisture loss during the process, which
was observed in the densified wood of T2, which presented
a lower final MC than T1. In addition, it is possible that in
using a shorter compression time (15 min) in T1, the com-
pression is performed faster, producing a higher % compres-
sion (Table 2). In the case of the other parameters evaluated,
the initial MC, initial density, final density, and % densifica-
tion, the lack of differences between treatments T1 and T2 is
a consequence of the fact that the wood was from the same
lot, so no differences should be observed in these param-
eters (Table 2).

The results obtained for wood densified with the furfu-
rylation pre-treatment (T3) show differences from T1 and
T2 in all the parameters evaluated (Table 2). Furfurylation
is a treatment in which the wood is impregnated with furfu-
ryl alcohol, which remains adhered to the cell walls (Lande
et al. 2008), resulting in an increase in both the initial and
final density in relation to those of T1 and T2. However,

the increase in the weight added to the wood by furfuryla-
tion makes the % densification lower in relation to that of
T1 and T2 because the % densification is a ratio between
the final density and the initial density. In addition, modi-
fication by impregnation with furfuryl alcohol prevents the
water molecules from accessing the hydroxyl groups of the
polysaccharides of the wood, thus reducing the equilibrium
moisture content (Esteves et al. 2011), which caused the
wood of T3 to present initial moisture content lower than
those of T1 and T2 (Table 2).

Spring back and set recovery are among the most impor-
tant parameters evaluated in densified wood, as they allow
for determining the efficiency of the process through dimen-
sional stability (Navi and Sandberg 2012; Sadatnezhad et
al. 2017). They are attributed to the fact that densified wood
can recover its original shape even when subjected to large
deformations because of its hygroscopic nature, its visco-
elastic properties, and the release of the inner stress stored in
the wood during the densification process (Sadatnezhad et
al. 2017). Spring back is the degree of recovery immediately
after removing the post compression load (Sadatnezhad et
al. 2017).

Some research (Inoue et al. 1993, 2008; Dwianto et al.
1999) has focused on the use of pre-steaming as a technique
to prevent the deformation that wood undergoes after com-
pression and reduce the spring back. In this case, the use of
steam as a pre-treatment in the densified wood of the three
species had a positive effect on T1 and T2 by reducing the
inner stress stored in the wood during densification, which
translated into spring back values of less than 4% for the
three species (Fig. 1a). This effect was more evident in the
densified wood of V. guatemalensis, which practically did
not present this phenomenon (values<1%). In this case,
the differences in the compression times of the treatments
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Fig.2 DTG/TG curves of densified and un-densified wood from three tropical hardwood species

(15 min in T1 and 30 min in T2) did not alter the spring
back of the densified wood; it is likely that the steaming
time (1 h) of both treatments increased the compressibil-
ity of the wood, promoting the viscous flow of wood sub-
stances and reducing the level of stored stress (Inoue et al.
2008) in the same manner during both compression times
tested, resulting in similar spring-back values for both treat-
ments (Fig. 2).

@ Springer

The increase in spring-back values in densified wood
with furfurylation pre-treatment (T3) in relation to T1 and
T2, which were 3% for V. guatemalensis and higher than 7%
for A. acuminata and V. ferruginea (Fig. 1a), can be attrib-
uted to the fact that furfurylation tends to result in storage
of more stress during compression (Pfriem et al. 2012). This
means that part of the deformation in the wood tends to be
elastic and thus when the load is removed and the stress
is released, it causes immediate spring-back deformation.
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Fig.3 FTIR curves of densified and un-densified wood from three tropical hardwood species

Another important aspect to note regarding spring-back val-
ues is that they do not seem to be related to the WPG, since
there was generally little variation in this parameter (41.4%
for A. acuminata, 39.2% for V. ferruginea, and 45.3% for
V. guatemalensis). In addition, the spring-back results
were similar in V. ferruginea and A. acuminata, the spe-
cies with the highest and lowest WPG values, respectively.
This shows that spring-back values are probably related to
chemical modifications in the wood components, which are
discussed in the next section.

Set recovery or compression set recovery is a parameter
that measures the recovery of densified wood when sub-
jected to changes in temperature and humidity and the irre-
versible and permanent structural change that takes place in
the polymer chains of the wood (Navi and Sandberg 2012).
In this study, A. acuminata presented set recovery values
higher than those obtained for V. ferruginea and V. guate-
malensis (Fig. 1b, c). This suggests that these two species
probably present better conditions for densification, as their

structural change was greater. The structural changes pre-
sented by the three species, which were greater in V. ferru-
ginea and V. guatemalensis, occur because when the wood
is densified, the stress to which it is subjected during com-
pression causes the rupture or degradation of the hydrogen
bonds between the molecules within the hemicellulose-lig-
nin matrix. The FTIR spectra show an important change in
the peak at 1108 cm™! (Fig. 3), which corresponds to a C-O
stretch of hemicellulose and lignin of wood (Bonifazi et al.
2015). During vaporization, the hemicelluloses degrade,
which produces a dissolution of carbohydrates, reducing the
hydroxyl groups (Garrote et al. 2001). This hemicellulose
degradation allows for the microfibrils, mostly composed
of cellulose, to slide and subsequently rebond with adjacent
fibrils in a new position (Altaner and Jarvis 2008). Thus,
the stick-slip is permanent but does not damage the micro-
fibrils in the matrix, and it causes an irreversible structural
change in the wood. In addition, it is likely that 4. acumi-
nata wood tends to store more elastic strain energy in the
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semicrystalline microfibrils of cellulose and lignin during
the compression stage as well as the residual stress stored
in the collapsed cells in relation to V. ferruginea and V. gua-
temalensis, which is the main cause of the set recovery of
wood after the densification process, according to Navi and
Heger (2004).

The values obtained in the two set recovery cycles var-
ied by species (Fig. lc, d). In the present study, the tem-
perature used during pre-steaming in T1 and T1 was 115 °C.
However, Inoue et al. (2008) indicated that it is advisable to
use high temperatures during pre-steaming to reduce wood
set recovery. In addition, they indicate that at temperatures
below 170 °C, the set recovery is approximately 80% and
that the deformation is completely fixed when pre-steaming
is performed at 220 °C for 10 min. Considering what was
postulated by these authors, it is likely that the temperature
used during the pre-steaming of T1 and T2 was not high
enough to obtain lower set recovery values in the three
species, thus reducing the stress to which the wood was
subjected during compression and fixing the deformation
suffered by the cell wall of the wood.

Thus, pre-steaming had no effect on the set recovery
observed between T1 and T2 in V. ferruginea and V. guate-
malensis, which could be due to the different compression
times used in each treatment. However, as the compression
time increased in V. ferruginea, the set recovery increased,
but in V. guatemalensis, it decreased (Fig. 1c, d). In the case
of V. ferruginea, the shorter compression time of T1 allowed
for a greater stick-slip effect due to a greater rupture or deg-
radation of the hydrogen bonds between the molecules of
the hemicellulose-lignin matrix (Altaner and Jarvis 2008).
This situation does not occur with T2, where the increase
in compression time, and therefore, a longer exposure time
to heat, produced changes in the chemical composition of
the species, which can weaken the possible hydrogen bonds
and therefore increase the set recovery. However, in V. gua-
temalensis, when a compression time of 30 min (T2) was
used, better conditions were produced for the stick-slip phe-
nomenon to occur, decreasing the set recovery. In the case
of A. acuminata, the time variation was not enough to cause
a significant effect on the set recovery; thus, in this species,
it is important to increase the compression time as well as
the vaporization temperature to reduce set recovery in future
research.

Finally, the low set recovery values (less than 10%) in
the densified wood of T3 for the three species (Fig. 1b, c)
can be explained by the fact that during densification, the
furfurylated wood tends to store more elastic strain energy
that is released almost entirely at the end of the process,
which translates into higher spring-back values (Fig. 1a).
However, the set recovery associated with the deformation
that occurs when the densified wood is subjected to changes
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in temperature and humidity results in low set recovery
values in relation to T1 and T2 (Fig. 1b, c). In addition,
furfurylation acts as an impregnation modification where
furfuryl alcohol reacts with itself and with lignin in the cell
walls, forming furfuryl alcohol complexes deposited in the
wood cavities and cell walls (Lande et al. 2008; Nordstierna
et al. 2008; Gérardin 2016; Li et al. 2016). This prevents
water molecules from reaching the wood polysaccharides,
resulting in, among other things, increased wood dimen-
sional stability due to lower hygroscopicity (Esteves et al.
2011). Pfriem et al. (2012) noted that values of more than
30% weight% gain (WPQG) in the furfurylation process pro-
duce set recovery values of less than 20% for densified and
furfurylated Fagus sylvatica wood. In this study, the wood
of the three species presented WPG values higher than
35% (41.4% for A. acuminata, 39.2% for V. ferruginea and
45.3% for V. guatemalensis), which could lead to the low
set recovery values obtained (Fig. 1b, ¢). Thus, the wood
densified with the furfurylation pre-treatment presented set
recovery values lower than those after steaming the wood in
T1 and T2. Therefore, it is an effective treatment to achieve
low set recovery values, but with the disadvantage of pre-
senting high spring back (Fig. 1).

4.2 Chemical analysis

The mass loss of 4-8% observed during the first step of the
TG curves (Fig. 2b, d, f), which correspond to the dehy-
dration of the wood and the decomposition of low molec-
ular weight components (Yang et al. 2007), indicates that
the densified wood tends to maintain some hydrophilicity,
which was higher in T1 and T2 than in T3 for all three spe-
cies. This shows that the densified wood after T3 (furfuryla-
tion pre-treatment) tends to be more hydrophobic, as shown
by the set recovery results (Fig. 1b, c).

Another important aspect to note is that, in this tem-
perature range, the initial mass loss was independent of
the species, since little variation was observed among the
three species evaluated (Fig. 2b, d, f). Likewise, few differ-
ences were observed between treatments T1 and T2 in the
three species, so it can be inferred that, at this stage of the
decomposition process, the two treatments produced similar
effects on the species. The opposite case occurred with T3,
which presented a lower weight loss in relation to T1 and
T2 for the three species. This indicates that the densified
wood after T3 (furfurylation pre-treatment) tends to be more
hydrophobic, which is to be expected since, according to
Kong et al. (2018), furfuryl alcohol is not only deposited in
cell lumens but also enters cell walls, which decreases the
hygroscopicity of the wood (Esteves et al. 2011).

The displacement of the curves during the second step
of the decomposition process of the densified wood of
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T1 and T2 (steaming pre-treatment) indicates an increase
observed at all temperatures (Table 3; Fig. 2) in relation to
the un-densified wood, suggesting that a modification of
the wood components occurred. This stage of the decom-
position process corresponds to the thermal degradation of
wood components, which involves a complex process con-
sisting of several overlapping reactions of hemicellulose,
cellulose, and lignin decomposition (Yang et al. 2007). The
modification of wood components, specifically hemicellu-
lose, evidenced by the displacement of the decomposition
curves, can be explained by the fact that the permanent
deformation that wood undergoes when it is subjected to the
densification process (stick-slip) produces a rupture of the
hydrogen bonds between the matrix of wood components,
allowing for a better and closer fit of the microfibrils in a
new position, making the bonds formed more chemically
stable (Altaner and Jarvis 2008). Thus, in densified wood,
although the TG curves of T1 and T2 present a similarity
to un-densified wood, the densified wood curves are shifted
towards a higher temperature, indicating greater thermal
stability.

Specifically, the FTIR spectrum of the species showed a
significant change in peak at 1108 cm™! (Fig. 3), which cor-
responds to aromatic skeletal and C-O stretch of hemicellu-
lose and lignin in the wood (Bonifazi et al. 2015). However,
although this peak corresponds to these two components of
the wood, it is more likely that the modification occurs in
the hemicelluloses in this case since lignin cross-linking is
probably a radical reaction that increases the bonds in this
component (Ramos 2003), while hemicellulose degradation
is likely more favoured by the more open access to dissolu-
tion of carbohydrates (Garrote et al. 2001). However, this
result should be considered with caution. The above changes
produced in the wood were observed after the steaming pro-
cess and not for densified wood; the present study indicates
that, upon steaming, there is a densification process with
temperature.

It is also important to mention that in treatments T1 and
T2, although they present an irreversible structural change
due to the stick-slip phenomenon, according to Altaner
and Jarvis (2008), this phenomenon does not damage the
microgrids of the matrix, as evidenced in this study by the
curves of the second stage of decomposition, where no
changes were observed in the shape of the DTG curve of T1
and T2 in relation to that of the un-densified wood (Fig. 2).
In this sense, different studies indicate that the decomposi-
tion of hemicelluloses starts at 180 °C or less, while that
of lignin is 250 to 450 °C, and the minimum temperature
for the decomposition of cellulose crystals in an inert atmo-
sphere is 300 to 360 °C (Williams and Besler 1994; Alén et
al. 1995; Sivonen et al. 2002; Kim et al. 2001). In the pres-
ent study, the temperature used in the densification process

was lower than 200 °C for all three species, and the pre-
steaming applied in T1 and T2 was performed at 115 °C.
Therefore, it is to be expected that decomposition of the
wood components would not occur but only a modification
of them, as was observed in the displacement of the curves
towards a higher temperature.

In this second stage of the DTG/TG curves, in T3 densi-
fied wood, the thermal degradation process is completely
different from that of T1 and T2 in the three species because
furfurylation affects the thermal behaviour of the wood
(Fig. 2). For T3 densified wood, a shift of the decomposition
curves was not observed in relation to un-densified wood (as
in T1 and T2), but there was a clear decrease in the shoulder,
corresponding to the decomposition of hemicelluloses and
amorphous zones of cellulose (Popescu et al. 2014), and an
increase in the final peak of the curve, corresponding to the
degradation of lignin (Avni and Coughlin 1985) (Fig. 2).
The chemical relationship of furfuryl alcohol with wood is
quite complex since it affects the components of the wood
in different ways; furfuryl alcohol is deposited in the cell
walls, preventing the access of moisture, and it also affects
hemicellulose and lignin, making densified wood more
resistant to water (Fig. 1) and more thermally stable. The
FTIR spectrum of T3 fully shows the presence of furfuryl
alcohol in the wood, specifically the variations at 889, 785—
790, 1225,1481, 1561-1566, 1711 and 1733 cm™! (Fig. 3),
which correspond to the presence of furfuryl alcohol in the
wood (Dong et al. 2014; Gao et al. 2017; Kong et al. 2018)
and the relationship of the vibrations due to the C=0 bond
stretching with the polymer components of the wood. Thus,
this important presence of furfuryl alcohol is shown at the
end of the DTG curve or higher temperatures (Fig. 2).

Based on this behaviour, it can be inferred that furfu-
rylation modifies the structure related to hemicelluloses
and amorphous zones of cellulose and lignin. According
to Kong et al. (2018), the change observed in the shoul-
der in the DTG curves corresponds to the degradation of
the amorphous cellulose and hemicellulose due to the acid
hydrolysis of the wood during the furfurylation treatment
of the three species. Additionally, the major degradation of
furfuryl alcohol occurred at 320 —400 °C (Kong et al. 2018),
which overlapped with cellulose and lignin decomposition,
causing an increase in the final peak of the DTG curve of
phase 2 decomposition (Fig. 2). This was confirmed by the
FTIR spectrum, where the vibrations at 889 cm™!, attrib-
uted to B-glucosidic linkages between sugar units (Kong et
al. 2018), and the 1505 and 1016 cm™! vibrations, which
are attributed to a modification in the aromatic band of the
syringyl ring of lignin by the furfuryl alcohol present and the
C-O bond stretch manifested in hemicellulose, respectively,
provide evidence of changes in this bond as an increase in
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vibration due to the presence of furfuryl alcohol (Xie et al.
2013).

Furthermore, it is possible to observe differences between
species in the magnitude of the decrease in the shoulder in
the DTG curves, which may be related to the WPG obtained
for each species after the furfurylation treatment. The WPG
of V. guatemalensis was 45.3%, and it was the species
with the most evident decrease in the shoulder, followed
by A. acuminata (41.4%) and V. ferruginea (39.2%). This
means that the higher the WPG of the furfurylated wood,
the greater the degradation of the amorphous cellulose and
hemicellulose, which will be observed as a greater reduc-
tion in the shoulder of the DTG curve. Finally, the T3 densi-
fied wood yielded a higher final mass (approximately 40%)
than the un-densified wood and T1 and T2 densified wood,
indicating increased char formation and improved thermal
stability due to the incorporated furfuryl alcohol.

5 Conclusion

The differences in the final MC and % compression of the
densified wood of T1 and T2 (steaming pre-treatment) are
attributed to the compression time used in each treatment.
The densification of wood using these two steaming pre-
treatments presented low spring-back values but high set
recovery. However, it modified the structure of its com-
ponents towards a greater thermal stability without caus-
ing degradation because a displacement of the TG curve
towards higher temperatures was observed in relation to that
of the un-densified wood.

In addition to the differences in all the variables evalu-
ated before and after the densification process, the wood
densified with furfurylation pre-treatment (T3) presented
high values of spring back but low set recovery in relation to
the wood densified with T1 and T2 (steaming pre-treatment)
for the three species. These changes were observed because
there was a greater chemical modification in the furfuryla-
tion pre-treatment, which is mainly related to the structure
of hemicelluloses and the amorphous zones of cellulose
and lignin, as demonstrated by the changes in the DTG/TG
curves and FTIR data of the three species in relation to the
un-densified wood.

The experimental data indicate that both steaming pre-
treatment and furfurylation pre-treatment improve the
dimensional stability of the densified wood of the three spe-
cies tested. However, the densified wood of V. ferruginea
and V. guatemalensis presented lower spring back and set
recovery values in relation to the wood of A. acuminata,
regardless of the densification treatment applied, suggesting
that these two species present better conditions for the den-
sification process. In addition, in the case of 4. acuminata,
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no differences were observed in the spring back and set
recovery values obtained after T1 and T2, suggesting that
the densification process variables, specifically the com-
pression time, had no effect on the results.
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