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Abstract

After thermal modification at 210 °C using the Thermowood method, changes in Pinus radiata D. Don wood cell wall
components and hygroscopicity were studied for subsequent comparison with recently felled wood of the same species in
samples from the same region of provenance (Basque Country, Spain). To this end, samples were characterised by sorp-
tion isotherms at 15, 35 and 50 °C fitted to the Guggenheim—Anderson—de Boer (GAB) model, the chemical composition
was obtained by high performance liquid chromatography (HPLC) and infrared spectroscopy (FTIR), and crystallinity and
structural organisation of cellulose (crystal orientation) were determined using powder and 2D X-ray diffraction (XRD).
Heat treatment caused the following changes in the wood: a decrease in the equilibrium moisture content (EMC); a smaller
hysteresis area and therefore more hygroscopically stable wood; a decrease in the hemicellulose content; an increase in the
relative percentage of cellulose, lignin and extractives; and a higher degree of crystallinity and crystal orientation of the cel-
lulose. The reorganisation of cellulose could be explained by epitaxial growth of cellulose starting from the highly oriented
crystalline regions during the recrystallisation process. All these chemical and structural changes induced by heating could

explain the reduction in hygroscopic properties of wood, as well as its stability.

1 Introduction

Many studies have demonstrated that heat treatment
decreases wood equilibrium moisture content (Hill et al.
2012; Olek et al. 2012; Rautkari et al. 2013; Kymaéldinen
et al. 2015, 2018; Sun et al. 2017; Hosseinpourpia et al.
2017, 2018; Li et al. 2017; Wang et al. 2018; Tarmian
and Mastouri 2019), improves wood dimensional stability
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(Militz 2002; Cermak et al. 2015) and decay resistance
(Kim et al. 1998; Kamdem et al. 2002; Hakkou et al. 2006;
Boonstra et al. 2007). This allows thermally modified wood
to be used in less favourable conditions and improves its
competitiveness with more costly tropical timbers. The main
disadvantage of this process is the decrease in wood bend-
ing properties (Kim et al. 1998; Hill 2006; Rautkari et al.
2014). However, little is known about the response of cell
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wall components (especially their reorganisation) to this and
other treatments.

Some authors have attempted to explain hygroscopic
behaviour in thermally modified wood based on the changes
in wood cellulose crystallinity using FTIR (Yildiz and
Giimiiskaya 2007; Rautkari et al. 2013; Wang et al. 2018;
Tarmian and Mastouri 2019) or XRD (Segal et al. 1959).
However, the crystallinity index (CrI) value for a given sam-
ple can vary significantly depending on the measuring tech-
nique chosen and the calculation method used (Evans et al.
1995; Thygesen et al. 2005; He et al. 2008).

Methods based on XRD typically produce Crl values that
vary in the following order: XRD height method > XRD
amorphous subtraction > XRD peak deconvolution > Nuclear
Magnetic Resonance (NMR) (Park et al. 2010).

Because different crystallinity determination techniques
measure different parameters, complete agreement among
methods or a direct comparison of results between studies is
not always possible. The Segal equation (Segal et al. 1959),
the most widely used method to assess crystallinity in cel-
lulose, has been criticised, in particular because the area
under the peaks is more important than the height of the
peaks. Although this is the most commonly used method in
the literature, numerous studies advise against it (Thygesen
et al. 2005; Park et al. 2010; French and Santiago Cintrén
2013). The amorphous subtraction method, like the Segal
peak height method, depends on the assumption that the dif-
fraction intensity at the valley between the (110) and (200)
peaks is due to amorphous material and, therefore, has inher-
ent defects. The XRD deconvolution method is more solidly
based. In this method, software is needed to separate amor-
phous and crystalline contributions to the diffraction pattern
using a curve-fitting process. Certain assumptions must be
made for the curve fitting, for example the shape and number
of peaks (Park et al. 2009). However, this method is still
imprecise, because it is usually performed with curve-fitting
software that does not account for the specific problems of
diffraction data, such as the preferred orientation and crys-
tal size anisotropy typical of cellulose materials. Moreover,
normally only a few strong peaks are included, together with
a wide curve defining the amorphous contribution to the
overall intensity. Thus, none of the conventional methods
for studying crystallinity by diffraction are satisfactory and
more sophisticated methods that consider the influence of
preferred orientation (texture) and crystal size anisotropy are
needed (Bonarski and Olek 2011; Olek and Bonarski 2014,
Garcia-Iruela et al. 2019).

In this study, the Rietveld method of refining powder dif-
fraction data (Rietveld 1969; Young 1993) combined with
2D X-ray diffraction was used. The Rietveld method appears
to be the most reliable approach for studying cellulose crys-
tallinity and has been applied by several researchers (e.g.
Thygesen et al. 2005; Kim et al. 2018; Ling et al. 2019). In
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this method, the experimental diffraction pattern is fitted to
theoretical diffraction patterns calculated from the structure
of each crystalline phase present in the sample (Nishiyama
et al. 2002). The 2D X-ray diffraction method was also
applied to measure dispersion in the cellulose crystal orien-
tation, as well as the crystallinity and proportion of prefer-
entially and randomly oriented cellulose fractions. The crys-
tallinity was determined from the peak broadening of (200)
and (004) cellulose Ip reflections to account for crystallite
anisotropy. This 2D X-ray diffraction method provides new
and additional information about the structural reorganisa-
tion and recrystallisation of cellulose during heating.

The objective of this study was to compare the hygro-
scopic response of recently felled (untreated) and Pinus
radiata D. Don wood thermally modified at 210 °C by the
Thermowood method, and examine how changes in the cell
wall components, cellulose structural reorganisation and
recrystallisation during heating can explain the effect of heat
change on hygroscopicity.

2 Material and methods
2.1 Provenance of samples

Pinus radiata D. Don wood was obtained from plantations
in the Lombrade forest in the municipality of Zeanuri (Bis-
cay, Spain). Five trees, 47-57 cm in diameter, were felled
at 1.30 m height. From the first log of about 1000 mm in
length, 10 pieces were cut with 25 mm thickness, 40 mm
width and 500 mm length between rings 25 and 30, five
to obtain the samples of untreated wood and the other five
for thermally modified wood. To determine EMC, chemi-
cal composition, FTIR and XRD-diffraction, strips were
obtained from each untreated and thermally modified board
by manual planing (approx. 15 mm long, 10 mm wide and
1 mm thick). The number of replicates was five for EMC and
10 for the other properties.

The heat treatment was performed industrially at 210 °C
using the Thermowood method, in which wood is heated to
185-215 °C in a dryer while steam is injected, maintaining
a constant temperature for 2-3 h. The temperature is then
lowered by water spraying until the wood reaches a mois-
ture content of 4—7% (for more details of this process see
ThermoWood® Handbook 2003).

2.2 Sorption isotherms

The 15°, 35 °C and 50 °C sorption isotherms were plotted
using the COST Action E8 saturated salt method (Jowitt and
Wagstaffe 1989). The water activities for the salts at 15°, 35°
and 50° were taken from Baxter and Cooper (1924), Ache-
son (1965), Greenspan (1977), Huang (1985) and Clarke
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and Glew (1985). The desorption isotherm of the recently
felled wood was plotted before its moisture content dropped
below the saturation point, to avoid possible hysteresis peaks
that could have resulted in misinterpretation of the sorption
loops (Fredriksson and Thybring 2018). The sorption cycle
of the modified wood also began in desorption at the start of
treatment. The heat-treated wood was resaturated by vacuum
with deionised water, following the method used by Fre-
driksson and Thybring (2018). Equilibrium was considered
to have been reached in each salt when the weight difference
was no more than 0.1% when samples were weighed in a
24 h interval.

The Guggenheim—Anderson—de Boer (GAB) model was
used. Because of the good fit of the sigmoid to the EMC
obtained in lignocellulosic materials, this model is widely
applied (Avramidis 1997) (Eq. 1).

K-C,-a,
X = 'Xm (1)
(I-K-a)I-K-a,+C,-K-a,)

where X EMC (%); X,, monolayer saturation moisture con-
tent (%); C, Guggenheim constant (dimensionless); K con-
stant (dimensionless); a,, water activity on a scale of zero to
one (dimensionless).

The fit was considered valid when the correlation coeffi-
cient R was higher than 0.999 and the root mean square error
(RMSE) was lower than 4% (Esteban et al. 2008a, b, 2009).

2.3 Chemical composition and number of accessible
—-OH groups

The untreated wood and thermally modified wood were
chemically analysed to determine possible changes in the
cell wall components.

The extractives were obtained with ethanol, following the
standard procedure of Sluiter et al. (2005), and the lignin and
sugar percentages were determined using double hydrolysis
(Sluiter et al. 2012). Sugar content was quantified by high
performance liquid chromatography in an Agilent Technolo-
gies 1260 HPLC that included an Agilent Hi-Plex Pb col-
umn and an RI-detector system. Separation was performed
at 70 °C with a flow of 0.6 ml min~!, with water as the
mobile phase. The percentage of cellulose and hemicellulose
(hexoses and pentoses) was determined from the amount of
sugars (Easty and Malcolm 1982; Jones et al. 2006).

Infrared spectroscopy (FTIR) was used as a qualitative
tool to identify the functional groups. Sawdust samples
of the two types of wood (untreated and thermally modi-
fied) were prepared and all the samples were oven dried
for 24 h at 103 +2 °C and then cooled in a desiccator with
silica gel at room temperature. A disc with 3 mg dry saw-
dust was pressed against the ATR diamond crystal window,
recording spectra after 64 scans at 4 cm™! resolution using a

Spectra-Tech Performer spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). The powdered sample was
placed so that it completely covered the ATR diamond crys-
tal window. Before each sample was taken, the background
was measured under the same conditions as with no sample
in the ATR. To determine the heights of the IR peaks cor-
responding to the functional groups, two points were used
for the baseline background correction.

Although other methods can be used to determine the
theoretical —-OH group content, such as in Supplementary
material by Thybring et al. (2017), the accessible —OH con-
tent, in moles per gram of dry wood, was calculated using
Rowell’s equation, adjusting the cellulose with the crystal-
linity index, given that the —OH of the crystalline portion are
inaccessible (Rowell 1980; Hill and Jones 1996, 1999; Hill
2006; Hill et al. 2010; Rautkari et al. 2013) (Eq. 2).

3A 3B + 2C D

162 T 162 * 180 @

OHgroup, = 13—2 130

where OHgroup, Number of theoretical -OH groups; A cel-
lulose content (%); B hexosan hemicellulose content (%);
C pentose hemicellulose content (%); D lignin content (%).

2.4 Cellulose crystallinity and crystal orientation
by X-ray diffraction

2.4.1 Powder X-ray diffraction

The crystalline phase content and crystallinity of the wood
chip samples were analysed by X-ray diffraction using an
Xpert Pro X-ray powder diffractometer (Panalytical, The
Netherlands) in reflection mode and copper radiation to
determine theta-2theta scans (from 10° to 45° with 0.03°
step size and 235 s integration time per step). Rietveld
refinement analyses of XRD profiles were conducted using
Topas 5.0 software (Bruker, Germany) to determine cellu-
lose polymorphic phases, unit cell parameters and crystallite
size. Two cellulose phases were included in the model: crys-
talline cellulose If and amorphous cellulose. Amorphous
cellulose was simulated as cellulose IT with 12 A crystallite
size, according to the methodology described by French and
Kim (2018). The parameters refined using Topas software
were crystallite size and cellulose If unit cell parameters, as
well as the weight fraction of each cellulose phase.

2.4.2 Two-dimensional (2D) X-ray diffraction

Small pieces of wood (1 X 1 cm) were analysed with a sin-
gle crystal diffractometer equipped with a PHOTON area
detector (D8 Venture, Bruker, Germany) and Cu radiation
(120 s). Samples were measured in transmission mode with
their fibres oriented perpendicular or parallel to the X-ray
beam. Wood crystallinity was determined by measuring the
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full width at half maximum (FWHM) of the main cellulose
peaks (e.g., 004, 200) displayed in 2Theta scan, calculated
by radially integrating intensities from 2D X-ray diffraction
patterns. At sharper peaks and smaller FWHM, crystallinity
was greater. The Scherrer equation was used to estimate cel-
lulose crystallite size. A quantitative estimation of the degree
of alignment of the c-axis of cellulose crystals in the wood
samples was determined from the angular width of bands
displayed in the intensity profile along the Debye—Scher-
rer ring (Gamma scan) associated with the 200 reflection
of cellulose. The wider the band, the greater the scattering
was in the orientation of the c-axis of cellulose crystals. The
crystallinity and proportion of preferentially and randomly
oriented cellulose were determined from the 2D pattern, fol-
lowing the methodology described elsewhere (Garcia-Iruela
et al. 2019). Two-dimensional XRD patterns were analysed
using XRD2DScan software version 7.0 (PANalytical, The
Netherlands).

2.5 Statistical analysis

The statistical analysis was performed using Statistics
Toolbox® ver. 6.1 MATLAB® ver. 7.5.0 Release 2007b.

The isotherms and the confidence intervals of the parame-
ters were obtained using the authors’ software, transforming
the GAB sigmoid into a second degree parabola and fitting
it using least squares.

For the results of EMC, chemical composition, ultrastruc-
tural organisation and —OH group concentration, ANOVA
was performed with a confidence level of 95%, followed by
LSD analysis. Before ANOVA was performed, normality,
independence and homoscedasticity of the data were deter-
mined using skewness and kurtosis values and the Levene
test.

3 Results and discussion

In all cases, EMC values were lower in the thermally modi-
fied wood than in the untreated wood, and therefore the three
isotherms of the modified wood were below those of the
untreated wood (Table S1, Fig. S1, see Supplementary mate-
rial), agreeing with the results of previous studies (Hill et al.
2012; Olek et al. 2012; Rautkari et al. 2013; Kymaéldinen
et al. 2015, 2018; Sun et al. 2017; Hosseinpourpia et al.
2017, 2018; Li et al. 2017; Wang et al. 2018; Tarmian and
Mastouri 2019). All the isotherms were type II sigmoid
(Cg >2) and their fits using the GAB model were considered
valid in all cases because the RMSE was less than 4% and R
was greater than 0.990 (Avramidis 1997) (Table 1).
Although the physical interpretation of isotherms param-
eters using the traditional models (GAB, Dent, HH) is still
in dispute (Zelinka et al. 2018), in this study they were
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interpreted in the usual manner, given that this matter still
needs considerable investigation. The X, content contrib-
uted by the monolayer was in all cases lower in the thermally
modified wood than in the untreated wood, for all isotherms.
Moreover, the point of inflexion from which the multilayer
prevails over the monolayer is at around 30% (32.7-34.0)
in the untreated wood and around 40% (38.2—41.2) in the
thermally modified wood. This means that the multilayer
contribution to EMC in the thermally modified wood was
lower than in the untreated wood (Table 1). These values
are similar to those obtained in other studies in which wood
degraded naturally (Esteban et al. 2009, 2010; Simo6n et al.
2017) but no significant differences were observed between
the points of inflexion, as in this case.

The isotherms of the thermally modified wood are
more linear; i.e., they are less sigmoid in shape than in the
untreated wood. Moreover, in agreement with Hill (2006),
the hysteresis loop area is smaller in the thermally modi-
fied wood than in the untreated wood. This means that
the wood is more stable, because it has less free energy
in the sorption process (Siau 1995; Esteban et al. 2005,
2008a, b) (Fig. 1). The same was found after analysing
the derivatives of the isotherms. In all cases the slope of
the thermally modified wood curve is lower than for the
untreated wood, and thus for any given RH interval, the
difference in EMC is lower (Fig. S2, see Supplementary
material). However, most studies of thermally modified
wood (Hill 2006; Hill et al. 2009, 2012; Kymaldinen et al.
2015, 2018; Sun et al. 2017; Hosseinpourpia et al. 2017,
2018) reported a downward trend in the hysteresis loop
as the temperature increases to glass temperature, follow-
ing the hysteresis model of glassy solids (Hill et al. 2009,
2010). Other studies (Militz 2002) reported that heat treat-
ment had no influence on the hysteresis loop, or even dis-
played an opposite trend (Olek et al. 2012), with the area
of the loop increasing in poplar and beech wood. These
differences may be due to several factors such as the meth-
odology and parameters of the process, given that mild
heat treatment increases hysteresis, but as the intensity
of the treatment increases, hysteresis decreases (Jalaludin
et al. 2010). The decrease in the hysteresis area in this
study can be attributed to the combined action of the lower
number of active sites and the change in the porosity of the
cell wall nanopores (Kymaéldinen et al. 2015). Although
this study revealed significant differences between the
number of active sites in untreated and thermally modi-
fied wood (Table 2), Rautkari et al. (2013) reported that
the decrease in hygroscopicity cannot be explained solely
by the availability of active sites, because there is a poor
correlation between EMC and the amount of accessible
hydroxyl groups determined by the deuterium exchange
method. These authors posited that there must be an addi-
tional mechanism to control EMC other than the available
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Table 1 GAB fitting parameters for 15 °C, 35 °C and 50 °C isotherms of untreated and thermally modified wood
15 °C isotherm 35 °C isotherm 50 °C isotherm
Untreated wood Thermally modi-  Untreated wood Thermally modi-  Untreated wood Thermally
fied wood fied wood modified
wood
Adsorption
X, 8.08%+0.23 7.028+0.18 6.84*+0.10 6.774+0.17 6.74*+0.11 6.408 +0.20
K 0.74+0.26 0.63+0.21 0.76+0.13 0.62+0.20 0.75+0.12 0.62+0.24
C, 8.05+0.04 8.45+0.03 7.23+0.02 8.12+0.04 6.60+0.03 7.88+0.04
R 0.994 0.997 0.998 0.996 0.998 0.996
RMSE (%) 1.35 0.56 0.27 0.55 0.26 0.45
RH (%) 33.90 39.80 32.70 40.20 32.90 40.30
EMC, (%) 7.84 6.91 6.42 6.59 6.12 6.17
EMC; (%) 0.24 0.12 0.42 0.18 0.62 0.23
Desorption
X, 8.854+0.23 8.128+0.13 8.224+0.11 7.5484+0.17 7.924+0.15 7.318+0.14
K 0.76 £0.26 0.65+0.15 0.73+0.11 0.62+0.20 0.72+0.14 0.61+£0.24
C, 8.48+0.04 8.40+0.02 7.01+£0.02 8.70+0.03 5.98+0.03 7.79+0.03
R 0.992 0.996 0.998 0.996 0.997 0.997
RMSE (%) 1.34 0.29 0.28 0.58 0.52 0.23
RH (%) 32.90 38.70 34.00 40.50 33.8 41.60
EMC, (%) 8.72 7.98 7.63 7.48 6.88 7.02
EMC; (%) 0.13 0.14 0.59 0.06 1.04 0.29

X Monolayer saturation moisture content (%); K: constant; C,: Guggenheim constant; R: correlation coefficient; RMSE: Root Medium Square
Error; RH: relative humidity; EMCa: moisture content contributed by the monolayer in adsorption before the point of inflexion; EMCd: moisture
content contributed by the monolayer in desorption before the point of inflexion; EMCf: water taken up via monolayer sorption after the point of
inflexion. Different superscript indicates significant differences

Fig.1 Area of the hysteresis
loop in untreated and thermally
modified wood for the 15°, 35°
and 50 °C isotherms

hydroxyl groups, as suggested by Hill et al. (2012), in
which thermally modified wood, by causing heat degrada-
tion of the hemicellulose and possibly of the amorphous
cellulose, together with an increase in lignin reticulation,
would increase the stiffness of the cell wall matrix. This

Hysteresis area

15

35 50
Temperature (°C)

B Untreated wood  @Thermally modified wood

increased stiffness limits expansion of the cell wall nano-
pores even further, leading to a decrease in EMC (Keating
et al. 2013; Popescu and Hill 2013).

The changes in the chemical composition of the cell
wall components after heat treatment could also explain
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Table 2 Theoretical number of —-OH groups and number of accessible -OH groups

Number of theoretical -OH c
groups (mmol g~1)

Estimated number of accessible -OH groups (Crystallin- o
ity index of cellulose considered) (mmol g™1)

Untreated wood
Thermally modified wood

13.29 0.06
13.91° 0.05

10.25 0.05
9.95° 0.03

Different letters indicate statistically significant differences

the decrease in EMC. Heat treatment increases cellulose,
lignin and extractives contents and decreases hemicel-
lulose content (Table S2, see Supplementary material)
(Fig. 2). These results agree with those of other stud-
ies (Rautkari et al. 2013; Sun et al. 2017; Li et al. 2017;
Kymildinen et al. 2018; Wang et al. 2018), and it is pre-
cisely the hemicellulose degradation caused by the high
temperature of 160-260 °C (Rowell et al. 2009; Kasemsiri
et al. 2012; Mahnert et al. 2013; Xing and Li 2014) that
contributes most to the decrease in EMC, because hemi-
celluloses contribute the highest amount of -OH groups to
the cell wall, followed by cellulose and lignin (Christensen
and Kelsey 1959).

With regard to cellulose, the conversion of amorphous
regions into more thermally stable crystalline regions (Fen-
gel and Wegener 1989) may also have contributed to a lower
amount of accessible —OH groups and therefore lower EMC.

The relative lignin content also increased, concurring
with the results of Kamdem et al. (2002) and Boonstra and
Tjeerdsma (2006), and although it is accepted that lignin is
the most thermally stable component of the cell wall (Hill
2006), some thermal degradation of lignin at relatively low
temperatures can occur, producing various phenolic decom-
position products (Sandermann and Augustin 1964) and
emergence of new cross-links in the lignin network structure
(Hill 2006). However, it remains unclear how this contrib-
utes to wood hygroscopicity.

Fig.2 Contents of the main 50
components of untreated and
thermally modified wood 45

40
35
30

25
20
15

Content (%)

10

Untreated wood
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In addition, as in other studies (Biziks et al. 2014; Cermak
et al. 2015), an increase occurred in the relative extractives
content in the thermally modified wood. This phenomenon
could fill the nanopores in the cell wall matrix, especially in
hardwoods, in which the extractive percentages are higher
and can be multiplied X10 depending on the type of ther-
mal treatment, thus decreasing the penetration of water
molecules and causing a decrease in wood hygroscopicity,
manifested in the decrease in EMC after thermal modifica-
tion (Biziks et al. 2014; Wentzel et al. 2018). However, the
low extractives content in the thermally treated wood in this
work would probably not have affected the EMC content.

Contrary to expectations, the FTIR spectra (Table S3 see
Supplementary material) (Fig. 3), show the same peaks, and
no significant changes were detected. Due to the degrada-
tion of the cellulose, the carbonyl peak should have been
affected, but this did not happen. The statistically significant
difference of the hemicellulose content (Table S2, see Sup-
plementary material), 28.04% in untreated wood compared
to 22.08% in treated wood, was not sufficient to cause the
disappearance of the carbonyl group. This decrease in the
hemicellulose content definitely contributed to the decrease
in EMC, although other, unknown, changes produced inside
the ultrastructure need to be identified to explain the influ-
ence of the thermal treatments on the cell wall.

2D XRD of the wood samples shows a characteris-
tic fibre texture pattern with intensities concentrated in

mCellulose
OHemicellulose
Lignin

%z Extractives

G
Thermally modified wood

T
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Fig.3 IR spectrogram of
untreated and thermally modi-
fied wood
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Table 3 Cellulose crystallite size and orientation parameters of
untreated and thermally modified wood samples

Crystallite size A) Untreated Thermally modified
Whole c-axis 95.1+7.4 131.0+15.0
Whole a-axis 23.8+2.0 269+3.9
Oriented c-axis 116.7+8.2 122.9+12.0
Oriented a-axis 272+04 30.2+0.1
Random c-axis 48.4+29 442+4.6
Random a-axis 23.4+2.0 239+5.1
AS_200 (°) 51.8+0.7 31.1+11.7
Oriented fraction 0.39+0.03 0.69+0.44

AS_200 is the angular spread of arcs displayed in the 200 reflection

arcs due to the preferred orientation of cellulose crystals
with their c-axis aligned parallel to the fibres and rotated
around the fibre axis (Table 3, Fig. 4). This effect is more
obvious for 004 and 200 cellulose reflections, which are
related to orthogonally oriented crystal directions (c- and
a-axis, respectively). The angular spread (AS_200) of arcs

Fig.4 2D XRD pattern of P.
radiata wood samples analysed
with their fibres oriented
perpendicular to the X-ray
beam. a Untreated; b Thermally
modified

| 1 1
2000 2500 3000 3500

Wavenumber (cm™)

1
1500 4000

displayed in the 200 reflection rings (Debye rings) can be
used to measure scattering in cellulose crystal orientation.
The value for AS_200, calculated from gamma scans for
the 200 cellulose main reflection, ranges from 51.8° for
untreated wood (P. radiata untreated) to 31.1° in thermally
modified wood (P. radiata thermally modified) (Table 3).
The 2D XRD patterns allow differentiation between the ran-
domly oriented cellulose fraction, which contributes homo-
geneously to the whole Debye ring, and the highly crystal-
line cellulose fraction, which shows a strong preferential
orientation and contributes to the arcs. The contribution of
this poorly crystalline randomly oriented region decreases
with heat treatment (higher oriented fraction values). Addi-
tionally, 2Theta-scans of the wood samples calculated from
2D XRD patterns show highly anisotropic peak broadening
as cellulose crystals are elongated along the c-axis, produc-
ing sharper peaks for the 004 reflections (0.5°-1.0°) than for
the 200 reflections (2.8°-3.7°) (Fig. 5). Crystallite size along
the c-axis and a-axis, calculated from the peak broadening of
004 and 200 reflections using the Scherrer equation, is about
120 and 25 A, respectively. XRD data also shows that the
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Fig.5 Calculated 2Theta scan from 2D XRD patterns of untreated
and thermally modified P. radiata samples

Table 4 Crystallinity data from Rietveld refinement analysis of X-ray
powder diffraction patterns

Crl (%) Dy (A)

x c x c
Untreated wood 43.20* 1.99 20.97% 0.15
Thermally modified wood 47.00* 4.42 24.70° 0.78

Crl(%) Crystallinity index; D,,, Mean crystal size

thermally modified P. radiata wood has greater crystallinity
(larger crystallite sizes), particularly for the preferentially
oriented (Oriented) cellulose fraction (Table 3). During
heating, the average crystallite size (Whole) for cellulose
became closer to that of the oriented highly crystalline cel-
lulose regions (Oriented), demonstrating that most of the
less ordered poorly crystalline regions of cellulose (Ran-
dom) reorganise and recrystallise, acquiring a configuration
closer to the oriented highly crystalline cellulose regions.
Other authors obtained similar results (Table 4), report-
ing that wood crystallinity increases after heat treatment
(Bhuiyan et al. 2000; Akgul et al. 2007; Huang et al. 2012;
Yildiz and Giimiiskaya 2007; Wang et al. 2018). The higher
crystallinity means that there is a reduction of polar sites
available. The increase in crystallinity can be explained by
the decomposition of amorphous regions in the cellulose
(Boonstra and Tjeerdsma 2006; Wikberg and Maunu 2004;
Bhuiyan and Hirai 2005) and hemicellulose (Hill 2006; Olek
and Bonarski 2014) or by crystallisation of amorphous cel-
lulose (Esteves and Pereira 2009; Inagaki et al. 2010; Olek
and Bonarski 2014). Other authors explained the increase in
crystallinity by the increased mobility of cellulose chains in
conditions of high humidity and high temperatures (Bhui-
yan et al. 2000), causing a reorganisation or reorientation of
the paracrystalline regions (Bhuiyan et al. 2000; Olek and

@ Springer

Bonarski 2014; Xing et al. 2016; Yin et al. 2017) of the cel-
lulose molecules, where crystallite size can also increase.
This ultrastructural reorganisation of cellulose from par-
acrystalline (less ordered) to crystalline state causes a fur-
ther decrease in the available sorption sites (Jalaludin et al.
2010). Hill (2006) confirmed that during thermal modifi-
cation, part of the paracrystalline cellulose with accessible
—OH groups became crystalline with blocked —OH groups.
These two mechanisms, recrystallisation of paracrystalline
regions and orientation of crystalline regions, could explain
the thermally induced structural changes observed in P.
radiata wood in this study. This orientation process could be
due to a propagation of the crystallisation front of cellulose
by epitaxy (oriented nucleation and growth) starting from
the oriented highly crystalline regions during the recrystalli-
sation process. This would explain the increase in the degree
of crystal orientation (lower values of AS_200), higher Ori-
ented fraction values and larger crystallite size values. Thus,
in thermally treated wood, most of the cellulose is in highly
crystalline, highly ordered regions.

2D XRD shows that the thermally induced recrystallisa-
tion of cellulose responsible for increasing wood crystallin-
ity also causes an ultrastructural reorganisation, with greater
cellulose crystal orientation. Changes in crystallographic
orientation (texture) in thermally treated wood have been
reported by other authors, showing a complex response
depending on the temperature range (Olek and Bonarski,
2014).

4 Conclusion

Heat treatment caused changes in the hygroscopicity and
chemical composition of the wood and a reorganisation of
the cellulose. The thermally modified wood is less hygro-
scopic than the untreated wood because the EMC is lower.
The hysteresis loop areas are smaller and the slopes of the
derivatives of the isotherms are lower, indicating that the
thermally modified wood is more hygroscopically stable. In
addition, the points of inflexion are higher in the multilayer,
indicating a lower contribution of the multilayer to EMC
in the thermally modified wood. The thermal modification
also caused chemical changes in the cell wall components,
comprising hemicellulose degradation and an increase in
the relative proportion of the other main components (cellu-
lose, lignin and extractives). However, despite the chemical
changes caused by the thermal modification, the character-
istic peaks of the infrared spectra experienced no substantial
changes. Lastly, the crystallinity and the degree of cellulose
crystal orientation increased. Less ordered poorly crystalline
regions of cellulose reorganise and recrystallise, acquiring
the configuration of oriented highly crystalline cellulose
regions. This reorganisation could be explained by epitaxial
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growth of cellulose starting from the highly oriented crystal-
line regions during the recrystallisation process.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00107-021-01678-2.
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