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The effects of compression combined with steam treatment (CS-treatment), i.e. a hygro-mechanical
steam treatment on Spruce wood were studied on a cell-structure level to understand the chemical
and physical changes of the secondary cell wall occurring under such conditions. Specially, imaging FT-IR
microscopy, nanoindentation and dynamic vapour absorption were used to track changes in the chemi-
cal structure, in micromechanical and hygroscopic properties. It was shown that CS-treatment resulted
in different changes in morphological, chemical and physical properties of the cell wall, in comparison

gﬁ‘tﬁ;ﬁx with those under pure steam treatment. After CS-treatment, the cellular structure displayed significant
Hygro-mechanical steam treatment deformations, and the biopolymer components, e.g. hemicellulose and lignin, were degraded, resulting in
Earlywood decreased hygroscopicity and increased mechanical properties of the wood compared to both untreated
Latewood and steam treated wood. Moreover, CS-treatment resulted in a higher degree of degradation especially

Biopolymer components

in earlywood compared to a more uniform behaviour of wood treated only by steam.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Wood is one of the oldest composite structures man has made
use of, in which thousands of primary structure building blocks
of tracheids or fibres packed orderly together. In softwoods, about
94% of the wood cells are tracheids (Havimo et al., 2007). Early-
wood tracheids, with a thinner wall and wider lumen, and latewood
tracheids, with a much thicker wall and narrow lumen, can be
observed in an integrated growth ring (Richter et al., 2004; Panshin
& Zeeuw, 1970). The wood cell wall is even more structurally
advanced, whose structure is principally composed of cellulose
microfibrils embedded in a matrix composed of lignin and hemi-
celluloses (Fengel & Wegener, 1984).

As a renewable resource with an exceptional strength-to-
weight ratio, the utilization of wood is restricted by the lack
of dimensional stability, low resistance to decay, and poor
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durability (Hill, 2006). Thus there has recently been a renewed
interest in wood modification. Among the various techniques for
improving the quality of wood, wood densification (Kollmann et al.,
1975; Inoue et al., 1990; Kutnar & Sernek, 2007; Homan & Jorissen,
2004) has been thought to be a promising method, aiming to
acquire desired functionality without changing the advantages of
wood. Densification undoubtedly improves certain mechanical and
physical properties of wood but the transformed shape (compres-
sion deformation) produced during densification is unstable and is
easy recovered totally or partially after re-moistening and heating.
Until now, large efforts in chemical modification (Ermeydan
etal, 2012; Trey et al., 2010; Ermeydan et al., 2014; Deka & Saikia,
2000; Jebrane et al., 2011; Yuan et al., 2013; Jebrane & Sébe, 2008)
have been devoted to maintain permanent fixation of wood mate-
rials. Hydro-thermal treatment (Esteves & Pereira, 2009; Todaro
etal.,, 2012; Lam et al., 2013; Tooyserkani et al., 2013) and thermo-
hygro-mechanical treatment (Navi & Girardet, 2005; Welzbacher
et al.,, 2008; Diouf et al., 2011; Cai et al., 2013) remain challenging
and attractive since they are efficient and ecofriendly strategies to
improve the dimensional stability and durability of wood.
However, the influence and mechanisms of the steam
degradation process and rearrangement of biomolecules under
compressive condition, with regard to changes in the chemical
structure and in the mechanical properties on a cellular level, have
not been fully characterized and understood. In a previous paper
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Fig. 1. Scheme of preparation of wood samples for Imaging FT-IR, moisture sorption, and nanoindentation measurements. Treatment 1: the CS-treatment; Treatment 2:

high-temperature steam treatment.

(Yin et al., 2011), we reported effects of high-temperature steam
treatment on the chemical and physical changes of softwood on a
cell-structure level. It was indicated that chemical changes in the
biopolymer components of the cell wall could fully account for the
changes observed in the hygroscopicity and indentation modulus of
the wood material while no major difference was detected between
the effects of the steam treatment on earlywood and latewood.

In this paper, the effects of compression together with a hygro-
thermal treatment were studied on the chemical and physical
changes of Spruce (Picea abies Karst.) on a cell-structure level
(the term “hygro” refers to treatments using water steam (e.g.
high pressure steam) as compared to the term “hydro” which is
used to describe treatments using water). Specifically, imaging
FT-IR microscopy was utilized to track the variations in chemi-
cal structures under compression combined with steam treatment
(CS-treatment) on a micrometer level. Moreover, nanoindentation,
a method of mechanical testing on a submicrometer scale that
highlights structural variations in biomaterials, such as wood and
bamboo (Ermeydan et al., 2012; Vincent et al., 2014; GindI et al.,
2004; Gershon et al., 2010; Yu et al., 2007; Oliver & Pharr, 1992)
was used. Furthermore, the influences on the earlywood and late-
wood structures were explored. The results would promote the
understanding of the effect and mechanism of steam degradation
and rearrangement of biomolecules under compressed condition
and also provide a scientific basis for the development of environ-
mentally friendly wood products that may have the potential to
substitute the wide use of chemical preservatives for wood.

2. Materials and methods
2.1. Materials

Small specimens (dimensions 20 x 20 x 25 mm in the tangen-
tial (T), radial (R), and longitudinal (L) directions, respectively)
cut from Spruce (Picea abies Karst.) wood lumber were treated by
CS-treatment. The CS-treatment was conducted with a 50% radial
compression ratio (the percentage of the decrease in thickness to
the initial thickness of the specimen) at 110°C for 6 minutes (min)
followed by a steaming process at 160°C for 30 min. All treated
specimens were placed in the pre-heated autoclave and pressurized
steam was applied and regulated to the corresponding prescribed
temperature. The treated specimens were then cooled down to
room temperature inside the autoclave and then conditioned to an
equilibrium moisture content (EMC) of approximately 12%, by stor-
ing in a constant environment room maintained at a constant 20 °C,
65% relative humidity (RH) for at least 20 days. For comparison,
specimens were high-temperature steam treated in the autoclave
for 30 min at 160°C as described in a previous study (Yin et al.,
2011).

Small wood pieces containing an integrated growth ring were
prepared from the surface of the treated samples (Fig. 1A) and then
divided into five pieces (Fig. 1B). The specimens represented wood
from approximately annual rings of an age of 30 years. One piece
was use to slice transverse sections of 20 wm thickness for imag-
ing FT-IR measurement. Three pieces were used for preparation of
micro-specimen of the dimensions (10 x 10 x 1 mm) for moisture
sorption testing. Each of them represented a dry mass of approx-
imately 50 mg. One piece was divided into approximately 2 mm
long sticks and embedded after freeze drying into Spurr epoxy resin
for nanoindentation testing. Similarly, specimens of native spruce
wood were prepared as reference materials.

2.2. Microscopic observations

Embedded wood samples were polished across the tracheids
using a fine grinder to prepare the surfaces so that their quality
would be suitable for microstructure observations under a stereo-
microscope before nanoindentation measurement.

2.3. Imaging Fourier transform infrared spectroscopy (FT-IR)
microscopy

Chemical changes in the secondary cell wall of tracheids were
characterized by imaging FT-IR microscopy in the mid-IR range. The
transmission mode was applied on a Spectrum Spotlight 400 imag-
ing FT-IR system (Perkin Elmer Inc., Shelton, CT, USA). From each
specimen, three areas of 150 by 150 pum were randomly selected
in the earlywood and latewood of a transverse section (Fig. 2A),
respectively, using a visible CCD camera. Using a specially designed
array detector, scanning was carried out on 16 elements, providing
aresolution of 6.25 x 6.25 pm. Eight scans per pixel were added to
improve the signal-to-noise ratio (S/N). The spectra were recorded
with 4cm~! spectral resolution between 4000 cm~! and 720 cm™!
and a total full-spectral image (Fig. 2B) of each selected region was
then obtained.

The obtained IR spectra were then processed by the software
Spotlight 1.5.1, Hyperview 3.2 and Spectrum 6.2.0 developed by
Perkin Elmer Inc. The functions of atmosphere correction, flat
correction and baseline offset correction were applied in turn to
create corrected spectra. Base-line correction was applied at 1800,
1548, 840 and 780 cm~'. Ten pixel positions corresponding to the
secondary cell wall in each of the scanning areas were randomly
selected for assessing average spectra of each specific area. The
spectra were normalized to 1.0 at the cellulose 1425cm~! peak
in order to compare the relative composition in different samples.
By focusing on the secondary wall of transverse wood sections the
eventual influence on the spectra from redistributed extractives,
due to the heat treatment (Yin et al., 2011), was minimized.
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Fig. 2. Visible-light microscopy images of untreated latewood (A). Corrected total full-spectral IR absorbance images of untreated latewood (B). The small black empty box
indicates typical pixel position corresponding to the position of the secondary cell wall (black solid box) for measurement of cell wall spectra. Scale bar =20 pm.

2.4. Moisture sorption

The moisture sorption characteristics were determined on
micro-specimens of 50 mg in the range of RH between 0% and 95%
at 32 °C using a dynamic vapour sorption (DVS) system (DVS-1085,
Surface Measurement System Ltd., UK). The weight changes of the
earlywood and latewood sample were determined, respectively, by
an electronic microbalance with an accuracy of 0.1 pg. At each RH
equilibrium was assumed at a weight change of less than 0.2 p.g.
The mass change was related to the dry weight of the sample.

2.5. Nanoindentation measurement

The embedded wood samples were polished and then adopted
for nanoindentation detection after microscopic observation. The
nanoindenter (Hysitron TI700-Ubi, USA) was set up to create
images (Fig. 3A and B) and then perform axial indentations on
the transverse cell wall surfaces of earlywood and latewood sec-
tions. The tip of a diamond Berkovich three-sided pyramid, with a
force resolution of ca. 50 nN and a displacement resolution of about
0.1nm was used to image, locate and indent the secondary cell
wall of earlywood and latewood tracheids. A loading function was
applied to load a peak force of 250 N at a loading rate of 100 .N/s,
hold at constant load for 15s and unload at a rate of 100 wN/s
(Gindl et al., 2004). The quasi-static mode was used to monitor
and record the load, P, and the displacement, h, of the indenter. The
so called reduced elastic modulus (Es) was deduced from the load-
displacement data of the retracting force part, S=dP/dh, according
to Eq. (1) (Gindl et al., 2004). The hardness, H, was determined
from the peak load, Pmax, and the contact area, A, based on the
Oliver-Pharr method (Oliver & Pharr, 1992), H = Pnyax/A. The elas-
tic modulus of the secondary cell wall in its longitudinal direction
was then calculated using Eq. (2), where E is the elastic modulus
and v is Poisson ratio for the wood sample and for the indenter,
respectively.

1 S
ES=2x1.034ﬁ7A M
2
l _ 1- Usvood + 1- Vindenter 2)
Eg Ewood Eindenter

The diamond indenter has an elastic modulus of 1140 GPa and
Poisson ratio of 0.07 (Oliver & Pharr, 1992). Due to the large dif-
ference in stiffness between the indenter and the wood material
the difference between Es and E,,,o,q may be considered negligible
(Gindl et al., 2004). Here, Es was used as identical to E,y,0q for the
evaluation of elastic modulus properties of the secondary cell wall.

Only the indents placed at valid positions, i.e. clearly on sec-
ondary cell walls, were used for the final analysis (Fig. 3C and D).
An average value from at least 25 indentations, measured in differ-
ent cell walls, was used for the average properties for each different
condition.

3. Results and discussion
3.1. Microscopic observations

For the untreated sample, the typical different features in cell
structure between natural earlywood and latewood were clearly
observed within a growth ring (Fig. 4A). This also resulted in sig-
nificantly different deformations of the morphological structure of
tracheids and ray cells between earlywood and latewood under
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Fig.3. AFMImages of indents created on the CS-treated earlywood (A) and latewood
(B). The number indicates the setting location of indent on the sample surface. AFM
image on height mode (C) and load mode (D) of indents created on the secondary
cell wall of the earlywood tracheids. Scale bar=2 wm; SW, the secondary cell wall;
ML, middle lamella; CL, cell lumen.
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Fig. 4. Visible-light microscopy of cross-section of Spruce wood without treatment, (A); CS-treatment, (B); magnifications of (B) graph, earlywood (C) and latewood (D)
sections. GR, growth ring; R: ray; EW: early wood; LW: late wood; SW, the secondary cell wall. Scale bar =20 pm.

CS-treatment (Fig. 4B). Cell lumens of all tracheids in both the ear-
lywood and latewood regions were almost closed. Much greater
distortion of the cell wall occurred in tracheids and rays of ear-
lywood (Fig. 4C) and less deformation of the cell wall was found
in latewood (Fig. 4D). The rays of earlywood were deformed into a
“zigzag” shape (Fig. 4B and C), whereas no such shape was observed
in the latewood.

The tracheids in earlywood almost collapsed, whilst this was not
observedinlatewood, in accordance with previous studies (Kunesh,
1968; Bodig, 1965; Schrepfer & Schweingruber, 1998). In general,
cells of earlywood possess larger lumen with thin and a less-dense
cell wall than latewood. Since the radial compression treatment
was carried out at a temperature of 160 °C, which was higher than
the glass transition temperatures of both hemicellulose and lignin
(Hillis & Rozsa, 1978, 1985; Murugan, Mahinpey, Johnson, & Wilson,
2008), the enhanced mobility of hemicellulose and lignin molecules
within and between the fibres, leads to a more deformed structure.
Due to the high deformation of the earlywood cell walls probably
additional pores in different sizes (mesopore or micropore) were
formed in these thin-wall cells of earlywood. For the less distorted
latewood, a slight densification of the cell wall might arise. Sub-
sequently, the changes in configuration of tracheid and ray cells
of earlywood and latewood were then permanently fixed by the
further steam process following the compression treatment.

3.2. Imaging FT-IR spectra of the cell wall

The chemical structure of the wood polymers in the cell wall is a
very important factor for an in-depth understanding of the physical
and mechanical performance of wood cell walls. The hemicellu-
loses (xylan and glucomannan) play an essential role, by acting as
a bonding agent between cellulose and lignin in the construction
of the cell wall.

Compared with the native wood sample, chemical changes were
observed after CS-treatment for both earlywood (Fig. 5A) and late-
wood (Fig. 5C). For cellulose the 1316cm~! and 1336 cm~! bands
ascribed to CH, wagging vibrations in the crystalline cellulose and
to OH in plane bending of amorphous cellulose, respectively (Colom
et al,, 2003; Huang et al., 2013; Lionetto et al., 2012), may be used
to assess structural changes in cellulose. Thus the absorbance ratio
of I1316/l1336 provides additional information concerning the differ-
ence in the degradation process of amorphous and crystalline cellu-
lose (Huang et al., 2013) where an increase in the ratio indicates an

increase in the relative crystalline cellulose content (Lionetto et al.,
2012). The ratio I1316/I1336 remained almost constant in all samples
except for CS treated samples where an increase was found for both
earlywood and latewood (Table 1). This indicates that an increase
in the relative crystalline cellulose content became significant only
if wood was compressed under steam treatment.

For hemicellulose and lignin, the characteristic peaks at
1738cm~1,1596cm~', and 810 cm~!, belonging to C=0 stretching
vibrations in the O=C—OH group of glucuronic acid unit in xylan
(Stevanic & Salmén, 2009; Liang et al., 1960; Marchessault, 1962;
Akerholm & Salmén, 2001), to the aromatic skeletal vibrations plus
C=0 stretch of lignin (Faix, 1991; Akerholm & Salmén, 2003), and
to vibrations caused by the equatorially aligned hydrogen at the C,
atom in the mannose residue of glucomannan, (Stevanic & Salmén,
2009; Liang et al., 1960; Marchessault, 1962; Akerholm & Salmén,
2001), respectively, clear changes for both earlywood (Fig. 5B) and
latewood (Fig. 5D) were observed. In general, the relative intensi-
ties of the absorption peaks at 1738 cm~!, 1596 cm~! and 810 cm™!
for both earlywood and latewood decreased (Fig. 5B and D) under
CS-treatment, indicating that the treatment led to degradation of
C=0 in the O=C—O0H group of the glucuronic acid unit of xylan,
a loss of the C=0 group linked to the aromatic skeleton in lignin,
as well as a decomposition of the glucomannan backbone. A clear
difference was observed between the behaviour of earlywood and
latewood for CS-treatment, in comparison with those after pure
steam treatment (Yin et al., 2011).

The relative intensities of the xylan band at 1738cm~! and
the glucomannan band at 810cm~! both decreased compared
to native wood samples after CS-treatment (Fig. 5B and D).
On the contrary, the xylan band at 1456 cm~! ascribed to CH,
symmetric bending on the xylose ring (Stevanic & Salmén, 2009;
Liang et al., 1960; Marchessault, 1962; Akerholm & Salmén, 2001)
and the peak at 1236cm~! belonging to the C—O stretching in
the O=C—O group (Stevanic & Salmén, 2009; Liang et al., 1960;
Marchessault, 1962; Akerholm & Salmén, 2001), only showed small
changes for both ealywood and latewood; for 1456 cm~! (<4.0% for
earlywood and <0.5% for latewood) and for 1236 cm~"! (<9.9% for
earlywood and <3.2% for latewood). As the 1456 cm~! peak, associ-
ated to the xylan backbone, was nearly unaffected it is probable that
no major degradation of the xylan backbone had occurred, and that
the primary effect on the xylan was a side group splitting (Dwianto
et al., 2005; Dietrichs et al., 1978; Boonstra et al., 1998; Garrote
et al.,, 2001).
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Fig. 5. FT-IR spectra of the secondary cell wall of earlywood (A) and latewood (C) in the fingerprint region. Black line: samples without treatment; red line: samples with
steam treatment at 160 °C; blue line: samples with CS-treatment. The relative intensities of the absorption peaks at 1738, 1596, and 810 cm~! in earlywood (B) or latewood
(D) as a function of treatments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Absorbance ratios of wood samples.

Sample L316/I1336 for earlywood I1316/I1336 for latewood
Native wood 1.054 1.070
Steam treated wood 1.057 1.069
CS treated wood 1.094 1.127

Compared with the wood that only had been steam treated,
both xylan and glucomannan displayed greater degradation for
earlywood and less degradation for latewood under CS-treatment.
Specifically, for the C=0 in the O=C—OH group of the glucuronic
acid unit of xylan at 1738cm~! and the glucomannan band at
810cm~! the relative intensities in earywood decreased 44% and
47%, respectively. These chemical changes might be related to the
effect of the compression which presumably created more porous
structures in earlywood due to the heavy distortion of the cell
wall but caused a closure of lumens in latewood. Such pores,
small cracks, and more open lumens would facilitate penetration
of steam, leading to higher degradation of hemicellulose structures
in the earlywood.

Also for lignin, band 1596 cm~! showed a larger decrease; 39%
for earlywood and 19% for latewood after CS-treatment (Fig. 5B
and D). The intensity changes were though not as large for other
absorption bands, 1508 cm~! (Bodig, 1965; Hillis & Rozsa, 1978,
1985) and 1264 cm~! (Hillis & Rozsa, 1978, 1985) ascribed to the
aromatic skeletal vibration and the vibration of the guaiacyl ring,
together with the C=0 stretch, respectively; 1508 cm~! (<10.1%
for earlywood and <19.5% for latewood) and 1264 cm~! (<0.1% for

earlywood and <3.9% for latewood) after CS-treatment. The larger
changes in the relative intensity at 1596 cm~!, in combination with
the lower change in intensity at 1508 cm~!, indicate that a loss of
the C=0 group linked to the aromatic skeleton of lignin has proba-
bly occurred. This could indicate that cross-links have been formed
between aromatic units in the lignin.

Obviously different behaviours are noted for hemicelluloses and
lignin in respect to the degradation under pure steam conditions
and that under CS-treatment for earlywood and latewood. This
points to that the degradation of hemicelluloses and lignin follows
different path ways. Lignin cross-linking is probably a radical reac-
tion (Bardet et al., 1985; Ramos, 2003) which might be favoured by
the increased density of the wood material while the hemicellulose
degradation is probably more favoured by the more open access to
dissolution of carbohydrates (Garrote et al., 2001; Ramos, 2003).

3.3. Moisture sorption isotherms

The moisture sorption isotherms for the native, steam treated,
and CS treated earlywood and latewood samples are shown in Fig. 6.
After the CS-treatment, clear decreases in moisture uptake were
observed for both earlywood and latewood, compared with that in
native wood samples; the moisture content (MC) in absorption was
12% and 13% lower in average than that obtained from native wood
for earlywood (Fig. 6C) and latewood (Fig. 6D), respectively. Also,
in the desorption, a lower moisture content was observed for the
treated wood.

Hygroscopicity is highly correlated with the accessible hydroxyl
groups in wood (Tjeerdsma & Militz, 2005). The reduction in
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function of relative humidity (RH), respectively. Ms = moisture content (MC) of treated specimens; Mu=MC of untreated specimens.

hygroscopicity of the wood after CS-treatment probably reflects
a reduction of accessible hydroxyl groups during treatment. As
indicated by the imaging FT-IR spectra, the hemicellullose and
lignin components were changed after CS-treatment; a degrada-
tion of xylan and a loss of glucomannan, as well as a loss of C=0
groups linked to the aromatic skeleton in lignin (Fig. 5). Due to the
higher degradation of hemicellulose and lignin in cell walls after CS-
treatment, as discussed above, the hygroscopticity of wood treated
by CS-treatment was less than that of wood only subjected to
steam treatment; 9.5% and 10% lower in average than that obtained
from native wood for earlywood (Fig. 6C) and latewood (Fig. 6D),
respectively. Furthermore, the relative crystalline cellulose con-
tent increases after CS-treatment, as discussed above, resulting in
a decreased accessibility of hydroxyl groups to water molecules
(Wikberg & Maunu, 2004; Bhuiyan & Hirai, 2005; Boonstra &
Tjeerdsma, 2006), which also contributes to a reduction in hygro-
scopicity. Differences in hygroscopic behaviour are not easily linked
to the chemical composition of wood. It is however here clear that
the large structural changes in lignin during CS-treatment, espe-
cially in the case of latewood indicates that lignin probably plays
a key role in the hygroscopticity of the cell wall, as reported by
Repellin and Guyonnet (2005).

3.4. Mechanical properties of the cell wall

Nanoindentation technique was used to measure the stiffness
of the cell wall on a submicrometer level. Furthermore, an atomic
force microscope (AFM) attached by the nanoindenter was used
to validate the position and quality of indents made in the sec-
ondary cell wall. Positions on the edge of the cell wall were
consequently disregarded. The average indentation modulus (E)
values and hardness values for the secondary cell wall, determined

from the nanoindentation and load-displacement data, as shown in
Fig. 7, both showed a decreasing trend of the stiffness after steam
treatment, but a significantimprovement under CS-treatment, both
for earlywood and latewood. The wood samples after CS-treatment
had the highest indentation modulus of 18.8 and 20.0 GPa and the
highest hardness of 0.4 and 0.45 GPa for the secondary cell walls
in earlywood and latewood, respectively. Furthermore, the aver-
age E and hardness of wood sample after treatments was always
higher for latewood than that for earlywood, respectively (Fig. 7B),
which is consistent with previous studies (Yin et al., 2011; Mikkola
& Korhonen, 2013; Wimmer et al., 1997).

The rigidity of the cell wall probably arises both from the crys-
tallinity of cellulose in the fibrils and from the cross-linking of lignin
in the matrix (Jarvis & McCann, 2000). As indicated in previous stud-
ies(Todaroetal.,,2012; Yinetal,,2011; Ramos, 2003), the change of
strength is mainly due to the variations of interactions among wood
polymers after treatments. The differences between the effects of a
pure steam treatment as compared to the CS-treatment are prob-
ably related to differences in the density of the cell wall and the
crystallinity of the cellulose in the fibrils. During normal steam
treatment the degradation of cell wall components will result in
dissolution of material leaving the cell wall more porous in sim-
ilarity with normal pulping. This will result in a lower density of
the cell wall with less support for the cellulose crystalline aggre-
gates and thus lower strength and stiffness. In contrast, during the
CS-treatment the mechanical compression may compensate for the
creation of pores by a compaction of the cell wall creating support
for the crystalline aggregates and a higher density of these aggre-
gates. Moreover, the increase in the relative crystalline cellulose
content in the fibrils after CS-treatment also leads to improvement
of mechanical properties, i.e. an enhanced strength and stiffness of
the wood.
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4. Conclusion

The procedure of compression combined with steam treatment
(CS-treatment) applied in this investigation caused clear changes in
morphological, chemical, mechanical and hygroscopical properties
of the secondary cell wall. Compared with pure steam treatment,
the compression involved in CS-treatment probably creates pores
and cracks in cell wall due to the distortion of the cell wall. Such
pores and small cracks could facilitate penetration of steam, leading
to higher degradation of hemicelluloses, lignin and of amorphous
cellulose leading to a higher relative crystalline cellulose content
in the fibrils. Imaging (FT-IR) microscopy indicated a progres-
sive degradation of C=0 in the O=C—OH group of the glucuronic
acid unit of xylan, a decomposition of the glucomannan back-
bone, and a loss of C=0 groups linked to the aromatic skeleton
in lignin. Furthermore, the relative crystalline cellulose content in
the fibrils increased after CS-treatment. These changes decreased
the accessible moisture sorbing sites in the wood, resulting in a
lower hygroscopicity. In contrast to cell walls under pure steam
treatment, the degradation of the biopolymer components in the
secondary cell wall was larger under CS-treatment. However, the
applied compression forces resulted in a stiffer and stronger struc-
ture probably as a result of the higher cell wall density. Also the
higher relative crystalline cellulose content in the fibrils gives the
cellulose aggregate structure a higher stiffness resulting in a better
support of these load bearing structures.
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