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Abstract Viscoelastic thermal compression (VTC) is a type of thermal-hydro-
mechanical (THM) processing that requires only a short processing time. THM
processing causes some chemical transformations, the nature and extent of hydro-
thermolysis depends on the special treatment conditions and the chemical nature of
wood species. In the present study, the chemical transformations of the cell wall
components and wood extractives during VTC treatment were investigated, and
correlation between chemical characterizations and observed property changes was
analyzed. For this purpose, the content of extractives and pH values were deter-
mined, and FTIR analysis was performed on extractable substances, extract-free
wood, holocellulose, a-cellulose and lignin. Two temperatures and two steam
exposure times were adopted to determine the influence of processing conditions on
chemical characterization of Tsuga heterophylla. The results revealed that THM
treatment caused a series of chemical reactions in extractives. Treatment tempera-
ture and conditioning time have significant influence on chemical changes of
extractives. For all of the VTC treatments used in this study, no significant changes
occurred in the lignin and o-cellulose components. The only significant chemical
changes occurred in the hemicelluloses, which were primarily reduction of carbonyl
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and acetyl functional groups. This study also confirmed that the chemical trans-
formation of wood correlates with property changes of VTC wood.

Introduction

Thermal-hydro-mechanical (THM) processing has been established as an effective
modification method to enhance the properties of wood, including improved
strength and stiffness, reduced hygroscopicity and improved resistance to biological
decay (Hsu et al. 1988; Navi and Sandberg 2012; Militz 2002). Moisture absorption
of THM-treated wood in humid condition is often a problem. Various post-
treatments combined with steam and heat in the temperature range of 180-240 °C
with or without pressure in a sealed (Kutnar et al. 2008a) or open system (Fukuta
et al. 2007; Inoue et al. 2008; Gong et al. 2010; Fang et al. 2012a) were exploited to
eliminate the thickness recovery of densified wood (Li et al. 2013). A THM
technology developed by Fang et al. (2012a)) combined heat and steam in an open
system to improve the dimensional stability of densified wood. Fang et al. (2011,
2012b) also combined the THM treatment and oil-heat treatment (OHT) to improve
the dimensional stability and enhance the biological decay resistance of densified
wood. The viscoelastic thermal compression (VTC) process, which is a type of
THM technology, is designed for rapid processing (<20 min) of thin wood lamina
(<10 mm). Softening with steam and heat performed in a sealed system was used to
improve the dimensional stability. The increased strength and stiffness of VTC
densified wood is proportional to the increase in density (Kutnar et al. 2008a;
Kamke and Rathi 2009). VTC processing also causes slight mass loss, EMC
reduction and darker color (Kamke and Kutnar 2010; Liu et al. 2013). In addition,
VTC processing has been reported to significantly reduce the surface energy of
wood (more hydrophobic), but adhesive bond performance is equal to or better than
that of untreated wood (Jennings et al. 2005, 2006; Kutnar et al. 2008a, b).

In the last decade, many studies have investigated thermal-induced chemical
modification of the natural polymeric wood constituents (Nguila et al. 2007,
Rumana et al. 2010; Tjeerdsma et al. 1998; Tjeerdsma and Militz 2005; Nuopponen
et al. 2004; Tang et al. 2004; Esteves et al. 2008). Hemicelluloses are most heat
sensitive, while at higher temperature o-cellulose and lignin are partly depolymer-
ized. However, previously published results were for high temperature exposure for
periods of hours, whereas VTC treatment is typically less than 20 min with the last
stages of the process consisting of heating and cooling of the wood in direct contact
with metal plates. The extent and nature of the chemical changes induced by high
temperature and steam exposure during VTC treatment may be different from other
wood heat treatment or THM processes.

Aside from the carbohydrate polymers and lignin, wood contains some
heterogeneous substances which can be extracted by polar and non-polar solvents
(Telmo and Lousada 2011). High-temperature exposure may cause extractives to
undergo phase change, migration within the wood and thermal degradation
reactions, which may lead to color change and modification of surface chemistry
(Nuopponen et al. 2003). At present, few results have been reported on conversion
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of extractives when wood is exposed to heat and steam, and little information is
available on the influence of extractives on the resulting product properties. In this
study, the influence of THM processing (specifically VTC processing) on chemical
modifications, including cell wall polymer and extractives of western hemlock
(Tsuga heterophylla), was investigated. The purpose of the study was to identify
some of the fundamental chemical changes that occur to wood during VTC
processing that may influence mechanical properties, hygroscopicity, decay
resistance, adhesive bonding behavior and other physical properties such as color
change and volatile substance release. Chemical changes caused by VTC processing
were assessed using Fourier transform infrared (FTIR) spectroscopy analysis of
extractives, extract-free wood, holocellulose, a-cellulose and lignin obtained after
two stages of the VTC process. Extractions were performed in separate samples
using cold water, hot water, 1 % NaOH and an organic solvent (cyclohexane/
ethanol). This approach targeted polar and non-polar extractives and provides
information about low molecular weight carbohydrates (mainly originating from
hemicelluloses), resulting from thermal degradation reactions.

Materials and methods
Preparation of specimens

The study material originated from fast-grown western hemlock (Tsuga hetero-
phylla) that was peeled into veneer using a commercial rotary lathe. The veneer had
the dimensions of 600 mm (longitudinal), 240 mm (tangential) and 4.2 mm (radial)
with initial moisture content of approximately 45 % when received. The veneer was
further cut into test specimens, and assigned to treatments, as shown in Fig. 1. Note
that each matched specimen came from the same growth increment in the tree stem.
One specimen was used as untreated reference material (control). Another specimen
was exposed to a heat and steam treatment (conditioning), and the third specimen
was treated with the full VTC process. Note that the VTC process includes
conditioning treatment in addition to compression, annealing and cooling steps
(Table 1). The specimens were cut to final dimensions (56 by 150 mm) as shown in
Fig. 1 prior to treatment.

THM treatment

The VTC process and equipment have been previously described (Kamke and
Kutnar 2010; Kamke and Rathi 2011; Liu et al. 2013). In the present study, two
temperatures and two steaming duration times were adopted. The processing
parameters are shown in Table 1. Four VTC treatments were used, with some
specimens removed after the conditioning step and the others receiving the complete
VTC process. Four replicates were made for each treatment. First, the wet
specimens were dried and pre-compressed at 170 °C (temperature of metal plate
surface) for 240 s. Drying was performed in the VTC machine with direct contact
between a heated metal plate on one side and a two-layer fine wire screen and metal
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Untreated reference
Whole VTC treatment
Heat and steam treatment
Fig. 1 Cutting diagram for specimens assigned to each treatment
Table 1 Operational parameters of VTC process
Process step Parameter Treatment
1 2 3 4
Drying and pre-compressing Temperature (°C) 170 170 170 170
Duration (s) 240 240 240 240
Conditioning Temperature (°C) 165 165 185 185
Duration (s) 180 600 180 600
Venting Temperature (°C) 165 165 185 185
Duration (s) 10 10 10 10
Compressing Temperature (°C) 165 165 185 185
Duration (s) 300 300 300 300
Annealing Temperature (°C) 200 200 200 200
Duration (s) 180 180 180 180
Cooling Temperature (°C) 100 100 100 100
Duration (s) 180 180 180 180

plate on the other side (Liu et al. 2013). The moisture content of the specimens
reached approximately 10 %, and the thickness was reduced to approximately
3 mm. Then, specimens were exposed to saturated steam and high temperature in
the sealed VTC chamber with the purpose of softening the specimens. This step is
called “conditioning”. The steam pressure was then released during a period of
10 s, after which mechanical force (varies from 4 to 7 MPa depending on the degree
of densification and conditioning treatment) was applied perpendicular to the grain
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for 300 s. The final specimen thickness was controlled by setting the gap between
the metal plates, which was the same for all VTC specimens (1.7 mm). Next, the
samples were annealed at 200 °C for 180 s and finally cooled until the plate
temperature was reduced to 100 °C. The final specimen thickness was maintained
throughout the compression, annealing and cooling steps. All specimens, including
control specimens, were cut into small pieces and then ground with a rotary knife
mill (Wiley). The fine wood dust was separated from the specimens by a sieve
screen with 0.5-mm openings. The wood dust was placed in an environment
chamber at 65 % relative humidity and 20 °C until equilibrium moisture content
was reached.

Extraction with water and determination of pH values

The cold- and hot-water extractions were conducted according to ASTM standard
D1110-84(R2007). The weight of wood dust was 2.0000 g, and the amount of
distilled water used for extraction was 100 ml. The slurry was allowed to digest for
48 h at a temperature of 25 °C, and 3 h in a boiling water bath, respectively, for the
cold- and hot-water extractions. The slurry was filtered by glass filter, which was
then dried at 103 °C until the mass was constant to calculate the percentage
composition of water extractives. The filtrate was tested for pH (Beckman Series
No. 4353).

Extraction with organic solvents

Because of potential hazards associated with the use of benzene, cyclohexane was
chosen as an alternative solvent for the determination of organic solvents soluble
extractives. The wood dust of the control and treated specimens were extracted with
a mixture of cyclohexane and 95 % ethanol (2:1 V/V) by the method described in
TAPPI standard T 204 cm-97 (2007). The Soxhlet extraction thimble was filled with
3.000 g of wood dust, submerged in the cyclohexane/95 % ethanol solvent and then
heated in an oil bath at 130 °C for 12 h.

Extraction with 1 % NaOH solution

The content of one percent sodium hydroxide soluble materials was measured
according to TAPPI T212 om-2002 (2002). The alkali solution (100 mL of 1 %
NaOH) and 2.0000 g wood mill were placed in a round-bottom flask. The flask was
connected to a reflux condensing tube and then placed in an oil bath maintained at
100 °C for a period of 60 min. After extraction, the slurry was filtered by glass filter
and washed by acetic acid and hot water. The glass filter was dried in an oven
overnight at 103 °C and cooled in a desiccator and then weighed to the nearest
0.1 mg.

For each type of extraction, the moisture content determination was conducted at
the same time in accordance with TAPPI standard T 264 cm-2007. The percent
extractive content was calculated based on dry weight of the original sample. All
samples were analyzed in duplicate, and average values were recorded.
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Preparation of extract-free wood and separation of holocellulose, a-cellulose
and lignin

The extract-free wood was prepared by extraction of wood using a mixture of
cyclohexane and 95 % ethanol. Holocellulose was separated from the extract-free
wood specimens by the chlorite method according to ASTM D1104-56 (1978).
a-Cellulose and lignin were separated as described in GB-T 744-2004 (2004) and
ASTM D 1106-96 (2007), respectively.

FTIR spectroscopy

Chemical characterization of the extracts, extract-free wood, holocellulose,
a-cellulose and lignin were performed by FTIR spectroscopy. Prior to infrared
spectra measurement, the water extracts were dried using a vacuum freeze dryer,
after which the liquid extracts became a flocculent solid. For organic solvent and
1 % NaOH solution extracts, the liquid extracts were dried in the oven at 103 °C for
approximately 2 h. Because of their hydrophilic nature, all samples were stored in a
desiccator until analyzed. Each specimen was analyzed after embedding the samples
in KBr pellets (1 mg/300 g). For each sample, three KBr pellet specimens were
produced, and results revealed consistent spectra. Therefore, only one spectrum was
chosen for analysis. The spectra were obtained in a Nicolet Nexus 470 FTIR
spectrophotometer with a resolution of 16 cm ™', each with 40 scans, in the range
4,000 and 400 cm™'. The FTIR spectra were auto baseline-corrected and analyzed
by software OMNIC 8.0.

Results and discussion
Content of extractives

The percentage of extractive content, based on dry weight, by treatment and process
step, is presented in Table 2. Untreated wood contained an average of 2.5, 0.6, 13.3
and 1.9 % extractives soluble in hot water, cold water, 1 % NaOH and organic
solvent, respectively.

The trends of cold- and hot-water extractives at different temperature (165 and
185 °C) and conditioning duration time (180 and 600 s) during the entire VTC
process are shown in Fig. 2a, b. With heating and steaming, the contents of both
cold- and hot-water extracts increased, indicating that polymers have been partially
degraded into substances which can be recovered by water extraction. It is apparent
that the wood contained more water-soluble extractives after conditioning at 165 °C
than at 185 °C. This phenomenon appeared for both cold- and hot-water extraction.
Exposure time to steam has less impact on water extraction. However, longer
exposure time did increase the amount of hot- and cold-water extractives after
exposure to steam at 185 °C. During the following stages of compression and
annealing, the trends of water extractive content were different at different
temperatures. At 165 °C, the water-soluble extractives disappeared, but at 185 °C,
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Fig. 2 Cold- (a) and hot-water (b) extractive content, organic (¢) and 1 % NaOH (d) extractive content
for specimens treated as shown in Table 1; values of control specimens, after conditioning and after
complete VTC process are shown

the quantity of water-soluble extractives continued to increase up to 11.6 %. This
suggests that there is equilibrium between the degradation or volatilization of
original extractives and the generation of new extractable compounds. At lower
temperature, some existing extractives degraded to volatilizable substances and
evaporated into the surroundings, and there was no large amount of newly formed
extractives. At higher temperature, the existing extractives evaporated as well but a
large amount of new extractable compounds formed as a result of lignin and
polysaccharide degradation. Esteves et al. also found an increase in extract content
was followed by a decrease when Eucalyptus globulus (Esteves et al. 2008) and
Pinus pinaster (Esteves et al. 2011) were submitted to heat treatment.

The contents of 1 % NaOH and organic solvent extractives, at different
temperature and conditioning duration time applied, during the entire VTC process
are shown in Fig. 2c, d. Throughout the progression of the entire VTC treatment, the
yield clearly increased for both temperatures. The percentage content of NaOH
extractives increased in a maximum value of 25.5 %, and the organic solvent
extractives increased in a maximum amount of 7.2 %. The 165 °C/180 s treatment
shows very little change from control to conditioning and to complete VTC
processing. However, more extractives were recovered by NaOH and organic
solvent extraction when the temperature was increased to 185 °C and the
conditioning time increased to 600 s.
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The increase in extractive content may, in part, give rise to the unique properties
of THM-treated wood. For VTC wood, the wood became less hydrophilic, and the
EMC at 20 °C and 65 % relative humility decreased. The temperature has
significant effect on EMC and higher temperature results in lower EMC (Liu et al.
2013). Increased extractive content may explain decreased EMC at higher
temperature because low molecular weight extractives are natural anti-swelling
agents which prevent water from entering the void space in the cell wall (Fengel and
Wegener 2003). In some wood species, higher extractive content is related to higher
decay resistance (Thulasidas and Bhat 2007). However, increased extractives
content of VTC-treated poplar wood did not improve decay resistance (Kutnar et al.
2011).

It is well known that heat-treated wood has darker color than untreated wood.
During VTC process, the migration of extractives to the surface of wood was
perceived. It made the color of VTC wood darker, and higher temperature produced
higher amount of extractives and ultimately led to even darker color. It is notable
that after extraction, the extract-free wood was still darker than untreated reference,
which indicates that the color change of wood polymer also contributes to the darker
color of wood specimens. In theory, the move of extracts to the surface during THM
treatment would cause difficulties in gluing because low molecular weight wood
extractives interfere with the penetration of glue and the curing of the bond line.
Furthermore, the simultaneous effects of heat, steam and pressure changed the wood
surface structure and surface chemical characteristics, thereby impacting the
penetration of the adhesive and adhesion performance (Diouf et al. 2011). However,
all previous studies concerned with the bonding properties of VTC-treated wood
show that VTC-treated wood has similar or better bond performance than virgin
wood (Jennings et al. 2005, 2006; Kutnar et al. 2008a, b). Fang et al. (2012c)
investigated the bond performance of densified wood submitted to a type of THM
treatment. They found that after THM treatment, adhesion sheer strength was
reduced by 27 % compared with untreated wood. This opposite result revealed the
fact that the bonding shear strength of THM-treated wood depends on various
factors such as the special treatment conditions, various wood species, different
compression ratios, disparate adhesive types and test methods and so on.

pH values of water extractives

The pH values of water-soluble extracts during VTC processing are displayed in
Fig. 3. The pH values of both cold- and hot-water extracts were lower after
conditioning, and even lower after VTC treatment, irrespective of the treatment
conditions, which is consistent with the thermal degradation and hydrolysis of
polyose and extractive compounds in wood. This has been attributed to the
formation of carbonic acids, mainly acetic acid as a result of deacetylation during
thermolysis, caused by the cleavage of acetyl groups of particular hemicelluloses
(Bourgois and Guyonnet 1988; Tjeerdsma and Militz 2005). The released acids
further promoted depolymerization of hemicelluloses and amorphous cellulose in
the succeeding reactions and led to creation of some low molecular weight
extractable compounds (Tjeerdsma et al. 1998; Sivonen et al. 2002; Nuopponen
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Fig. 3 Comparison of the pH values of cold-water (a) and hot-water (b) soluble extracts during VTC
processing

et al. 2004). In addition, the oxidation of some extractive compounds also tends to
increase the acidity of wood.

The decrease in pH values during thermolysis tends to be dependent on both the
temperature and conditioning duration. Higher temperature and longer conditioning
time caused more substantial degradation of wood polymers and extractives.

FTIR spectra of water extractives

By now, GC-MS technique has been widely used to investigate composition
changes of wood extractives. However, GC technique can only detect relatively
highly volatile ingredients, and preparation of samples is usually laborious. In order
to represent the extractives comprehensively and understand the chemical transfor-
mations of extractives during THM process, this study employed FTIR technique to
characterize bands of certain functional groups and skeletal structures in the
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Fig. 4 FTIR spectra of hot-water extracted compounds from western hemlock, including non-treated,
after conditioning, and after full VTC treatment samples, at 165 °C/600 s and 185 °C/600 s; a. 165 °C/
600 s, control; b. 165 °C/600 s, after conditioning; c¢. 165 °C/600 s, after VTC; d. 185 °C/600 s, control;
e. 185 °C/600 s, after conditioning; f. 185 °C/600 s, after VTC

extractives. Through analyzing those functional groups, the chemical characteriza-
tion and transformation of extractives during THM treatment can be deduced. Two
treatment conditions, 165 °C/600 s and 185 °C/600 s were used to study the effects
of different temperatures.

The FTIR spectra of substances recovered by hot water from western hemlock
before and after VTC treatment are shown in Fig. 4. Peak assignments are marked
in Fig. 4, and peak interpretations are described in Table 3; (Ajuong and Redington
2004). Comparing control and conditioning-treated counterparts at 185 °C/600 s
(spectra “d” and “e”), the intensity of the peak at 3,416 cm™' increased, indicating
increased content of hydroxyl groups, which might result from formation of alcohol
compounds by hydrolysis of esters or anhydrides and formation of oligomeric and
monomeric sugar units from thermolysis of polysaccharide (mainly hemicelluloses)
under the effect of heat and steam (Klauditz and Stegmann 1955; Bobleter and
Binder 1980; Carrasco and Roy 1992). The hydrolysis of esters or anhydrides is also
supported by the decrease in peaks at 1,065 cm ™', which represent C—O single bond
stretching/vibration of saturated ester or non-conjugated straight chain anhydrides.
The lower peak intensity at 1,264 cm ™' indicates evaporation of carboxylic acid
under the effect of steam and heat. Furthermore, the increased absorbance at
1,653 cm™ ' suggests increased C=C double bonds in olefins, which may be a result
of dehydration of alcohol groups. Finally, the peak at 1,513 cm™' represents the
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Table 3 Assignment of FTIR spectra peaks for extractives from Tsuga heterophylla (Ajuong and
Redington 2004)

Wave number (cm™") Interpretation

3,416, 3,431 Intermolecular bonded hydroxyl groups

2,931, 2,925 Methylene asymmetrical stretching vibration

2,854 Methylene/methyl symmetrical stretching vibration

1,732 Ester carbonyl functionality absorbing in saturated aliphatic acids esters

1,727 Carbonyl of saturated aliphatic acids

1,653, 1,638 Carbon—carbon double bonds in olefins

1,596, (1,604, 1,513), (1,601,  Within-ring skeletal bands

1,509)

1,424, 1,439, 1,462 Methyl asymmetric bending and methylene scissoring absorption

1,376, 1,378 In-plane hydroxyl bending in primary and secondary alcohols

1,264, 1,268, 1,300 Carbon single-bonded oxygen in carboxylic acid

1,065 Arising from esters of primary alcohols or non-conjugated straight
chain anhydrides

1,032, 1,021 Primary alcohols

807, 883 Di-substituted ring stretching vibration/C—H out-of-plane bending
vibration

backbone of aromatic rings, and reduced intensity at this position may be due to
crosslinking within the cell wall or further degradation into other compounds after
heat and steam treatment.

Compared with hot-water extracts after conditioning, the intensities of peaks at
3,416 and 1,653 cm™ ' slightly increased in spectra of extracts after full VTC
treatment at 185 °C/600 s (spectra “e” and “f”). Besides, the intensity of peaks at
1,264 and 1,065 cm™" increased and is probably due to the production of new
carboxylic acid, ester or anhydrides.

Similarly, in FTIR spectra of hot water extractives after conditioning treatment at
165 °C/600 s, the absorbance band at 3,416 and 1,653 cm™! increased and the
absorbance band at 1,513 and 1,264 cm™! decreased, compared with control
(spectra “a” and “b”’). However, those changes are less obvious than at 185 °C, and
the intensity of the peak at 1,065 cm ™" is almost unchanged which is different from
the results of 185 °C treatments. These differences indicate that higher temperature
would promote degradation of extracts and polysaccharide and ultimately generate
more new compounds which can be extracted by hot water. However, more water-
soluble extractive was obtained at 165 °C than at 185 °C after conditioning (Fig. 2).
The reason might be that more water-soluble compounds volatilized at 185 °C than
at 165 °C.

No significant difference was observed between FTIR spectra of hot-water
extracted compounds after conditioning and full VTC treatment (spectra “b” and
“c”)at 165 °C/600 s. This suggests that unlike at 185 °C, there was no obvious new
substance formation at 165 °C. During compression and annealing stages, the
temperature reached 200 °C, and a lot of compounds were likely to evaporate.
During 165 °C treatments, most existing extractives evaporated into the
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surroundings and little new extractable compounds were produced. While at
185 °C, existing extractable compounds evaporated as well but considerable amount
of new extractable compounds formed. This is perhaps the reason why the extract
amount decreased at 165 °C, whereas it continued to increase at 185 °C during
compression, annealing and cooling stages as shown in Fig. 2.

FTIR spectra of 1 % NaOH solvent extractives

FTIR spectra of 1 % NaOH extracted compounds in the region of 400-2,200 cm ™"
after 165 °C/600 s and 185 °C/600 s treatments are shown in Fig. 5. Main peaks are
marked in the figure, and peak assignments are described in Table 3. Comparing
spectra after each step of treatment at 185 °C (spectra “d”, “e” and “f”), the
following differences can be observed. (1) The wave number of the peak at
1,439 cm ™! shifted to a lower position after conditioning, which may suggest that
carbonyl groups were produced. When a methylene group is next to a carbonyl
group, the conjugated effect will cause its peak shift to a lower wave number than
usual. After VTC process, this peak turned back to its initial position in the control
spectra (spectra “d”). Possible reasons may be that carbonyl groups were converted
into other groups or that carbonyl-group-containing compounds evaporated. (2) The
intensity of the peak at 1,638 cm ™' increased first and decreased afterward during
the entire VTC process. The reason may be that double bonds were produced by
dehydration of alcohol groups during the conditioning step, as mentioned in the
water extracts section, and then double bonds containing compounds evaporated. (3)
Intensity of peaks at 1,596 cm ™" increased after each step of the treatment, which is
possibly due to the formation of aromatic substances, and breakdown of lignin may
be one of the reasons. (4) A new peak at 1,300 cm™" appeared after VTC treatment,
suggesting that carboxylic acid was generated as a result of VTC treatment due to
oxidation of aldehydes or hydrolysis of esters. (5) Conditioning caused increase in
peak intensity at 1,021 cm ™', suggesting increased primary alcohols as a result of
hydrolysis of ester and/or hemicelluloses. The 1,021 cm™' peak after the VTC
process was lower than that after conditioning, possibly because the primary
alcohols evaporated or alternatively were converted to other function groups.

The spectra of NaOH extracts at different temperatures again proved that the
temperature has an important effect on chemical transformations of extracts during
the VTC process. The trends of changes in peak intensity at 165 °C (spectra “a”,
“b” and “c”) have huge differences from 185 °C. First, peaks of 1,638 and
1,021 cm ™" were almost unaltered or only slightly altered after full VTC treatment,
compared to conditioning. Second, there is no wave number shift at near 1439 cm ™'
during the whole VTC treatment. Third, the intensity of the peak at 1,596 cm ™'
increased first and decreased afterward during the entire VTC process. Finally, no
new peak at 1300 cm~' showed up after the VTC process. Overall, there was less
carbonyl group and carboxylic acid formation, and there was a smaller amount of
aromatics produced at 165 °C compared to 185 °C. Probably that is why higher
amount of NaOH extracts were generated at 185 °C than at 165 °C during the VTC
process.
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Fig. 5 FTIR spectrum of 1 % NaOH extracted compounds from western hemlock, including non-treated,
after conditioning, and after full VTC treatment samples, at 165 °C/600 s and 185 °C/600 s; a. 165 °C/
600 s, control; b. 165 °C/600 s, after conditioning; ¢. 165 °C/600 s, after VTC; d. 185 °C/600 s, control;
e. 185 °C/600 s, after conditioning; f. 185 °C/600 s, after VTC

FTIR spectra of organic solvent extractives

Figure 6 shows the FTIR spectra of organic solvent extracts. Peak assignments are
described in Table 3. After conditioning and VTC treatment, peak intensity at
3,431 cm™! increased due to ester hydrolysis or thermolysis of polysaccharide.
Intensities at 1,727 and 1,032 cm™" were also increased, representing carboxyl groups
and primary alcohols, respectively, indicating hydrolysis of ester and production of
carboxyl acids and alcohols. There was also an increase in peak intensity at 1,601 and
1509 cm ™", suggesting that more aromatic compounds in extractives appeared after
treatment. VTC treatment also affected peak intensity at 2,925 and 2,854 cmfl, which
represent methylene groups. Considering methylene groups commonly existing in
compounds ever found in western hemlock extractives, it is hard to attribute them to
specific molecules. However, they may be an indicator of the amount of aliphatic chains.

Spectra of organic solvent extracted compounds from 185 °C treated samples are
shown in Fig. 6 (spectra “d”, “e” and “f”). Similarly, VTC modification resulted in
higher absorbance at 3,431 and 1,032 cm™ !, and the alteration was more obvious than
that at 165 °C, suggesting that higher temperature would prominently enhance ester
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Fig. 6 FTIR spectrum of organic solvent extracts from western hemlock, including non-treated, after
conditioning, and after full VTC treatment samples, at 165 °C/600 s and 185 °C/600 s; a. 165 °C/600 s,
control; b. 165 °C/600 s, after conditioning; c. 165 °C/600 s, after VTC; d. 185 °C/600 s, control;
e. 185 °C/600 s, after conditioning; f. 185 °C/600 s, after VTC

hydrolysis and thermolysis of polysaccharide. Intensity of peaks at 1,727 cm™' was

slightly decreased by VTC treatment, indicating minus decline of carboxyl acid, which
might be a result of evaporation at higher temperature. VTC treatment of 185 °C
significantly increased the peak intensity at 1,601 cm™', indicating more aromatic
compounds, which, as mentioned above, may come from the breaking down of large
molecules such as lignin. Overall, higher temperature promoted ester hydrolysis,
thermolysis of polysaccharide and production of aromatics compounds. This may
explain why more organic solvent extractives were produced at 185 °C than at 165 °C
during the VTC process.

FTIR characterization of wood

The present study also employed FTIR technique to investigate chemical reactions of
wood cell wall substance during THM treatment. The FTIR spectra of extract-free
wood, holocellulose, a-cellulose and lignin of non-treated samples, after conditioning,
and after full VTC treatment at 185 °C/600 s in the finger print region of
1,800-600 cm_l, are shown in Fig. 7. After the treatments, FTIR spectra of extract-
free wood (Fig. 7A) show strong decrease in absorption at 1,740 cm™". The peak at
1,740 cm™' is caused by ester carbonyl groups and is a characteristic of hemicellu-
loses, considering that polysaccharides of hemicelluloses (mainly xylans) are attached
by ferulic, acetyl and uronic ester groups (Ma et al. 2012). The intensity of such a peak
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is diminished by conditioning and VTC treatment, suggesting cleavage of ester groups
associated with decomposition of polysaccharides. The intensity of the carbonyl peak
(1,740 cm™ ") of VTC-treated wood at moderate temperature (165 °C) was unaltered
compared with the carbonyl peak of non-treated wood (data not shown). However,
considerable diminishment of the carbonyl peak in VTC-treated wood at 185 °C was
observed (Fig. 7A). This observation further confirmed the strong influence of
temperature on pH of extracts (Fig. 3) which is also an indication of carboxyl acid
formation due to thermal degradation (Hill 2006; Windeisen et al. 2008).

The absorbance in the region from 1,200 to 900 cm_l, which is characteristic for
the polysaccharide region (Faix 1991; Naumann et al. 1991), was strongly
diminished. This revealed that polysaccharose was degraded (Tang et al. 2004).
The peak at 1,510 cm™" suggests existence of aromatic rings and may come from
lignins and/or ferulic ester groups on hemicelluloses. Peaks at 1,266 cm™' may come
from guaiacyl units in lignin, as well as C-O stretching of esters on hemicelluloses
polysaccharides. Those two peaks were slightly reduced during treatments. Lignin
modification might be a possible reason (Windeisen et al. 2008). However,
considering that lignin was largely intact (Fig. 7D), reductions of those peaks are
more likely a result of hydrolysis of ferulic esters and other ester groups from
hemicelluloses during treatments. Tjeerdsma and Militz (2005) also determined the
chemical transformations of wood polymer during hydrothermal treatment of wood
using FTIR technology, and a noticeable increase in the carbonyl peak (1,740 cm™")
was apparent. It was suggested that esterification reactions may have occurred due to
a newly formed lignin complex (Diouf et al. 2011). In this study, this phenomenon
was not observed because different types of THM treatment were employed.

In Fig. 7B, C, the FTIR spectra of holocellulose and a-cellulose before and after
each treatment are shown. As expected, FTIR spectra of holocellulose exhibit absence
of the aromatic peak at 1,510 cm™' in comparison with extract-free wood, and the
FTIR spectra of o-cellulose exhibit absence of the carbonyl functional peak at
1,735 cm™ 'in comparison to holocellulose. VTC treatments caused changes at 1,735,
1,374 and 1,062 cm™!in spectra of holocellulose, compared with untreated samples.
The decrease in 1,735 cm™' peak was supposed to be caused by cleavage of ester
carbonyl groups associated with polysaccharides. The peaks at 1,374 and 1,062 cm ™"
are from C-O stretching in primary and secondary alcohols in polysaccharides.
Increases of these peaks suggest more alcohol groups were formed. Ester hydrolysis
may be one of the reasons. Spectra of a-cellulose are unchanged by treatments. Those
results indicate that hemicelluloses were predominantly involved in thermolysis, and
a-cellulose is almost unaffected, as one would expect from previous research
(Tjeerdsma et al. 1998). This result is fortuitous because structural integrity of VTC
wood is dependent on ability of a-cellulose to withstand the treatment process.

In Fig. 7D, the FTIR spectra of lignin are shown. Comparing spectra of lignin
with spectra of extract-free wood, the bands of the carbonyl peak (1,740 cm™ ') and
B-glycosidic bond (895 cm™") disappeared. FTIR spectra of lignin have strong
peaks at 1,608 and 1,504 cmfl, which are signs of aromatic rings and peaks at 1,267
and 1,214 cm™',which come from C-0, C=0 and C-C stretching in guaiacyl units.
Peaks at 1,137 and 866 cm ™' are supposed to be caused by C—H vibration within
guaiacyl units and C—H bending of aromatic rings (Kline et al. 2010). Those peaks
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Fig. 7 FTIR spectra of extract-free wood, holocellulose, a-cellulose and lignin of non-treated (a), after

conditioning (b), and after full VTC treatment (c) samples of hemlock at 185 °C and 600 s. A FTIR spectra of
extract-free wood, B FTIR spectra of holocellulose, C FTIR spectra of a-cellulose, D FTIR spectra of lignin

are characteristic for lignin and are absent in spectra of holocellulose and o-
cellulose. No apparent changes in FTIR spectra of lignin were caused by VTC
process steps in the range 1,800-600 cm™', which suggest that lignin was largely
unaffected by the conditions used in the VTC process.

Conclusion

Conditioning time had a significant impact on the liberation of water-soluble
extractives. However, higher temperature in the range from 165 to 185 °C had a
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greater impact than conditioning time in the range from 180 to 600 s. At 165 °C, the
later steps in the VTC process reduced the amount of water-soluble extractives,
while 185 °C liberated more. There was a lower concentration of non-polar
extractives than polar extractives, and the non-polar extractives increased in
concentration with each step of the VTC process. Extraction with 1 % NaOH
revealed less stability of the polysaccharides at 185 °C compared with 165 °C, with
little influence of conditioning time.

As expected, the wood became more acidic after heat and steam exposure. The
decrease in pH values during thermolysis tends to be dependent on both the
temperature and conditioning duration. While the identities of the acidic extractive
compounds are unknown, FTIR results showed a reduction of acetyl groups in VTC
wood, which is consistent with thermal decomposition of hemicelluloses.

THM treatment caused a series of chemical reactions in extractives, among which
ester hydrolysis, thermolysis of polysaccharide, dehydration of alcohol, crosslinking
reactions within the cell wall and breaking down of aromatic ring containing large
molecules seem to be the most prominent ones. A consequence of these reactions was
the production of new extractable substances such as alcohol, carboxylic acid,
monosaccharide and aromatic compounds. At the same time, some extractable
substances evaporated or decomposed. The temperature influenced the concentration
of functional groups in the extractives. Higher temperature caused a greater degree of
volatilization. But higher temperature caused more yield of 1 %NaOH and organic
solvent extractable compounds because more new extracts were generated.

The chemical characterization and transformation of extractives correlate closely
with the property changes of THM-treated wood. Extractives underwent chemical
changes and migrated to the surface, and subsequently changed the color and surface
properties of wood, but did not weaken its bond performance. Larger amount of
extractive content may contribute to lower EMC. The thermal degradation of
polysaccharides and extractable compounds caused the release of some volatile
materials, such as polycyclic aromatic hydrocarbons (Tjeerdsma et al. 1998; Kamdem
etal. 2000), and they may give THM-treated wood persistent odor and cause mass loss.

For all of the VTC treatments used in this study, no significant changes occurred
in the lignin and a-cellulose components. The only significant chemical changes
occurred in the hemicelluloses, which were primarily reduction of ester carbonyl
functional groups. The unaffected cellulose and lignin ensured the high strength of
VTC wood, and the degradation of hemicelluloses reduces hydrophilicity of wood.

The results may be used to modify the VTC schedule to promote or retard chemical
modifications to the wood with the goal of improving water resistance or dimensional
stabilization with efficient use of energy and processing time. In this regard, more
control over chemical change can be obtained with saturated steam at 185 °C than at
165 °C, and duration of exposure, up to 600 s, has secondary importance.
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