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Abstract: The interaction of water and oak wood is common in outdoor expositions and will remain
a probable occurrence in the future. New insights into the recognition of a cell wall saturation limit
are presented by a double-weighing method at 20 °C. The cell wall saturation limit, as the property of
thermally modified oak wood, is significantly influenced by different treatment temperatures (20, 160,
180, 210 and 240 °C) on a 5% alpha level. A significantly higher equilibrium moisture content was
reached by thermally modified oak wood at a temperature of 20 °C and relative humidity of 65%
after its equilibrium in the water-in-reservoir. Moreover, the results are used in the treatment of
woodchips to produce cellulose or decomposition of thermally modified wood to its basic chemical
components. The investigated properties of cellulose revealed its relationship with water. The number
of water molecules bonded to a cellulose chain was correlated with other measured compositions:
average molecular weight, total crystalline index, lateral order index and polydispersity index.
Analyses showed that there was a strong negative correlation between lateral order index and average
molecular weight. The same was true between total crystalline index and average molecular weight.
The rest of the properties were positively correlated with the number of water molecules bonded to
glucopyranose. The results revealed the possible regeneration of a wood sorption ability after heat
treatment and the stability of cellulose in such process.

Keywords: cell wall saturation limit; oak wood; cellulose; lateral order index (LOI); total crystallinity
index (TCI); molecular weight; polydispersity

1. Introduction

Wood is often subjected to water in outside expositions. An example of permanently used wood
in contact with water is wood in hydraulic structures [1]. Woodchip-soaking or paper-swelling are
examples of processing cellulosic materials in contact with water or polar solvents [2]. If wood is
in contact with the water-in-reservoir, the wood is fully saturated with water after a long period of
soaking and remains compact. Such an equilibrium is characterized by a maximum moisture content
of wood at a given temperature. The equilibrium is reached if the rate of moisture content change is
substantially lower than the ratio of the maximum moisture content to the relaxation time of soaking of
wood in the water-in-reservoir. The maximum moisture content is one aspect of a sorption isotherm as
is documented in the study of [3]. The summarizing study of [3] divided moisture in wood according to
different mechanisms of water bonding of wood. Another study [4] added the capillary condensation
term to the Brunauer, Emmet and Teller isotherm. The maximum moisture content of wood is the sum
of the maximum moisture content of bound water of wood and maximum moisture content of free
water of wood. Then, the question arises as to whether it is possible to distinguish the amount of

Forests 2020, 11, 640; doi:10.3390/f11060640 www.mdpi.com/journal/forests


http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0003-0704-8958
http://dx.doi.org/10.3390/f11060640
http://www.mdpi.com/journal/forests
https://www.mdpi.com/1999-4907/11/6/640?type=check_update&version=2

Forests 2020, 11, 640 20of 11

bound and free water of wood during sorption. The method of [5,6] can recognize bound and free
water on the basis of Archimedes’ principle. If the moisture content of wood is the property, it therefore
must depend only on the state of the wood. Therefore, the method is useable only in the equilibrium
of wood with the water-in-reservoir or in the sorption of water in the wood. The equilibrium of wood
in the water-in-reservoir is suitable for the purpose of this study. The maximum moisture content of
bound water of wood in the water-in-reservoir is defined by [7] as the cell wall saturation limit:

(o)
Wews = | — — — |PH,0-

Prc PO

where py is the basic density, pg is the oven-dried density, and ppo is the density of water. Then,
the maximum moisture content of free water is a result of the subtraction of the maximum moisture
content and the cell wall saturation limit. The change in bound water mass causes wood swelling
and changing of wood volume [5]. The change in free water mass causes only the change of wood
mass [6]. The lower moisture content is reached by thermally modified wood in the environment of
moist air [8-11]. The lower equilibrium moisture content is responsible for the reduction of wood
swelling [12]. Thermally treated wood is mainly suitable for outdoor exposition, and can, for example,
reduce swelling in a changing climate. Furthermore, different odors of thermally treated wood may
lead to discomfort in an indoor environment in comparison to wood without thermal modification.
Therefore, the soaking of wood in water in the reservoir is a method of reducing the unpleasant effect
of wood modification. It is assumed that the cell wall saturation limit will be influenced by thermal
treatment. As far as bound water is bonded in wood on the amorphous part of cellulose on—OH free
groups by—H bonding [13], the next hypothesis is that the number of water molecules bonding on
glucopyranose will be changed. Finally, the moisture content of thermally modified wood will not
be regenerated to the original value of wood without thermal modification by soaking. Therefore,
this study aims to show the formulas defining the mass and moisture contents of bound and free water
of wood in equilibrium with the water-in-reservoir. The formulas are based only on state variables.
Moreover, the formulas are used to determine maximum moisture contents of bound and free water of
thermally modified wood and reference samples in the water-in-reservoir. Then, the oven-dried mass
is measured. Next, the wood is put into humid air with a temperature of 20 °C and relative humidity
of 65% to reach equilibrium again. Moreover, cellulose is produced from thermally modified wood
before soaking and a number of water molecules bonded on it are determined to show the number
of sorption sites on glucopyranose and cellulose to support or reject the previous results. The other
cellulose structural properties are measured to support the results. The changes on macromolecular
traits of cellulose (the total crystallinity index (TCI), the lateral order index (LOI), molecular weight,
polydispersity) are determined by FTIR and Gel Permeation Chromatography (GPC).

2. Materials and Methods

Oak wood (Quercus robur L.) was obtained from Bud¢a, Central Slovakia. The age of the logging
wood was 96 years. It had a diameter of 40 cm. A final moisture content of 10% for flat-sawn timber
dimensions of 500 mm per 25 mm in thickness was achieved by the kiln drying method at the Technical
University in Zvolen. Then, hydrothermal treatment was performed at the Volga State University of
Technology in Joskar-Ola, Russia [14,15]. Ten pieces of timber were thermally treated according to the
following procedure:

1st period: the lumber was air-oven-dried at a temperature of 105 °C to constant mass for 24 h.

2nd period: the lumber was heated to different treatment temperatures (160, 180, 210 and 240 °C)
for 5 h.

3rd period: the lumber was cooled to an ambient temperature of 20 °C and the target moisture
content was reached up to the desired value by the water spraying method (Table 1).
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Table 1. Schedule of the thermal treatment.

Temperature (°C) 1st Period (h) 2nd Period (h) 3rd Period (h)
160 4 5 2
180 5 5 2.5
210 6 5 3
240 7 5 3.5

The parts of treated oak timbers were equilibrated with humid air in a climatic chamber Binder
KBF 720 (Tuttlingen, Germany). The controlled parameters of humid air were at a relative humidity
of 65% and a temperature of 20 °C. The equilibrium was detected according to the constant mass
of the moisture specimen of timber using the technical scales Kern KB 1000-2 (Balingen, Germany).
The equilibrated oak was used for the specimen production of cubic shape with a dimension of 8 mm.

2.1. Method of Cell Wall Saturation Limit Determination

Sixty replicates of 8 X 8 x 8 mm?> were cut for each modifying temperature. The moisture content
w of specimens was measured as follows [16]:

m—my

0= M
where m is the mass of the specimen and m is the oven-dried mass of the specimen, and the moisture
content was always measured at a temperature of 20 °C and normal pressure. The masses were
measured with the scales Radwag XA 60/220/X (Radom, Poland) equipped with a density determination
kit for double weighing.

The specimens were divided into two parts after the specimens were dried to an oven-dried
state. Half of the specimens (150 specimens) were used for producing cellulose and the other half was
immersed into water in 500-mL flasks to reach the maximum moisture content at a temperature of
20 °C. Water and water extractives were replaced every month for one year to simulate wood in the
water-in-reservoir. The method of double weighing was performed to measure the maximum moisture
contents of bound and free water of wood. The method is based on Archimedes’ principle.

The mass of wood substance ms and the mass of water my,0 compose the mass of wood mmax,
which is in equilibrium with the water-in-reservoir:

Mmax = Ms + M,0 ()

Later, the density p as an intensive property was computed based on extensive properties. The
density is defined as the mass of the object m in its unit volume V:

p= v @)
The concentration of a component in the volume of a specimen is the ratio of the mass of the
component and volume of the specimen, and the concentration of a component is equal to the density
of the component if and only if the component is alone in the volume of the specimen.
Such a scheme is also involved in the measurement of the mass of displaced water m,, and
apparent mass m; in Archimedes’ principle:

Mpax = Myy + My (4)

Apparent mass can be seen as a meaningless concept, but it completes the mass of displaced water
due to Archimedes’ principle to the mass of wood (Figure 1).
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Figure 1. Scheme of the specimen and displaced fluid assumed in Archimedes’ principle (arrows show

the same applied pressure of the adjacent fluid on specimen mass mmax and displaced fluid mass myy).

According to Archimedes’ principle, the mass of wood mmay is determined if the wood is in
equilibrium with the water-in-reservoir. The product of displaced water density py,o (water-in-reservoir
density) and wood volume Vmax is the mass of the displaced water. Since the free water density is
equal to the density of displaced water, the wood cell wall density pgsmax is determined according to
Archimedes’ principle in equilibrium with the water-in-reservoir:

©)

PBSmax = PH,0 + Vesmax

The wood cell wall density ppsmax is the sum of two concentrations on the same basis Vpgyax
(volume of the wood cell wall). These concentrations must be (i) the concentration of a wood substance
in wood cell wall volume and (ii) the concentration of bound water in wood cell wall volume according
to the order of items in Equation (5). The experiment must be done to exclude equality between apparent
mass and mass of the wood substance. If the wood is not in equilibrium with the water-in-reservoir,
many wood specimens do not completely sink under the water level. Moreover, if the wood is in
equilibrium with the water-in-reservoir, wood always sinks under the water level or else the apparent
mass is not equal to the mass of the wood substance. Additionally, if the free water density is equal to
the displaced water density, then the free water mass cannot contribute to apparent mass m;. Finally,
the apparent mass of equilibrated wood in the water-in-reservoir is the mass of the bound water [17].

2.2. Meaningful Formulas

The mass of water in wood is the sum of the mass of free water and the mass of bound water.
Moreover, the following formula is derived based on Archimedes’ principle:

mp,0 = (mvv - mS) +my (6)

The mass of free water is equal to the difference between the displaced water mass and the mass
of the wood substance. The non-negative remainder of the mass of free water to whole water in wood
is the mass of bound water. As wood moisture content is a property of wood and it strictly relates
to one state, it is convenient to define it as a ratio of the mass of water in wood to the mass of the

wood substance:
my,0

mg

@)

Wmax =

The definition of the maximum of free water moisture content of wood in equilibrium with the

surrounding water-in-reservoir is
myy — Mg

WFmax = TS 8)
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The definition of the maximum of bound water moisture content of wood in equilibrium with the

surrounding water-in-reservoir is
mg
WBmax = ©)
mg

which is equal to the cell wall saturation limit.

2.3. The Measurement Method of Macromolecular Traits of Cellulose

The samples (untreated and thermally treated) were mechanically disintegrated to sawdust. In a
Soxhlet apparatus, sawdust fractions of 0.5 to 1.0 were extracted with a mixture of ethanol and toluene
according to American Standard Test Methods [18].

The cellulose of untreated and thermally treated wood was isolated using the Seifert method [19].
Molecular weights of the cellulose samples were calculated after their conversion into cellulose
tricarbanilates. Cellulose tricarbanilates were dissolved in tetrahydrofuran and filtered through
a Puradisc 25 NYL filter (Whatman International, Maidstone, UK) with a pore size of 0.45 um.
Size-exclusion chromatography was performed at 35 °C with tetrahydrofuran at a flow rate of
1 mL-min~! on a PLgel, 10 pm, 7.5 x 300 mm, MIXED-B column (Agilent, Santa Clara, CA, USA)
preceded by a PLgel, 10 pum, 7.5 X 50 mm, guard—column (Agilent, Santa Clara, CA, USA) as
described by [20]. Data acquisitions were carried out with ChemStation software (Agilent, Santa Clara,
CA, USA), and calculations were performed with the Clarity GPC module (DataApex, Prague,
Czech Republic). The polydispersity of cellulose was calculated as the ratio of Mw to Mn. The values
of weight—average molecular weight, and number-average molecular weight were recalculated to
underivatized cellulose using the coefficient 0.31214. Measurements were performed on four replicates
per each treatment condition.

FT-IR spectra (Fourier transform—infrared) of isolated cellulose were recorded on a Nicolet i5S10
spectrometer equipped with a Smart iTR attenuated total reflectance sampling accessory and diamond
crystal (Thermo Fisher Scientific). The spectrum was acquired by accumulating 64 scans at a resolution
of 4 cm~! in absorbance mode (A) from 4000 to 650 cm~! and normalized at approximately 2900 cm™~!
(C-H stretching vibrations). The spectra were measured using OMNIC 8.0 software (Thermo Scientific).
Four measurements per sample were performed.

2.4. Determination Method of Bound Water Number Molecules on Cellulose

The maximum bound water moisture content of cellulose was determined according to Equation (9).
A total of 50 mg of oven-dried cellulose m. was placed to the water environment in a glass flask of
known mass (apparent mass of glass flask). The apparent mass of cellulose m, is equal to the mass of
cellulose in the environment of water and is equal to the maximum mass of bound water bonded to
cellulose. In general, apparent mass is quantitative property; therefore, a number of water molecules
NC; bonded to glucopyranose was determined according to the formula:
my

Mp,0

me
M.

NC; =

(10)

where M0 is the molar mass of water (18.015 g.mol™!), m_ is an oven-dried mass of cellulose, and M,
is the molar mass of glucopyranose (162.144 g.mol™?).

To analyze the expected relationship between selected variables (structural traits of cellulose,
the number of water molecules on glucopyranose), the method of correlation analysis was used. Ata
significance level of & = 0.05, we tested the hypothesis of linear dependence between the mentioned
variables. The computed linear correlation coefficients and the corresponding p-value detected the
variables with significant positive or negative linear correlations [21]. The statistical data evaluation
based on the correlation was computed by Matlab2018.
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3. Results and Discussion

The cell wall saturation limit designed in the article [7] was broadened by [5,6] using the concept
of the oven dry density and basic density of wood. The proposed method of the cell wall saturation
limit measurement takes advantage using the oven dry mass and apparent mass in the equilibrium of
specimen in the water-in-reservoir without the necessity of the measurement of the oven dry volume.
Therefore, the cell wall saturation limit is equal to the maximum bound water moisture content.
The cell wall saturation limit of wood after thermal modification is shown in Figure 2. The factor of
modification temperature is significant. The data are heteroscedastic, and averages are not equal on
0.05 alpha levels among homogeneous groups of 20, 180, 160, 210 and 240 °C.

036 -
i wood ~=@-—max value

, L\/‘/\

0.34740.003
0.34440.008

0.34 4

Cell wall saturation limit

0.34

033

20 160 180 210 240

Modification temperature (°C}

Figure 2. Average and maximum values of cell wall saturation limit of oak wood. Numbers following
the averages are standard deviations from a measurement of 30 specimens.

The maximum bound water moisture content of cellulose is shown in Figure 3. The data are
heteroscedastic, and averages are not equal on 0.05 alpha levels between homogeneous groups of 20,
180, 160, 210 and 240 °C. Cellulose is stable until 210 °C. The maximum bound water moisture content
of cellulose decreased significantly for cellulose modified at a temperature of 240 °C.

The number of water molecules per glucopyranose was constant until the modification temperature
was under 210 °C. The number was 3.5 molecules of water per glucopyranose unit. The number of 3.4
molecules of water per glucopyranose unit at 160 °C was the statistically insignificant exception in
determination. This deviation may occur because of a large standard deviation of specimens’ files
variability at 160 °C (Figure 3). When the modification temperature was 240 °C, then the number of
water molecules per glucopyranose unit of cellulose dropped to 3.

The total crystallinity index (TCI) and the lateral order index (LOI) were determined from the FTIR
spectra of cellulose. These parameters were used to determine the changes in cellulose crystallinity.
The TCl is proportional to the overall degree of cellular crystallinity in wood. The LOI represents the
ordered regions perpendicular to the chain direction.
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Figure 3. Maximum bound water moisture content of cellulose. Numbers following the averages are
standard deviations from the measurement of 3 specimens.

The changes in assigned bands at 897 cm™! (asymmetric out-of-phase ring stretch in the C1-O-C4
glycosidic linkage), 1375 cm™! (C-H bending), 1429 cm™! (C-H wagging) and 2900 cm™! (C-H
stretching) indicated cellulose changes by the thermal treatment of wood. The cellulose crystallinity
was assessed using two methods: lateral order index (LOI) from ratios of band-heights H 1429/H
897 [22] and total crystallinity index (TCI) from ratios of band-heights H 1375/H 2900 [23,24]. TCI and
LOI parameters are shown in Figure 4.
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Figure 4. Total crystallinity index (TCI) and lateral order index (LOI) values of wood cellulose before
and after thermal treatment.

Increases in LOI and TCI values were observed at all experimental temperatures. The band-height
ratios of H 1429/H 897 (LOI) significantly increased when the wood was thermally treated at a
temperature of 210 °C. Its highest value was at a temperature of 240 °C, which was 19.2% higher
than for the untreated sample. The increase of ratio suggested that at 210 °C, cellulose underwent
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crystallization. The recorded increase in the values of this index results from greater susceptibility to
degradation in the case of amorphous regions in cellulose.

TCI was also significantly affected by treatment above 180 °C. The increase was in the range
from 0.282 to 0.325, depending on the treatment condition (Figure 4). At higher temperatures,
these changes may have resulted from the faster degradation of the amorphous cellulose regions and
the reorganization of the quasi-crystalline cellulose region [25].

The results of the macromolecular traits of cellulose are presented in Figure 5. Additionally,
the effect of the thermal treatment on cellulose Mw was assessed from the GPC of the isolated cellulose
of wood. The minor degradation of cellulose occurred at relatively low temperatures at 180 °C; the Mw
was 1.6% lower than for untreated wood. The cellulose fractions with a high molecular weight cleave
at 210 °C, and the proportion of low molecular weight fractions increased. The lower Mw value of
235,589 g'mol ! of the treated sample at 240 °C compared to the untreated sample suggested significant
degradation of cellulose during treatment, which was a decrease of 32.3%. At higher temperatures,
an important amount of acetic acid is released via deacetylation of hemicelluloses which catalyzes the
depolymerization of the less ordered carbohydrates as hemicelluloses and amorphous cellulose [26,27].
This causes a decrease in degree of polymerization (DP) and an increase in crystallinity.

_— Mw -&—PDI

400000 - r 19.5
19.04£0.168

19
18.53£0.054 18.44+0.056

350000 A F 185
F 18
17.40£0.165

300000 A F 17.5

Mw (g/mol)
PDI

F 17

16.18+0.315
250000 A

I 16.5
F 16
200000 F 155

F 15

150000

T T 14.5
20 160 180 210 240

Modification temperature (*C)
Figure 5. Molar weight and polydispersity index of cellulose traits dependence on modification
temperature.

The relationship between the polydispersity of wood cellulose and temperature is shown in
Figure 5. Polydispersity refers to the fact that, in most cases, there is a mixture of different length
cellulose chains in the system. The ratio of the weight average molecular weight to the number
average molecular weight is described in the polydispersity index (PDI). The PDI can change differently
during degradation processes according to the types of degradation mechanisms occurring (random
or systematic). In the case of a random degradation, the ratio does not change, and the molar mass
distribution keeps the same profile. The ratio decreases if scissions near the center are favored and
increase if scission is formed near the ends [28]. Similar polydispersity values were observed at
temperatures of 20 and 160 °C. However, PDI values of cellulose were observed to decrease gradually
from 19.04 to 17.40 and 16.18 (180, 210 and 240 °C) within the duration of depolymerization.

As the analysis showed, there was a strong negative correlation between LOI and the following
compositions of Mw (r = —0.991, p = 0.001) and PD (r = —0.937, p = 0.019). On the contrary, a positive
correlation was observed between LOI and TCI (r = 0.904, p = 0.035). The results of the analysis detected
a strong positive association between the values of Mw and PD (r = 0.970, p = 0.006). As we suspected,
TClI-correlating with the treatment temperature was significantly positive (r = 0.889, p = 0.044). The cell
wall saturation limit significantly dropped at a temperature of 240 °C. This drop was assigned to a
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change of the maximum moisture content of bound water bonded to cellulose and correspond to a
drop of TCL. However, the whole drop of the cell wall saturation limit cannot be assigned to the drop
of the maximum moisture content of bound water bonded to cellulose, because the cell wall saturation
limit value was higher than the maximum moisture content of bound water bonded to cellulose at
a temperature of 240 °C. The other effect on the drop of the cell wall saturation limit was employed.
Even when the measurement temperature was 20 °C; the quality of cellulose at the modification
temperature 240 °C changed because it bonded to only 3 water molecules instead of 3.5 molecules on
glucopyranose at a temperature of 20 °C. Researchers [29] published an estimated average value of
3.9 water molecules per hydroxyl group at fiber saturation point (FSP), which was larger than a value
of 3.5 water molecules for all—OH groups on glucopyranose.

The modification temperature strongly influences the equilibrium moisture content of modified
oak wood, for example, at an environment of humid air with a temperature of 20 °C and a relative
humidity of 65% (Figure 6).

0.14

012
y =-3,1E-04x + 1,66E-01

0.1

£
o
[+

y =-3,3E-04x + 1,36E-01

e
[=]
=

Equilibrium moisture content
(=]
o
jal

0.02

o 50 100 150 200 250 300 350 400

Modification temperature, °C

Figure 6. Increase in the equilibrium moisture content of oak wood in humid air (temperature of 20 °C
and relative humidity of 65%) modified with temperatures of 160-240 °C (blue dots) after soaking
(temperature of 20 °C) and following the equilibrium in humid air (green dots).

However, the previous soaking of modified wood at a higher temperature did not change
significantly differences among equilibrium moisture content values, but the values of the equilibrium
moisture content were much higher (Figure 6). The difference in the equilibrium moisture content
after soaking to equilibrium moisture content before soaking was 3%. Therefore, soaking of wood
regenerated the equilibrium moisture content of the wood to values that corresponded to lower
modifying temperatures. It seems that the difference shift was —105 °C at a given slope. Moreover,
another modifying temperature shift of —20 °C led to the intercept with the modification temperature
axis at 374 °C, which was the critical temperature of the water.

4. Conclusions

A derived method of identifying the cell wall saturation limit as the maximum bound water
moisture of wood was based only on the quantitative properties of wood. The cell wall saturation limit
of oak wood and maximum bound water moisture of cellulose were measured at 20 °C and normal
pressure after one year of soaking. The factor of modifying the temperature significantly influences
the cell wall saturation limit of oak wood, especially at 240 °C. The drop in the cell wall saturation
limit value was less than 1% at a temperature of 240 °C and was contrary to the values of the cell
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wall saturation limit at other modifying temperatures. The significant differences were due to small
standard deviations of the oak wood cell wall saturation limit at different modifying temperatures
(less than 0.1%).

Modifying the temperature to 240 °C significantly influenced the bound water maximum moisture
content of cellulose isolated from oak wood. The drop in the value was less than 6%. This drop
significantly influences the number of water molecules bonded to glucopyranose as a unit of cellulose.
Three water molecules per glucopyranose of cellulose were determined for oak wood which was
modified at a temperature of 240 °C. Three and a half molecules were bonded to glucopyranose as a
unit of cellulose isolated from oak wood which was modified at temperatures lower than 240 °C.

The TCI and LOI of cellulose significantly increased with a modifying temperature of 210 °C.
At this temperature, the cellulose fractions with high molecular weight were cleaved, and the proportion
of low molecular weight fractions increased. These changes resulted from the faster degradation
of the amorphous cellulose regions and the reorganization of the quasi-crystalline cellulose region.
This caused a decrease in DP and an increase in crystallinity. The PDI of cellulose significantly decreases
gradually from 19.04 to 16.18 at temperatures of 180 and 240 °C within the duration of depolymerization.

The soaking of modified wood did not change significantly differences among equilibrium
moisture content values, but the values of the equilibrium moisture content measured at temperature of
20 °C and relative air humidity 65% were 3% of the moisture content above the values before soaking.
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