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SYNOPSIS. The performed investigations analysed the chemical composition of Scots
pine (Pinus sylvestris L.) wood subjected to thermal modification in the atmosphere of
water vapour at the temperature of 190°C and 220°C for the period of 6, 18 and 28 h. The
contents of major wood constituents: holocellulose, lignin and pentosans as well as the
amount of substances solved in the mixture of ethanol-benzene, hot water, 1% solution
of sodium hydroxide and 2% solution of hydrochloric acid were determined. The analyses
were carried out for sapwood and heartwood.

On the basis of the obtained results, it was concluded that wood thermal modification
caused numerous changes in the cell wall constituents. The percentage lignin content was
found to increase together with the increase of the temperature and duration of the
process. The content of holocellulose decreased and reached its lowest level during the
longest variant of modification. Pentosans turned out to be the least resistant to the
effect of high temperature and, hence, their amount decreased significantly.

The content of soluble components, both in the sapwood and the heartwood, declined
with the increase of temperature and duration of the process. The only exception was their
solubility in hot water where, initially, the amount of these substances increased in wood
modified at the temperature of 190°C but decreased when the treatment temperature
was increased to 220°C.
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INTRODUCTION

Wood physic-chemical properties as well as its functional traits depend on its
chemical composition, in particular, on the presence of hydrophilic carbohydrates
as well as their structure in the cell wall. Increased resistance to the action of bi-
otic and abiotic factors and improved dimensional stability can be achieved by the
introduction into wood of chemical compounds which can block hydroxyl groups
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or which exhibit toxic activity in relation to microorganisms. Both types of the ap-
plied compounds, once the use of the elements protected by them comes to an end,
can pose a significant environmental threat. The reduction of wood hygroscopicity
by decreasing the quantity of hydroxyl groups should have a positive influence on
wood functional properties.

The reduction of the hydroxyl groups in the carbohydrate wood constituents
(cellulose and hemicelluloses) is achieved by its treatment with high temperature
whose upper limit should not exceed the level above which the process of active py-
rolysis sets off (260°C). Results of experiments reported by MADORSKY (1964) and
SHAFIZADEH and BRADBURY (1979) showed that the process of cellulose decom-
position at temperatures below 250°C proceeds slowly and its products include:
H;0, CO5 and CO, pointing to dehydration and decarboxylation processes. In
addition, at the above-mentioned conditions, a considerable decrease of the level
of cellulose polymerisation (LP) occurs, although its reduction from 2600 to 600
does not involve a mass decrement (BROIDO et AL. 1976). Moreover, BASCH and
LEWIN (1973 a, b, 1974) reported an increase in the level of crystallinity in the
cellulose held at the temperature of 200°C in the vacuum.

In temperatures below 200°C non-cellulose carbohydrates, mono- and disaccha-
rides, oligo- and polysaccharides polymerise and form dextrins and other branched
polymers. As in the case of cellulose, these processes are also accompanied by the
production of HoO, CO5 and CO.

Lignin, considered to be a thermally resistant wood component, under-
goes a slight decomposition already at very low temperatures (RAMIACH 1970).
HATAKEYAMA et AL. (1969) showed that at temperatures of 100-180°C softening
of lignin takes place.

The above-mentioned observations constituted the basis for putting forward, in
the final years of the last century, a new method of wood modification by way of a
multi-variant thermal treatment (BOONSTRA et AL. 1998, JAMSA and VIITANIEMI
1998, GARROTE et AL. 1999, RAPP et AL. 2000, SYRJANEN et AL. 2000).

Crucial information about processes that accompany thermal wood modifica-
tion can be derived from comparative investigations on the chemical composition
of the initial wood and wood subjected to various variants of thermal treatment.

The increasing temperature leads to chemical changes in the principal wood
constituents: holocellulose and lignin. This results in changes in wood physical and
mechanical properties as well as its chemical reactivity. The extent of these changes
depends on the applied temperature, duration of the process, the atmosphere in
which the process takes place and the water content in wood. Individual wood
constituents are characterized by different resistance to temperature with lignin
being the most resistant, while hemicelluloses undergo the greatest degradation
during thermal modification.

Depending on the applied temperature, different kinds of chemical reactions
can occur in wood: dehydration, depolymerisation, degradation, thermo-oxidation.
Some of the chemical compounds developed in the course of these reactions can
also have a detrimental impact on the surrounding environment.

According to KACIK and MARKOVA (2000), thermolytic reactions of wood
components occur in two phases with the critical temperature of 300°C.
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The following reactions take place in temperatures up to 300°C:

— Dehydration,

— Fission of bonds in polysaccharide macromolecules, consequently, their degree
of polymerisation drops,

— Development of acetic acid from detached acetyl groups of hemicelluloses,

— Fission of C-C alkyl-alkyl bonds and C-O-C ether alkyl-aryl bonds in lignin,

— Fission of phenyl-glycoside bonds between lignin and hemicelluloses,

— Development of free radicals and reactive carbon residues,

— Development of oxidised carbon (CO and CO3) and carbonyl and carboxyl
groups.

In the case of temperatures above 300°C, the following processes take place:

— Cellulose depolymerisation accompanied by the development of numerous
monomers; during the process different mechanisms of the reactions occur,

— Fission of C-C and C-O-C bonds accompanied by the development of low-
-molecular compounds: (H,O, CO, COy, CH30H, CH20, CH3COH etc.),

— Re-polymerisation of the intermediate products of cellulose and lignin ther-
molysis with the development of new, condensed compounds.

OBJECTIVE OF THE RESEARCH PROJECT

The aim of the performed investigations was to determine changes in the chem-
ical composition of Scots pine (Pinus sylvestris L.) wood subjected to thermal
modification in the atmosphere of water vapour and changing conditions of time
and temperature,

MATERIAL AND METHODS

The experimental material derived from Scots pine (Pinus sylvestris L.) wood
subjected to thermal modification in the atmosphere of water vapour and changing
conditions of time and temperature, i.e. 190°C and 220°C, for the period of 6, 18
and 28 h. In addition, the chemical composition of samples derived from the same
bole but which were not subjected to the thermal treatment was also investigated.
Experiments were conducted on comminuted material from which the fraction with
particle dimensions ranging from 0.5 to 1 mm was isolated.

In order to determine the chemical composition of the prepared material, meth-
ods given by PROSINSKI (1984) were used:

— To determine the moisture content using the drier-gravimetric method,

— To determine holocellulose content by the Haas method,

— To determine lignin content by the Tappi T-13m-54 method,

— To determine pentosan content by the Tollens method using floroglucin as
a reagent for furfural precipitation.
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In accordance with methodologies recommended by the above mentioned au-
thor, concentrations of substances soluble in: hot water, 1% solution of sodium
hydroxide and organic solvents were also determined. In the case of organic sol-
vents, the extraction was conducted in the Soxhlet apparatus for the period of 20 h
using, for this purpose, a mixture of ethanol and benzene at 1:1 ratio. In addi-
tion, the content of substances soluble in 2% solution of hydrochloric acid was also
determined. The analysis was carried out similarly to the determination of sub-
stances soluble in alkalis substituting the 1% solution of NaOH by the 2% solution
of HCI.

Each assay was performed for at least 3 samples and the obtained results
were averaged and corrected taking into account mass decrements caused by the
process of thermal modification and, in the case of lignin and holocellulose, mass
decrements developed during the extraction process preparing the material for
these determinations. The corrected results are presented in Tables 1-4.

Table 1. Content of soluble substances in the pine sapwood modified in changing condi-
tions of time and temperature

Modification Solubility | Solubility | Solubility | . alfgﬂ’_fgzene
temperature | time | in hot water | in 1% NaOH | in 2% HCl solution
[°C] [h] (%] (%] (%] %]
- - 2.44 15.71 16.54 3.95
190 6 3.08 12.36 12.81 3.14
18 2.75 12.02 12.55 2.73
28 3.23 12.76 10.32 2.84
220 6 2.53 11.34 8.50 2.54
18 1.64 12.05 4.61 2.94
28 1.65 11.08 3.82 3.11

Table 2. Content of soluble substances in the pine heartwood modified in changing con-
ditions of time and temperature

Modification Solubility Solubility | Solubility | . alfgﬁ‘;?‘gzizene
temperature | time | in hot water | in 1% NaOH | in 2% HCI solution
[°C] [h] (%] (%] (%] (%]
— - 2.72 17.62 15.73 8.54
190 6 3.53 14.32 13.38 5.95
18 3.79 16.14 15.44 6.61
28 3.92 15.20 12.56 6.38
220 6 2.47 11.40 5.62 4.91
18 2.63 12.82 6.58 6.41
28 2.03 12.90 4.88 6.69
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Table 3. Content of major constituent in the pine sapwood modified in changing condi-
tions of time and temperature

Modification - Pentosans Holocellulose Lignin
temperature time [%] [%] [%]

€] (h]

- - 12.75 59.73 27.75

190 6 7.23 53.70 31.82

18 8.34 53.87 28.85

28 6.31 52.93 31.22

220 6 4.61 48.92 34.26

18 2.53 51.87 39.46

28 2.04 49.47 38.91

Table 4. Content of major constituent in the pine heartwood modified in changing con-
ditions of time and temperature

Modification - Pentosans Holocellulose Lignin
temperature time (%] %] (%]
o 0 (9 0

[ [h]

- - 13.33 54.24 29.17

190 6 7.39 48.71 31.32

18 9.26 52.83 28.99

28 8.05 50.16 29.05

220 6 2.83 45.81 42.21

18 3.70 46.16 35.18

28 2.57 41.07 39.80

RESULTS AND THEIR DISCUSSION

On the basis of the performed investigations, it can be concluded that the
applied process temperature of 190°C failed to exert a significant effect on changes
in the content of individual wood constituents. On the other hand, interesting
results were obtained in samples derived from the hydrothermal modification at the
temperature of 220°C. The above tables show mean results obtained in the course
of investigations concerning the content of substances soluble in different media as
well as the content of major wood constituents for sapwood and heartwood.

Raw sapwood contains 2.44% of substances soluble in hot water and its ex-
posure to the temperature of 190°C increased the amount of these constituents,
on average, by 24%. The modification at the temperature of 220°C for the pe-
riod of 6 h did not affect significantly these changes (an increase of less than
4%). However, the lengthening of the exposure time to 18 and 28 h reduced the
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content of substances soluble in hot water by about 33% in comparison with the
non-modified sample. Changes in the amount of substances soluble in hot water in
the modified heartwood followed a similar pattern but the wood modified at 220°C
contained by about 12.5% less of these substances than the untreated wood.

The content of substances soluble in 1% solution of sodium hydroxide in the
wood which was not subjected to the thermal treatment was: 15.71% — in sapwood
and 17.62% — in heartwood. The applied thermal treatment reduced the content
of substances soluble in alkalis both in sapwood and in heartwood. In the case
of sapwood modified at the temperature of 190°C, the amount of substances soluble
in 1% NaOH dropped, on average, by 21%, while when the temperature of 220°C
was applied — by 28%. In the case of heartwood, the appropriate values were: 14
and 30%, respectively.

On the basis of the result analysis of the content of substances soluble in
2% hydrochloric acid it was found that, with the increase of temperature and
duration of the applied modification, the amount of these substances decreased
significantly. The initial content of these substances in the sapwood was 16.54%
and in the heartwood — 15.73%. The applied 28 h modification at the temperature
of 220°C reduced the content of these substances to the lowest level; 3.82% in the
case of the sapwood and 4.88% — for the heartwood.

In connection with such considerable changes observed following the treatment
with the 2% solution of hydrochloric acid, it can be concluded that part of the
substances sensitive to the action of acid environment was removed already during
the modification process. This is evident from the fact that high temperature
favours the development in wood of various acids, for example, acetic acid develops
from the acetyl groups of hemicelluloses. The developed acid environment and high
temperature may lead to a significant polysaccharide degradation increasing their
susceptibility to dissolution and allowing the removal of part of the wood substance
already during the modification process.

The results of the content of substances soluble in the mixture of ethanol and
benzene revealed that the modification temperature had no significant influence on
these values. The results obtained for both trial temperatures (190°C and 220°C)
were similar for the sapwood and heartwood.

The comparison of the content of wood soluble substances from different mod-
ification variants, revealed that in the case of treatment with 2% solution of HCI,
1% solution of NaOH and the mixture of ethanol and benzene the increase of tem-
perature to 190°C and later to 220°C reduced the content of these substances.
A lower content was recorded in the case of the higher temperature and these
values were similar when the mixture of organic solvents was applied. In the ma-
jority of cases, the duration of the applied modification was less important. The
lengthening of temperature action most frequently reduced the obtained values
of substances solved in different media.

The application of hot water on wood modified at the temperature of 190°C
increased the amount of soluble substances with the length of its action. However,
later on, this impact decreased when samples were subjected to the treatment
with the temperature of 220°C, reaching the lowest values during the 28-hour
modification.
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Apart from the determination of soluble substances, major wood constituents
were also determined. The obtained results for the sapwood are presented in Ta-
ble 3 and those for the heartwood — in Table 4.

The smallest quantitative changes were observed in the case of lignin and its
proportion in the modified wood was higher in comparison with the initial wood.

The highest content of lignin was determined in the wood modified at the
temperature of 220°C reaching the level of 42.21% in the heartwood and 39.46%
in the sapwood.

The percentage increase in the lignin proportion was associated mainly with
the condensation reactions taking place at high temperatures as well as with its
high resistance to the effect of temperature, in contrast to the carbohydrate con-
stituents.

Pentosans were the least resistant to the effect of temperature. In conditions
of increased temperatures, their content declined and this decrease increased with
the increase of the modification temperature. These changes were connected with
the poor resistance of these carbohydrate wood constituents to high temperatures.
Their content declined considerably already during the 6-hour exposure to the
temperature of 190°C. In the case of the sapwood, the lowest value, by about
84% lower in comparison with the initial value, was recorded during the longest
exposure to the temperature of 220°C, while in the case of the heartwood, the
observed trend was similar and the content of pentosans, in relation to their initial
level, dropped by about 81%.

The content of holocellulose in the hydrothermally modified wood decreased in
comparison with the raw material. The treatment with the temperature of 190°C
decreased the content of carbohydrates by about 7% in the heartwood and by about
10% — in the sapwood. In the case of the second variant, i.e. modification with the
temperature of 220°C, 18% and 16% losses of holocellulose in the experimental
material were recorded.

The figures presented below show the percentage content of major wood con-
stituents in the hydrothermally modified wood taking into account the duration
of the applied process.

CONCLUSIONS

1. In the hydrothermally modified wood, the amount of substances soluble
in 1% solution of sodium hydroxide, 2% solution of hydrochloric acid and
ethanol-benzene mixture decreased with the increase of the applied temper-
ature. The highest increase was recorded in the acid environment, while the
weakest impact on the examined wood was exerted by organic solvents.

2. The percentage share of lignin in the modified wood increased with the in-
crease of the applied temperature and time of the process.

3. The increase of the modification temperature reduced the proportion of pen-
tosans up to 84% in the sapwood and up to 80% — in the heartwood.
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4. The content of holocellulose in the modified wood declined with the increase
of time and temperature of the modification process.
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