JOURNAL OF MATERIALS SCIENCE36(2001) 887—-890

Thermal-softening properties of water-swollen
wood: The relaxation process due to water
soluble polysaccharides
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To clarify the thermal-softening properties of water-swollen wood, the viscoelastic
properties of wood specimens conditioned to various moisture contents and of water
solutions of amorphous cellulose, hemicellulose and milled wood lignin, have been studied
in the temperature range from —150 to 0°C at frequencies ranging between 0.5 and 10 Hz. A
relaxation process around —40°C was observed in wood specimen with high moisture
content. It was observed in wood specimens with lower moisture content at higher
temperature. The value of apparent activation energy for the relaxation process was

50 kd/mol. On the other hand, a similar relaxation process was observed in water solutions
of amorphous cellulose and hemicellulose around —40°C, but it was not observed in water
or water solution of milled wood lignin. The values of apparent activation energy for the
relaxation process were 230-545 kJ/mol. Therefore, we considered that the relaxation
process was due to the water-swollen polysaccharides and affected by the situations of
water molecules. © 2001 Kluwer Academic Publishers

1. Introduction were measured in the temperature range frahs0 to
At present, there is a lot of knowledge about thelO°C. In this report, we deliberated the mechanism for
thermal-softening behavior of water-swollen wood be-this relaxation process.
cause many researchers have studied it from many
viewpoints. Most of their reports show that only one re-
laxation process due to the thermal-softening of lignin2. Materials and methods
was observed in the temperature range from room tem2.1. Materials
perature to 100C [1, 2]. But Hillis et al. [3] and lida  Japanese hinokiGhamaecyparis obtuyavas used.
[4] observed two relaxation processes in the same temFhe size of specimen was 60 mm longitudinal
perature range, and they considered that the relaxatiatirection) by 1.5 mm (R=radial direction) by 4 mm
processes of the lower and higher temperature rangd3 = tangential direction). The measurements of the dy-
were due to hemicellulose and lignin, respectively. Asnamic viscoelastic properties were carried out after the
we can realize from these reports of two different typesmoisture content of the specimen was controlled using
the effect of hemicellulose on the thermal-softening be-constant humidity boxes.
havior have not been clarified yet. In addition, samples were made from amorphous cel-

On the other hand, for the Udaikamba wod@e{ Iulose (AC), xylan (XA), xyloglucan(XG) and milled
tula maximowiczianpwith about 25% moisture con- coniferous wood lignin (MWL). These samples were
tent tested in the tangential direction, we detected alissolved in the water, and these water solutions were
relaxation process arounréd(®C which has never ob- used for measurements of the dynamic viscoelastic
served through the measurement in the temperatungroperties after adjusting the concentrations to about
range from—150 to 0C. And, we revealed that this 2—-10%. The measurements of the dynamic viscoelastic
relaxation process was not observed for the Udaikambproperties were carried out with the glass fiber filter pa-
wood treated with a 15% NaOH water solution, treatedper (60 mm (lengthx 5 mm (width)x 1.8 mm (thick-
using steaming (20QC, 10 min), or with low moisture ness), Advantec Co. Ltd., GLASS FIBER FILTER PA-
content [5]. From these results, we considered that thifER GA100) impregnated with each water solution of
relaxation process was due to water- swollen hemicelAC, XA, XG or MWL.
lulose [5].

In the present study, for the purpose of the elucida-
tion of the mechanism for the relaxation process aroun@.2. Measurements of the dynamic
—40°C, the dynamic viscoelastic properties for wood viscoelastic properties
specimens with various moisture contents, and soluThe temperature dependencies of dynamic elastic mod-
tions of hemicellulose or other components of woodulus (E") and loss modulusK”) were measured by the
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tensile forced oscillation method using an automatic dy- oF"
namic viscoelastometer (Orientec Co. Ltd., Rheovibron TR
DDV—25FP). The measurements were conducted us 0.8
ing some constant frequencies over atemperature ran¢’s -
from —150—10C with a programmed heating rate of % 0.6+
2°C/min. The measurement frequencies were 0.5, 1, 2=~ L
5 and 10 Hz, the span was 50 mm and the displace)]
ment amplitude was 12m. The tensile direction for 0.4
the wood specimen was the radial direction.

The measurements for the wood specimen moisture
content were carried out quickly after taking the speci- 40
men out of the constant humidity boxes. The moisture ~ 30k
content of the specimen before the dynamic test meagcf
surement was almost the same after the measuremen=
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3. Results
3.1. The dynamic viscoelastic properties | | |
of wood in the temperature range 10_150 100 50 0
below 0°C
Fig. 1 shows the temperature dependencieE’adnd Temperature(°C)

E” at 0.5 Hz for the wood specimen with each mois-
ture content conditioned from 7.1 to 23.9%. WHH{,
two relaxation processes were observed in the case
12.9% moisture content and over. So, on increasing the

moisture content, eadfi’ peak temperature shifted to-

wards the lower temperature range and Eiepeak hemicellulose from the wood specimen. Consequently,
value of each relaxation process was larger. Each rdt is certain that hemicellulose in wood is concerned
laxation process in the higher temperature range and it the o process. Moreover, thE” peak temperature
the lower temperature range were labeledilpeocess location and thee” peak value of ther process were
and theg process, respectively. The relaxation procesglependent on the moisture content of the specimen, so
which was similar to ther process had been detected the « process was largely affected by the amount of
by mechanical or dielectric measurement, and it wagdsorbed water molecules.

considered due to the motions of methylol groups and Fig. 2 shows the temperature dependenciedof
adsorbed water molecules [6]. Onthe other handgthe and E” at 0.5 to 10 Hz for the wood specimen with

peak of thex process almost disappeared on extracting?3.9% moisture content. Increasing the measurement
frequency, theE” peak temperature location of tlae

process shifted to the higher temperature range. From
the relationship between the reciprocal of the absolute
temperature (1) for the E” peak and the logarithmic
frequency (logf), we calculated the value of apparent
activation energy$ E). Fig. 3 shows the relationship

Figure 2 Temperature dependencies of the elastic mod&fuand the
lgss modulu€” at 0.5, 1, 2, 5 and 10 Hz for wood specimen with 23.9%
oisture content.
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Figure 1 Temperature dependencies of the elastic modBfuand the Figure 3 Relationship between logarithm of frequency (lbpat loss
loss modulusE” at 0.5 Hz for wood specimen with various moisture maximum and reciprocal of absolute temperaturd X6r wood with
contents (M.C.). 23.9% moisture content.
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between 1T and log f. The value ofAE is given by 100
the slope of the regression line. The value was abou
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50 kJ/mol. &
This value differed rather from that of Udaikamba ¢ 1071} | X :Water
wood (about 105 kJ/mol) [5]. This difference might be .2, @®:Lignin(MWL)
due to the variation between specimens, but mainly, itE 10_2 O:Amorphous Cellulose
might result from relaxation processes existing abovegqé [ | :Xylan
0°C. In the temperature range from 0 to 2@Qthe re- A:Xyloglucan

laxation process due to the thermal softening of lignin 10'3_ -
was observed, and the properties of the relaxation pro T
cess were different between hardwood and softwooc_ 1
[7]. Moreover, atemporal relaxation process due to dry—Eu 10
ing or heating history exists in the temperature range o,
lower than that of the thermal softening of lignin, and E

the loss peak temperature location is changed by th¢
condition of drying or heating [8]. These relaxation r_ﬂé 0
processes mightinteract, and the appakmeak tem- 1
perature of the process was shifted towards the higher
temperature range. So the values\d in some spec-

, b I -
-150 -100 -50 0

imens might differ. .
Temperature(°C)
3.2. Temperature dependencies of the Figure 4 Temperature dependencies of the relative elastic modiflus
dynamic viscoelastic properties and the relative loss modulug” at 1 Hz for the solutions of wood
for wood com ponents components impregnated into the glass fiber filter paper.

In this study, the strips of the glass fiber filter paper were

used for the support material of the samples becausginge from—150°C to 100C which Backet al. ex-

the samples were water solutions. This glass fiber filtepected [9].

paper is composed of short glass fibers, so the value of The E” peak around @ observed in the water or

E’ or E” for this glaSS fiber filter paper is much smaller MWL Sample did not depend on the measurement fre-

than those of the freezing samples. Moreover, we COU'@;uency, s0 it might show the melting of water. On the

not detect the relaxation process when the strip of thigther hand, theE” peak around-40°C observed in

glass fiber filter paper was measured in the temperatufye water solutions of polysaccharides depended on

range from—150 to OC. It was suggested from these the measurement frequency. These results might show

filter paper penetrated with water solution was almosktion process. This relaxation process was labeled the

the same value as for the water solution. The real valug/ process. By way of parenthesis, tieprocess was

of E” or E” for the specimens could not be calculatednot observed in the samples of oven-dried amorphous

because the sectional area of the specimens could ngg|jylose and hemicellulose. From the relationship be-

be measured exactly. For this reason, the rel&hand  tween the reciprocal of the absolute temperatur&)(1/

the relativeE” normalized with reference 8’ andE”  for the E” peak and the logarithmic frequency (169,

at 100C were used instead of the real value€6tind e calculated values ofNE). Fig. 4 shows the rela-

E”, respectively. tionship between 77 and log f . The values were 230
Fig. 3 shows the temperature dependencies of thg4s kJ/mol. Thex’ process oE” might correspond to

relative E” and the relativeE” of AC, XA, XG and  the process which was observed in wood specimens
MWL solutions at 1 Hz. With the I’eSpeCt E/, wa- except for the difference of ea(zk]E

ter and MWL samples softened at abot€Qbut AC,

XA and XG samples softened at aboub0°C. With

respect tcE”, the peak around 12Q was observed in 4. Discussion

all samples. The location of the peak temperature deAs Fig. 1 shows, the process at about40°C due to
pended on the measurement frequency. This relaxatiotne water-swollen hemicellulose was observed in the
process is labeled thg& process because the location wood specimen with the high moisture content. This
of the peak temperature for theor g8’ process is al- relaxation process must be related to the adsorbed wa-
most same. Thg’ process might be due to water in the ter molecules because the location of this peakfn
water solutions because it was detected not only in theepended on the moisture content. On the other hand,
samples of some water solutions but also in the wateas shown in Fig. 3, the’ process, which was similar
sample. On the other hand, in the temperature rang® the « process, was observed in the water solution
from —50°C to 10C, the sharfe” peak was observed of amorphous cellulose or hemicellulose although the
inthe water or MWL sample afC. So, in the water so- thermal-softening behavior of the lignin solution was
lutions of polysaccharides, the clear pealE6fwas ob-  almost same as that of the water sample. This result sug-
served around-40°C corresponding to the degradation gests that the process observed in the wood specimen
in E’. These results supported the thermal-softeningvith the high moisture contentis due to polysaccharides
behavior of hemicellulose or lignin in the temperatureswollen by the water molecules.
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On the other hand, the values &E in wood

T T
1'0__ ] or in amorphous cellulose or hemicellulose solutions
L g differed obviously (the values oAE in wood: 50—
o . 105 kJ/mol, the values &f E in amorphous cellulose or
05 N N hemicellulose solutions: 230-545 kJ/mol). If we con-

sider that thex process was only caused by molecular
. motions of sugars, it would be as almostimpossible that
. the value ofA E in wood was larger than the values of
AE in amorphous cellulose or hemicellulose solution.
That is to say, we must consider that the difference be-
tween values oA E might be related to the difference
. | for situations of water molecules around sugars. Con-
3.9 4.0 4.1 4.2  sidering in the molecular order, water molecules with
3 various situations (from abnormal water to bulk wa-
1/T (1/K) [XlO ] ter) might exist in the sugar solution impregnated into
the glass fiber filter paper. On the other hand, water
Figure 5 Relationships between logarithm of frequency (iggat loss ~ Molecules around sugars in wood with the water con-
maximum and reciprocal of absolute temperatur& {fér the solutions  tent under the fiber saturation point (FSP) might exist
of amorphous cellulose, xylan and xyloglucan. in confined rooms only. If we consider that the temper-
ature location and the value &fE for the o process

) e
Since these results were related to water, we need &' the o’ process are affected by situations of water

consider the behavior of water at this temperature rangéPOIe%u.;fes a(;ofund St‘ﬁg?rs’ Itis Sa.‘t'Sf'Ed that‘?thtﬂo's
It is well-known that the behavior of water molecules ¢€SS GIT€red from the' process in Some points. >0,

which exist around high polymer molecules differ from thea process in wood might be affected by the existing

the behavior of bulk water molecules. These waters'[ate or the sort of sugars.

molecules which exist around high polymer molecules (fionseqléer;]tly,_ it could e?jofj'gar that ghe thg”.“a"
were often called “abnormal water” or “non-freezing softening behavior aroun was observed in

water”. Itis well-known that the glass transition of wa- not only the V\.’OOd with the high moisture content bUt.
also the solutions of polysaccharides. Furthermore, it

ter molecules in a high polymer gel or the glass tran- .
sition of water molecules cooled quickly was observeclCOUId be concerned that the thermal-softening behav-

around—120°C. Therefore, thg process observed in lor around.—4OOC in the wood with the high moisture
the wood specimen [6], [10], [11] and tig process content might be caused by water-swollen amorphous

might be caused by water molecules in a high polymePOIysaCCha”de.s' However, to de_termlne the nature
gel. On the other hand, it had been reported that abe the mechanism for the relaxation process around
normal water molecules around polysaccharides were 40°C, we must study further.
divided into plural groups because the peak of endother-
mic reactions was observed in the temperature rangﬁ
from —50 to 0C when the DSC measurement was car-eferences .
. . . 1. H. BECKERandD. NOACH, Wood Sci. and TecR (1968) 213.
ried out for the water solution of mucopolysaccharide ; \ | “saimen, 3. Mater. Sci19 (1984) 3090.
[12]. This peak temperature range is almost same fors. w. e. HiLLIS andA. N. ROSA, Holzforschung32(1978) 68.
thea process in the wood specimen with the high mois- 4. 1. 11DA, Mokuzai Gakkaish82 (1986) 472.
ture content or the’ process in the water solution of 5 Y. FURUTA,H. AIZAWA ,H. YANO andM. NORIMOTO,
each polysaccharide. ibid. 43 (1997) 725. ”

. . 6. M. YOKOYAMA ,E. OBATAYA andM. NORIMOTO, ibid.

Obatayzet al. reported that a relaxation process like " 45 1999) g5,

thea process was observed in cane specimens with highy, v. FuruTA, Doctoral dissertation, Kyoto University, Kyoto,
moisture content, in canes which contained a lot of 1998, p. 64.
monosaccharides and disaccharides originally. More-8- Y. FURUTA, M. NORIMOTO and H. YANO, Mokuzai
over, they reported that the relaxation process like the, Sa'ika':i"‘c“él:::&gi' SALMEN, Tappi6s (1962) 107
a process was notobserved in cane specimens eXtraCt%‘. R.. K.ITAHARA anciT. .MATSUMO’TOF?F:\/IOkuzai Gakka.ishzo
monosaccharides and disaccharides but the relaxation (1974) 349.
process like thex process was observed in cane spec41. M. NORIMOTO andK. CHO, ibid. 39 (1993) 249.
imens impregnated with water solution of grape Sugaﬂ.z. P. R STAN!ELY, in “Water in Polymer” (American Chemical
[13]. Although our results differed from these results :chg}k‘i":f{h;\”ggg;w DC'leg?zﬂ%ig? 3 Wood Scids (1959)
reported by Obatayet al., thea process mechanismor = 5o ' T
the relaxation process like tiprocess observed in the
cane specimen, might be almost same if we considered
that these phenomena were caused by water-swolldReceived 4 February
sugars. and accepted 24 August 2000

OLe :Amorphous Cellulose
- X :Xylan
i O:Xyloglucl:an

890



