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a  b  s  t  r  a  c  t

Wood  samples  (Picea  jezoensis  Carr.)  were  treated  with  aqueous  NaOH  solutions  (0–0.20  concentration
fraction,  12 conditions),  and  bending  tests  were  performed  to  measure  stress  relaxation.  The  relationship
between  mechanical  properties  and  NaOH  concentration  is discussed.  The  relaxation  modulus  and  relax-
ation  rate were  divided  into  three  concentration  ranges.  Both  decreased  slightly  for  NaOH  concentrations
less  than  0.10,  decreased  drastically  for  concentrations  between  0.11  and  0.14,  and  decreased  slightly  for
concentrations  greater  than  0.15. The  change  in relaxation  behavior  upon  NaOH  treatment  was  due  to  an
eywords:
tress relaxation
elaxation rate
-ray diffraction

increase  in  molecular  chain  mobility  in  non-crystallized  regions  along  the  microfibril  longitudinal  axis in
wood as  well  as  lignin  swelling.  Furthermore,  the  molecular  chain  response  in  this  region  required  time;
thus, the  dependence  of  crystallinity  on  the  relaxation  rate was  apparent  in  the  long  time  region.

© 2011 Elsevier Ltd. All rights reserved.

rystallinity
aOH solution

. Introduction

Wood treated with aqueous NaOH shows an anisotropic dimen-
ional change, especially along the longitudinal axis, and the
ontraction depends on the alkali concentration. The researcher
ho discussed this phenomenon in detail for the first time
as Stöckmann (1971a, 1971b), who pointed out the need for
icrofibril contraction based on thermodynamic considerations.

ontraction is induced by NaOH and other alkaline solutions
Nakano, 1988a, 1988b, 1989), and the degree of contraction
epends on the type and concentration of the alkaline solution
nd increases as NaOH < KOH < LiOH at the same concentration.
akano, Sugiyama, and Norimoto (2000) reported an experimental

emperature dependence of longitudinal contraction and showed
hat contraction depends on a change in the ultrastructure of the
ell wall, especially the non-crystallization of microfibrils. That is,
ontraction is due to a non-crystallized region along the microfib-
il longitudinal axis and the entropy elastic force caused by the
on-crystallization of cellulose microfibril helical winding in cell
alls. Moreover, Nakano (2010) formulated a relationship between

nisotropic dimensional changes and the crystallinity change due
o alkali treatment.
The treatment of native cellulose with NaOH aqueous solution
as been well-known as mercerization and industrially used so

ong time. Cellulose exhibits various polymorphism with NaOH

∗ Corresponding author. Tel.: +81 75 753 6234.
E-mail address: tnakano@kais.kyoto-u.ac.jp (T. Nakano).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.10.036
treatment (Fink & Philipp, 1985; Okano & Sarko, 1984) and changes
its crystallinity during their processes (Fengel, Jakob, & Storobel,
1995; Ouajai, Hodzic, & Shanks, 2004; Zhou, Yeung, Yuen, & Zhou,
2004). Cellulose in wood also examined the effect of NaOH treat-
ment with NaOH solution on the structure. Revol and Goring (1981)
and Shiraishi, Moriwaki, Lonikar, and Yokota (1984) reported that
the cellulose structure in wood hardly changed due to matrix con-
sisted of lignin and hemicellulose. Most of these studies were
examined at higher concentration of NaOH.

The mechanical behavior of alkali-treated wood also depends
on the concentration of the alkaline solution. Stress–strain behav-
ior depends on the alkali concentration and shows marked changes
for NaOH concentrations between 0.10 and 013 (Nakano, 1989;
Nakano et al., 2000). Relaxation behavior during alkali treatment
has also been reported (Nakano, 1988a, 1988b); however, the
samples were oven-dried, and the effects of collapse were not con-
sidered. Also, the change in relative crystallinity was not discussed.

In the present study, mechanical relaxation behavior and
crystallinity index were measured, and the effect of wood non-
crystallization by NaOH treatment on mechanical relaxation
behavior is discussed.

2. Experimental

2.1. Materials and NaOH treatment
Wood samples were prepared from Yezo spuruce (Picea jezoen-
sis Carr.) with rectangular dimensions of 70 (L) × 7.5 (R) × 2 (T)
(mm),  where L, R, and T are the longitudinal, radial, and tangential

dx.doi.org/10.1016/j.carbpol.2011.10.036
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:tnakano@kais.kyoto-u.ac.jp
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decreased considerably for concentrations between 0.11 and 0.14,
and decreased slightly for concentrations greater than 0.15. This
result is consistent with a previous report (Nakano et al., 2000).
146 T. Tanimoto, T. Nakano / Carboh

irections, respectively. Samples were oven-dried at 60 ◦C under
acuum for 1 day. The weight and dimensions of the oven-dried
amples were measured; they were then soaked in aqueous NaOH
olutions (0–0.20 concentration fraction) and stored at room tem-
erature for 2 days, after which they were washed in distilled water
or 2 weeks. The weight and dimensions of the treated samples
ere measured again. Three samples were treated using each NaOH

oncentration, and two unwarped samples were selected: one was
ubjected to stress relaxation measurements and the other was
nalyzed using X-ray diffraction (XRD). The sample selected for
tress relaxation measurements remained in distilled water until
he measurements were taken.

.2. Stress relaxation measurements

Stress relaxation measurements were conducted in water at
5 ◦C using a three-point center concentrated-load bending test
ith a span of 50 mm.  The displacement of 0.27 mm  was less than

ne-third of the proportional displacement limit for the samples,
hich was applied to the LR-plane. The measurement period was

bout 24 h, and the relaxation modulus was calculated as a function
f time based on the measurement load.

.3. X-ray analysis

Alkali-treated samples were freeze-dried under vacuum
vernight after being frozen with liquid nitrogen. Freeze-dried
amples were oven-dried at 60 ◦C under vacuum over P2O5 for 1
ay. The diffraction patterns were obtained for the LR-plane at room
emperature by a Rigaku Ultima IV, set to 40 kV and 40 mA in the
canning range of 5–35◦. The relative crystallinity of the samples
as calculated from the diffraction profile in the range of 10–28◦.

hat is, X-ray diffraction profile was isolated to a crystalline part
nd a non-crystalline part using commercial software the PeakFit
SeaSolve Software, Inc.) for peak isolation and then each area and
he whole area were calculated. The relative crystallinity was cal-
ulated as the proportion of the area of crystalline part to the whole
rea of the scattering area (Iwamoto, Nakagaito, & Yano, 2007).

. Results and discussion

Studies on the characteristic changes in mechanical behavior
nd dimension after alkali treatment have reported that struc-
ural changes in wood microfibrils are a key factor (Nakano, 1988a,
988b, 1989, 2010; Nakano et al., 2000). Moreover, the relative
rystallinity of wood microfibrils reportedly decreases due to alkali
reatment. Additionally, wood microfibrils do not undergo a lattice
ransformation from cellulose I to cellulose II; the cellulose alone
hanges. Thus, we start by discussing the lattice transformation of
he samples.

Lattice transformation during alkali treatment is discussed
ased on XRD analysis. Fig. 1 shows typical X-ray diffractograms,
nd Fig. 2 illustrates the relationship between the NaOH concen-
ration and the relative crystallinity. A lattice transformation from
ellulose I to cellulose II during alkali treatment is well-known to
ot occur in wood (Revol & Goring, 1981; Shiraishi et al., 1984), and
ig. 1 confirms that the lattice transformation did not take place.
owever, the relative crystallinity was nearly constant for concen-

rations less than 0.10 but decreased with increasing concentration
bove 0.11. This dependence on alkali concentration is consistent
ith previous reports (Ishikura, Abe, & Yano, 2010; Nakano, 2010).

The proportion of microfibrils and the fibril angle influence

he mechanical properties of wood. Fujimoto and Nakano (2000)
eported that the fibril angle increased slightly for NaOH concentra-
ions between 0.10 and 015 in alkali-treated Yezo spruce samples,
nd Nakano (2010) stated that the fibril angle changed little during
Fig. 1. Typical X-ray diffractograms of untreated and treated wood using aqueous
NaOH solutions.

alkali treatment. In the present study, the change in the fibril angle
appears to be slight. Based on the study of Reiterer, Lichtenegger,
Tschegg, and Fratzl (1999) on the relationship between Young’s
modulus and fibril angle, our result was  probably due to a decrease
in crystalline cellulose, which has a high Young’s modulus. Thus,
the change in fibril angle is neglected in the following discussion.

Fig. 3 shows relaxation curves for each NaOH concentration.
Plots of E(t) vs. ln(t) did not show a clear difference in relaxation
behavior, but the relaxation modulus displayed characteristic con-
centration dependence.

Previous studies have demonstrated that the concentration
dependence of the relaxation modulus was  due to an internal struc-
tural change during alkali treatment. Fig. 4 shows the dependences
of the relaxation modulus at ln(t) = 0 and the dimensional change
along the longitudinal axis on NaOH concentration and the degree
of crystallinity. Both show similar concentration and crystallinity
dependence, indicating that both changes were due to the same
factor, i.e., the change in relative crystallinity.

The concentration dependence of the relaxation modulus in
Fig. 4 was divided into three ranges. The relaxation modu-
lus decreased slightly for NaOH concentrations less than 0.10,
Fig. 2. Relationship between crystallinity and NaOH concentration.
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ig. 3. Stress relaxation curves of samples treated with various NaOH solutions.
ote:  numbers indicate NaOH concentration fractions.

akano et al. (2000) showed that the longitudinal contraction in
ood during alkali treatment was due to a non-crystallized region

long the microfibril longitudinal axis, and that contraction was
ue to the entropy elastic force because of an increase in the
eating temperature. Additionally, Nakano (2010) reported that
nisotropic swelling during alkali treatment can be explained by
he aforementioned mechanism. Similar relationships between the
elaxation modulus and the dimensional change along the longitu-

inal axis on the NaOH concentration and the degree of crystallinity
re consistent with the above discussion.

ig. 4. Dependence of the relaxation modulus at ln(t/s) = 0 and the dimensional
hange along the longitudinal direction on NaOH concentration and relative crys-
allinity.
Fig. 5. Relaxation rate, dln E(t)/dln t, of samples treated with various NaOH concen-
trations.

Considering the change in relative crystallinity, a decrease in
the relaxation modulus for NaOH concentrations less than 0.10
(Fig. 4) was  not due to the change in relative crystallinity. It proba-
bly occurred because of an increase in the geometrical moment of
inertia during alkali treatment, which increased linearly for NaOH
concentrations less than 0.10 and was nearly constant for concen-
trations greater than 0.11.

The concentration dependence of the relaxation modulus in
Fig. 3 suggests that non-crystallization due to alkali treatment
affected the relaxation modulus during measurements. This makes
comparison among the relaxation spectra difficult because the
relaxation modulus changed drastically during alkali treatment,
and comparing the change in relaxation behavior using an absolute
value is difficult. Thus, relaxation behavior was evaluated based on
the relaxation rate, dln E(t)/dln t. This value represents the relax-
ation level at each time, making the change in relaxation behavior
clear.

Fig. 5 shows dln E(t)/dln t vs. ln(t). The relaxation rate was
divided into three concentration ranges: non-alkali treated (0),
0.03–0.12, and greater than 0.13. The concentration ranges corre-
spond to the three ranges in Fig. 4. That is, the relaxation behavior
changed due to non-crystallization during alkali treatment. Fig. 5
shows that the absolute relaxation rate increased in the long time
region for NaOH concentrations less than 0.12, and that the rate
increased in the short and long time regions for concentrations
greater than 0.13.
The relationship between the relaxation rate and relative crys-
tallinity is shown in Fig. 6. The relaxation rate changed markedly for
relative crystallinities between 0.30 and 0.33. Although the relax-
ation modulus changed considerably, the relaxation rate changed

Fig. 6. Dependence of the relaxation rate at ln(t/s) = 3, 8, and 11 on relative crys-
tallinity.
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Stöckmann, V. E. (1971b). Effect of pulping on cellulose stucture. Part 2. Fibrils
contract longitudinally. Tappi, 54(12), 2038–2045.
148 T. Tanimoto, T. Nakano / Carboh

lightly in the short time region but significantly in the long time
egion. The relaxation rate at ln(t) = 11 changed considerably for
elative crystallinities between 0.30 and 0.33. Additionally, the
ong-term relaxation rate recovered for relative crystallinities of
ess than 0.30. For relative crystallinities greater than 0.33 or for
aOH concentrations less than 0.12, the relaxation rate changed

ittle, regardless of time.
The mechanism of the change in relaxation behavior with

ecreasing relative crystallinity is discussed. Two mechanisms
ust be considered: one is a crystallinity dependence on the relax-

tion modulus (Fig. 4), and the other is a crystallinity dependence
n the relaxation rate (Fig. 6). The former is not time-dependent,
ut the latter is.

The former increases the region reacting to deformation
romptly, namely the non-crystallized region. That is, the decrease

n the relaxation modulus at ln(t) = 0 with increasing NaOH con-
entration was due to a decrease in the fraction of the crystallized
egion (Fig. 4), which was rigid, and an increase in the fraction of
he non-crystallized region, which was flexible. Another factor is

 decrease in the contribution of lignin, which binds microfibrils.
he interaction between microfibrils and lignin is believed to have
een weakened by swelling during alkali treatment. Alkali solu-
ion causes dissolution of hemicellulose, but dissolution was  nearly
omplete at a NaOH concentration of 0.05 and did not increase
or concentrations greater than 0.05. Thus, dissolution scarcely
ffected the mechanical properties.

The relaxation rate depended on the response of molecular
hain rearrangement. Fig. 6 shows that the crystallinity dependence
n the relaxation rate increased with increasing ln(t), suggesting
hat molecular chain rearrangement required time, and that the
hange in the relaxation rate related to the restricted molecular
hain motion. Furthermore, the relaxation rate did not change for
elative crystallinities greater than 0.33 but did change for rela-
ive crystallinities less than 0.33, suggesting that the molecular
hain response required a large non-crystallization region. Thus,
on-crystallized regions formed along the microfibril longitudinal
xis. The motion of non-crystallized regions around the microfib-
ils appears to be restricted by crystalline regions parallel to the
ongitudinal axis.

Nakano et al. (2000) proposed that a reduction in the end-to-end
istance of the chain segments in the amorphous regions was  due
o longitudinal contraction of microfibrils caused by alkali solution
enetrating the defects in the microfibrils longitudinal direction.
or the experimental method used in this study (three-point bend-
ng tests), contractive and tensional stress occurred. The S2-layer,

hich is about 0.80 fraction occupation of the cell wall, so that it
ominates the mechanical properties of wood. The result shown

n Fig. 4 suggests that the alkali solution penetrated the defects in
he microfibril longitudinal direction, and that a non-crystallized
egion was formed along the longitudinal axis for softwood, in

hich the fibril angle of the S2-layer is small. Furthermore, molec-
lar chain rearrangement in this region requires time; thus, the
rystallinity dependence on the longer time relaxation rate (Fig. 6)
as evident.
 Polymers 87 (2012) 2145– 2148

4.  Conclusion

The effect of the crystallinity change induced by NaOH
treatment on the mechanical relaxation behavior of wood was
investigated. The relaxation modulus and relaxation rate were
divided into three concentration ranges. Both decreased slightly
for NaOH concentrations less than 0.10, decreased markedly for
concentrations between 0.11 and 0.14, and decreased slightly for
concentrations greater than 0.15. This was due to an increase in
the molecular chain mobility in non-crystallized regions along the
microfibril longitudinal axis in wood and lignin swelling due to the
NaOH treatment. Furthermore, molecular chain rearrangement in
this region requires time; thus, the crystallinity dependence on the
longer time relaxation rate was  apparent.
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