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Introduction

The sorption of water by wood has been studied by a large number of workers
for many years on sorption isotherms, swelling, heat of sorption, and rate of sorp-
tion and diffusion. Most of these investigations have been interpreted in terms of
wood itself or cellulose contained in wood. On the contrary, little attention has been
paid to the sorptive nature of wood hemicellulose, although its high sorptive capacity
is infered from its molecular structure and state of aggregation in wood, namely,
containing hygrophilic ~-OH groups and probably having an amorphous structure.
Recently, the auther and coworkers have reported a series of studies on the some
sorptive behaviours of water vapour by wood hemicellulose~'®, and in this paper
these investigations are summarized,

Materials

The samples used in these studies were filmy hemicellulose specimens which
were prepared from wood meal of Buna (Fagus crenata BLume), Shina (Tilia
japonica SiMk.) and Makanba (Betula Maximowicziana ReGeL) by the following
procedures.

The wood was delignified with sodium chlorite and acetic acid at 75°C for four
hours, and was extracted with 20 times its volume of 5 percent potassium hydroxide
for three hours. After filtration, the solution was poured into three times its volume
of methanol with acetic acid. The precipitate was centrifuged. The supernatant
was decanted, and the residue resuspended in 85 ¢, methanol and recentrifuged.
In the same manner, the supernatant was replaced with pure methanol, and ethyl
ether, successively, The resulting precipitate was suspended in ethyl ether, then,
added into hot water. The aqueous solution of hemicellulose, obtained here, was
condensed and dried on a glass plate to make transparent film, which had a well-
oriented arrangement of molecules®. The filmy specimen enables us not only to
observe the sorption, but to examine the diffusion through it. Before each of the
experiments, the specimen was sufficiently conditioned to give reproduciable data.
The conditioning was carried out by repeating moisture adsorption and redrying at

room temperature,

* Contribution from the Laboratory of Wood Technology, Kyoto Prefectural University, Kyoto,
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Table 1 Hemicellulose samples used.

| . H
o Buowm Sivk. ) % Rt
» V ) 7 ) ‘ V a ) b V 1 7 Gkl
Pentosans, % . sa5 sl | 83. 2 85.5
Uronic anhydride, % \ 0.4 g9 | 9.0 ‘ 8.7
i 1
Ash, % i 4.3 3.4 | 4.0 i 3.5
! |
Degree of : § :
polymerization “ 90 . ; 100 ‘ 110
T T T | |
1.51 | |
Density, * (g/cm®) — l 1.52 1 1.51
\ 1.52 \
|
i 0.08 | \
Thickness of film, : ‘: } 0.08
{mm) 0.09 8 %li \ 0.10 ‘5 0.10
i I .

* By buoyancy in benzene, at 0 % moisture content.

Experimental procedures

1) Sorption isotherm and rate of adsorption : The determinations of the sorption
isotherm and of the rate of adsorption were carried out in the absence of air. The
amount of vapour adsorbed was determined from the increase of weight of specimen
weighed by quartz helix-balance. The measurements were periodically conducted
at constant vapour pressure and temperature untill the equilibrium was established.

2) Swelling: The volumetric swelling of hemicellulose was measured by change
in the volume which was calculated from buoyancy of specimens in benzene.

3) Diffusion : The diffusion of water through hemicellulose in steady state were
measured by the cup-method. With the filmy specimen was sealed a glass cup
containing water or calcium chloride. The cup was placed in a conditioned atmos-
phere and weighed periodically to determine the rate of change in weight.

Amount of vapour adsorbed”

The amount of vapour adsorbed by hemicellulose were measured by increasing
the relative humidity in steps within a range from 0 to 939, at 16, 20, 30, and 40
°C, and the sorption isotherms were plotted. The results were analyzed with the
following equation®,
_ Umcx | 1—x"

1-tex 1-x M
where » is the moisture content, x the relative vapour pressure, and ¢, Vm, and »
are the parameters of the equation.

The sorption isotherm of hemicellulose shows such a typical sigmoid curve as
those of wood and cellulose (Fig. 1). Only little differences in the isotherm are seen

among species of original wood. The isotherms accord substantially with those
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3.0 obtained by RuNkEerL and LUTHGENS?Y,
and CHrISTENSEN and KeLsey?. The
50} 2.0 amounts of water adsorbed per a unit

weight of hemicellulose are much more
than those of wood for all relative

o
o

40 a_

humidity values, and the adsorption
ratio basing on wood varies between
1.8 and 2. 4.

The values of parameters of the

equation (1) obtained from sorption iso-

Moisture content (%)

Sorptive ratio

therms of hemicellulose are compared
with those of wood and cellulose in

Table 2. V,, and nv, are the num-
ber of grams of water adsorbed per

gram of sorbent on the primary and
40 60 80 100 the total sorption sites, respectively.
Relative humidity (%) The values for hemicellulose approxi-

Fig. 1 Sorption isotherms for wood hemi- mate to the coresponding values per
cellulose (a and b, Buna; c, Shina ;
d, Makanba) and wood (e, Buna),
and sorptive ratio based on wood (a’ The latter is calculated using the values

and b’; Buna). (16°C) of v, nv,, and the ratio of amorphous/

gram of amorphous region of cellulose.

crystalline regions of the total cellulose. The area of the sorptive surface of hemi-
cellulose is calculated to be ca. 16:<10° cm?/g, about twice the value for wood, with

use of the equation,

AT:“ ‘3{4\[ nv‘uz, (2)

where N is AvocADRO number, s the projected area of one water molecule, and
M the molecular weight of water (Table 2).

Table 2 Values of parameters of equation (1) and area of sorptive surface.

f A
i Vi n Ny (cm?/g)
Hemicellulose
Buna, a 12.4 4.6 57.0 15.3x10°
Do, b : 10.7 5.8 62.0 16.6
Shina 10.4 _ 6.0 62.4 16.7
Makanba ; 9.9 6.0 59.4 15.9
Wood ‘
Buna : 6.4 3.8 24,1 6.5
Makanba ‘ 7.8 4.0 31.4 8.2
Cellulose |
Regenerated ‘ 5.7 4.9 28.0 7.5

Cotton ; 4.0 4.1 16.4 4.4
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Swelling'?
60 a
/ The volumetric swellings of the spe-
50 o cimens in the course of adsorption and at
/ the equilibrium are plotted against the
40 ’ ! moisture content in Figure 2. All experi-

mental points are located on a smooth

curve. The fact suggests that the swell-

30
/ ing of hemicellulose coincides with adsorp-

Volumetric swelling (%)

20 j tion of water on it. Increase in the
. / 2; volume with adsorbing a unit weight

10 .A °° of water (dV/dW) is less than unity,
/ . which is equal to the specific volume of

0 free water in liquid phase. The value of

0 10 20 30 40 50

Moisture content (%) dV/dW is 0.6 near the zero moisture

Fig. 2 Volumetric swelling in process of content, and it increases rapidly towards
adsorption (a), at adsorption equi- the constant value of about 0.9 with
librium (b), and in process of . . .
desorption (¢). (Buna hemicellu- increasing moisture content.
lose at 20°C) The hemicellulose swells infinitely

when it is placed in saturated water vapour or in water, and dissolved finally. The
aqueous solution of hemicellulose transfers reversibly to jelly with increase in con-
centration or decrease in temperature, and it is also able to transfer reversibly from

jelly to such a solid of well-oriented structure as the original film.

Heat of adsorption'”

It is found that the reduction in equilibrium moisture content of hemicellulose
with a rise of every 10°C in temperature at 10, 30, and 50% relative humidities is
0.5, 0.8, and 1.37% respectively. The sorption isostere is obtained by plotting the
logarithm of relative humidity at which a given amount of vapour is adsorbed versus
the reciprocal of the absolute temperature, and then differential heat of adsorption
at given moisture content are calculated from the slope of the line with the follow-

ing equation,

dQ _ —R  dlnx 6))
du M dQ/T)
where dQ/du is the differential heat of adsorption, x the relative humidity, 7 the
absolute temperature, M the molecular weight of water, and R the gas constant.
The differential heat of adsorption decreases with increasing moisture content.
The relation between the differential heat of adsorption and relative humidity is
similar to that found by CHrisTenseN and KerLsey for Eucalyptus hemicellulose?
(Fig. 3). The relation is also similar to those for cellulose and wood. The fact
suggests that there is an analogous distribution of energy of sorption site in those
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9250 substances,

{ Hysteresis'®
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Both adsorption and desorption
isotherms are determined at 20°C and
the range between 0 and 93. 09, relative
humidities, and the desorption/adsorp-

150

100 tion ratio are calculated. The value

Differential heat of adsorption (cal/g)

~
N
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50 3 Q\\ those for wood in Figure 4. It is shown
\\\ \\ that the hysteresis effect on sorption
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\ isotherm of the former is more re-
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0 20 10 60 80 100 markable at lower relative humidity
Relative humidity (%) range.
Fig. 3 Relation between relative humidity The volumetric changes with vari-

and differential heat of adsorption

for hemicelluloses of Buna (a) and
Lucalyptus (b, and c¢)P. during the processes of both adsorption

ation of moisture content are determined

and desorption. As shown in Figure 2,

» the moisture content vs. the volumetric
/ change curve of desorption accords with

40 ] L5 that of adsorption above 209, moiture
. = b Z content. Below the moisture content,

: \7%_ 1. however, the volume of specimen con-
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/ ditioned by desorption are greater than

the volume by adsorption. Thus, the

volumetric shrinkage might proceed
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Hysteresis ratio o

e still so slowly after separation of water
10 / 17b molecules, that the shrinkage would
/f/' /,‘//' not complete within the usual period
0 = of experiment.
0 20 40 60 80 100

Relative humidity (%)

Fig. 4 Adsorption and desorption isotherms,
and hysteresis ratio for hemicellulose
(a) and wood (b). (Buna at 20° (0))

Diffusion®

The rate of movement of water in
a steady state through the filmy speci-
men of hemicellulose was measured under various moisture-content gradients and tem-
peratures. The average diffusion coefficient is calculated with the following equation,

, —ml
D= pea—et @

where D is the average diffusion coefficient, m the weight of water moved through
the specimen for the time #, A the effective diffusion area, / the thickness of speci-
men, and ¢ and ¢; are the concentrations of water at the both surfaces of specimen.
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ture content. (Buna hemicellulose)

temperature. (Buna hemicellulose)

The results obtained are shown in Figure 5 and 6. The average diffusion coef-
ficient increases in an exponential manner with increasing average moisture content
(Fig. 5). The diffusion coefficient ranges between 10-* and 107* cm?/sec at 30°C.
The activation energy of diffusion of water is 10.7 kcal/mol, which is obtained from
the increase of diffusion coefficient with temperature at a given moisture content
(Fig. 6), using equation,
dln D (5)
d/T) -

This value of activation energy is nearly coincident with the energy of hydrogen
bond. The coincidence indicates that sorbed water moves probably through combi
nation and separation of bonds between water molecules and sorption sites ; in other
words, the movement of water through hemicellulose might consist of such series of

E=-R

molecular jumps of water from a sorption site to another, as demonstrated by

StamMM'® on the movement of bound water into cell wall of wood.

Rate of adsorption®™"

The amount of water vapour adsorbed by the hemicellulose was measured
periodically untill the equilibrium was established under various temperatures and
increments of moisture content. To determine the diffusion coefficient by unsteady-
state stream with Bortzmann’s form of Fick’s equation, the moisture content is
plotted against the square root of time. However, the relation between them is far

50 5 50
30 ,2 10
? / / % 10-8
. / L 20 20

/sec)

9

D (cm
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from showing any liniarity even at the initial stage of adsorption, especially the
average moisture content is low. The adsorption processes are scarecely affected
by the variation of thickness of specimen under 159, moisture content. Therefore,
the rate of moisture adsorption is taken to be independent on the diffusion of water
into the specimen, and presumably controlled by a rheological deformation of
molecular networks of hemicellulose during the swelling?,

In order to analyse the rate of adsorption for this system, the adsorption
processes are represented graphically in the form of moisture content vs, loga-
rithm of time curves. Each of them have an inflection point in the neibourhood
of average moisture content, so the time r of the inflection point is used as a measure
of adsorption rate. Some examples of the experimental results are given in Figure
7, and the inflection points of all the adsorption curves, except at higher average

—
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e : flection point of curve
~— - -— 1 line represented by equation (6)

Fig. 7 Adsorption processes plotted in form of relation between moisture
content and logarithm of time. (Buna hemicellulose at 16° (0))

moisture content, have place on a straight line which is represented by the equation,
log t=ku, +c, (6)
where u, is moisture content at time r, and % and ¢ are constants. And u, is
given approximately by
Uz ==0.55(%e —tto) + o, )
where #, and u.. are the initial and the equilibrium moisture contents respectively.
The increase of adsorption rate with moisture content may be accounted for by

assuming that the molecules of sorbed water weaken the intermolecular bondings
of the network of hemicellulose, and this causes the decrease in the resistance
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against the swelling.
The u, vs. log ¢ line shifts in parallel towards shorter time with increasing

temperature, as shown in Figure 5. The activation energy for moisture adsorption
by hemicellulose is about 18 kcal/mol, which is obtained from the variation of r at
a given u. with temperature using the equation,

E= ~Rf‘;l(1l?,1f) ; ®)
The value is evidently higher than those of the diffusion and it may represent the
activation energy for the deformation of molecular network to swell.

Generally, the main limiting factors for the rate of adsorption may be as
follows™: i) The rate of movement of water molecules in hemicellulose, which is
expressed as the diffusion coefficient determined under steady state movement (D-
effect). ii) The rate of development of sorptive ability at each sorption site on
hemicellulose, which is controlled by the rate of deformation of the molecular network
of hemicellulose in order to make a space accepting sorbed water, namely, the rate
of swelling, and which is expressed as the above mentioned time ¢ (r—effect). iii)
The rate of sorption of water molecule on active sorption site which may be too
rapid to limit the whole adsorption rate.

According to the temperature or the moisture content range, either D- or

r—effect limits the rate of adsorption of

S BTN water by hemicellulose. In Figure 8,
. \\ isochronal curves, which show the time
A
O 60 . .
o \ \\ neccessary to establish an adsorption
30 \ o - .
§ 40 >§ N S~ equilibrium either by D- or by r-effect,
g are plotted for 1.0 mm thick of the ideal
=N
g 20 filmy specimen of the hemicellulose using
a the experimental values of D and r. At
0 higher temperature and moisture content,
0 10 20 30 40 or more precisely, on the right of the
. o
Average moisture content (%) dotted line which get through intersecting
: by c-effect

i € i isochrona
. by D-effect points of two corresponding sochronals,
) . the rate of movement of water molecules
Fig. 8 The isochronals for the adsorption

equilibrium. (0.1 mm thick) limits the rate of adsorption, and on the

left of it, namely at lower temperature

and moisture content, the rate of deformation of hemicellulose network is predominate.
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