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Abstract—In the present paper, the dielectric properties for nine dry celluloses were studied
over the frequency range from 3x10% to 3x10°Hz and at —32°C, and compared with their crystal-
linity estimated by moisture regain. Furthermore, using the theory of Fuoss-Kirkwoop, a relationship
between the dielectric property and the noncrystalline content was derived, and its validity was ex-
amined experimentally.

Introduction

The dielectric behaviors of cellulose have already been investigated by many authors.
And it has been reported that only one dielectric relaxation in dry state is observed in high
frequency range at room temperature.> Recently, MIKHAILOV et al.,2 and NORIMOTO and
YAMADA® suggested that this relaxation process is associated with the orientational polariza-
tion of methylol groups in the noncrystalline region. If this assignment is correct, then it
may be expected that the extent of dielectric dispersion is directly related to the quantity of
noncrystalline fraction.

To make clear the correlation between the dielectric properties and the noncrystalline con-
tent for celluloses, the several studies have been performed. CALKINS measured the dielectric
constant as a function of moisture regain for regenerated celluloses and found a linear relation-
ship between them.¥> VERSEPUT measured the dielectric constant at 1x10% Hz and 30°C for
several cellulose fibers to examine the relationship between the dielectric constant and the cry-
stallinity, and showed that, although the amount of the polarization is not necessarily entirely
dependent upon the quantity of amorphous region, a certain amount of the polarization seems
to be due to the rotational vibration of cellulose chains in the amorphous phase since the
dielectric constant of cellulose is profoundly influenced by the crystallinity.> KANE studied the
relationship between the intrinsic dielectric constant and the water vapor accessibility of six
celluloses, and obtained the following linear equation between them.® '

¢/=8.600,+3.884, at 10kHz and 30°C,

where ¢/ is the intrinsic dielectric constant of cellulose, and 4, and 4, are the inaccessible and
the accessible fractions, respectively. According to this equation, the dielectric constants of
the accessible and the inaccessible celluloses are 8.60 and 3.88, respectively. ISHIDA et al. me-
asured the dielectric constant and loss factor for three cellulose fibers in dry condition over the
frequency range from 5x102 to 3x 106 Hz and the temperature range from —60 to 20°C, and
showed that the values of (¢ —e€«’) determined from Cole-Cole plots, which are propotional to
the concentration of dipoles contributing to the orientational polarization, increase with increas-
ing accessibility of the samples.”” VENKATESWARAN et al. investigated the relationship between
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the intrinsic dielectric constant and crystallinity index calculated from X-ray measurements for
cotton linters, bleached sulphite pulp and ramie treated with various concentrations of ethyla-
mine, and found that there is an excellent linear correlation between them at any frequency.$%
NORIMOTO et al. measured the dielectric loss factor for cellulose powders in very low frequency
range at high temperature and found a linear relationship between the dielectric loss factor and
the degree of crystallinity estimated from X-ray measurements,1® Thus, the dielectric constant
of cellulose can be thought as that of a two component system, i.e. one component the crystal-
line region and the other the amorphous region, then the two phase structure of cellulose may
be assumed.

According to the phenomenological theory of dielectrics, the dispersion magnitude (e¢y —€c”)
can be written as

fouemf:%gle”(w)d In o, )

where ¢/ and e’ are the static dielectric constant and the dielectric constant at very high
frequency at which the orientational polarization of dipoles is impossible, respectively, and
¢’’(w) is the dielectric loss factor as a function of angular frequency w. SILLARS derived the
following relation by generalizing DEBYE formula.1

Sm e’d In (u:Sm {L‘gl—_:)a%??~6(r)dr]d In w (2)
e, o An (422 p?
=g h =73 3 3RT

where # the number of polar molecules per c.c., ¢ the dipole moment, £ Bolzmann constant,
T the absolute temperature, r the relaxation time, G(¢r)dr=dn, respectively. This equation
shows that if ¢/(w) is plotted against In @ the total area under the curve is propotional to the
total cdncentration of dipoles. Employing this method, NAKAJIMA and SAITO found a linear
relationship between the area under €’ vs. logZ—a; curve and the amount of amorphous region
estimated from density for the low temperature dispersion of polymonochlorotrifiuoroethylene.1®
Furthermore, they discussed the correlation between (e —¢.’) determined from Cole-Cole plots
and the crystallinity for a« and B absorptions of polyethylene terephtalate.1®
From equations (1) and (2), the following relation is derived.

€ —€x’=Cn. 3)

Assuming that e’ is constant regardless of the degree of crystallinity, then ¢ is propotional
to the concentration of the dipole contributing to the orientational polarization, i.e. the quantity
of noncrystalline fraction, since it is considered that ¢, is nearly equal to ¢ in low frequency
range and that the dipoles in the noncrystalline region make a substantial contribution to the
orientational polarization.

On the other hand, PANDE derived theoretically the following linear relationship between
¢/ and the volume fraction of crystallinity é for cellulose from MAXWELL relation and GLADSTONE-
DALES law.1®

€/z016+(;2, (4)

YNNG n—1
6=2(pc~—pPa) 3 (1‘|“ 0 Pa)'

Cz:(1+i;£',aa,)2;
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where 7 the average refractive index, pq and p. the density of crystalline and amorphous
regions, p the average density of the substance, respectively.

It was the purpose of the present paper to derive the relationship between the dielectric
properties and the degree of crystallinity for celluloses independent of equations (2) through
(4), and to examine it experimentally.

Experimental

Specimen Preparation- Nine cellulose powders shown in Table 1 were used as the
samples. After the powders passed a 200-mesh screen they were dried over the phosphorus
pentoxide i# vacuo at room temperature, discs 20 mm in diameter and about 1 mm in thickness
were prepared by compressing of the powders under a pressure. The density were about
1.2 g/cm3. These discs were used for both dielectric and X-ray measurements. On the other
hand, for the measurement of sorption ratio the dry powders passed a 200 mesh screen were

used.
Table 1. The cellulose samples used.

No. Samples

1 Cotton treated with 3% HCI for several hrs.

2 Untreated Whatman cellulose

3 Whatman cellulose ground in a vibratory ball mill for 15 mins.
4 Whatman cellulose ground for 30 mins.

5 Avicel

6 Merck cellulose

7 Whatman cellulose ground for 1 hr.

8 Whatman cellulose treated with 17.5% NaOH (cellulose II)

9 Cotton treated with 3% HCI and then with 17.5% NaOH (cellulose II)

Dielectric Measurement- The inductive-ratio-arm bridge was employed as the measuring
device. The instruments and the methods of measurement were all the same to the ones des-
- cribed in the previous papers.®15 The measurements were made in dry condition over the fre-
quency range from 300 Hz to 300 kHz and at —32°C.

X-ray Measurement- The X-.ray measurements were performed by the focusing technique.
The samples were scanned over the range of 20=8 to 32 degree. Crystallinity index defined by
SEGAL,1®> which expresses the relative degree of crystallinity, was calculated from the following
equation.

CI:Q@ZI‘I—“"‘) x 100,
002

where I is the maximum intensity of the 002 lattice diffraction and I is the intensity of
diffraction in the same units at 26=18 degree. On the other hand, the crystalline width was
calculated from the 002 diffraction by using the following SCHERRER equation.1?

Kz
~cosé-B’
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where B the peak breadth of the 002 diffraction at half maximum intensity, ¢ the Bragg angle,
1 the wave length of X-ray, K the crystalline shape constant, and D the mean crystallite dimen-
sion normal to the diffracting planes, respectively. As X-ray diffractmeter, Rota flex (Rotating
anode X-ray generator, Rigaku Denki Co. Ltd.) was used.

Sorption Measurement- The sorption ratio of the samples was calculated as a measure
for the quantity of noncrystalline fraction, since it is reported that the sorption ratio is inde-
pendent of temperature and relative humidity over a wide range of the conditions and can be
related with the quantity of noncrystalline fraction for cellulose by equation (15).!® Here, the
sorption ratio is defined as the ratio of sorption of a cellulose “to that of cotton under “the same
conditions.’® The sorption ratio was determined at 63.5 % RH and 20°C, sihce it is reported
that humidity of 60 to 85 % would be suitable for the determination of cr‘ystallinity.m’

Results and Discussion

Independent of equations (2) through (4), we shall derive the equation correlating the di-
electric property with the degree of crystallinity for cellulose by applying the molecular theory
of FUO0SS-KIRKWOOD.20,21>  Let us now consider a glucose residue as the unit and assume that the
glucose residues in the crystalline region contribute to the dielectric constant only by the de-
formation polarization, while the ones in the amorphous region contribute to it by the orienta-
tional polarization in addition to the deformation polarization. Thus, using FU0ss-KIRKWOOD
theory,20 the molecular polarization is related to the quantity of amorphous region of cellulose
by the following equation.

9
SIMi0;
= 5
p(0) = 5 P, ©
14 i=1

plen =S ®)

where e*(=¢’—1i¢’’) the complex dielectric constant, M; and #; the molecular weight and the
mole fraction of the i-th unit, p the average density of cellulose, P; and a; the molecular and
electronic polarizability of the i-th unit, respectively. Considering that ;=1 and 2 represent the

glucose residues in crystalline and amorphous regions, respectively,

- 4z N
=g a,

P,

4zN < (>
Az (pe) >av
Pr=—g <“2+ 3ET )

where N the AVOGADRO’S number, Z the dipole moment per a glucose residue in amorphous region,
; the vector sum of p and the moment induced by the molecule in its environment, and
<(;>'_/;)>AV the average value of the product (Z:E) taking into account all possible configura-
tions and weighing them according to the probability of finding the unit in such a configuration,
respectively. In this case, ay~a,=ay M;=M,=M and #,46,=1, then equation (5) becomes

U=p () —9 (/o) = Dsrlo, M

4z N
(/)(f/oo> 117‘[[147. 3 —~* Uy
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_ 4N <@ >ar

P, 3 3kT

Writing P;(w) and P,(0) as P, at the angular frequency w=w and 0 respectively, the ratio Ps
(@) to P;(0) is represented as

Py(@) _ p(eM)—p(dw) (= G(r)
Py(0)  ¢(ed) —9 () —Xo 0 ¢ (8)

S G(t)dr=1. ~ i
0
Separating equation (8) into real and imaginary parts, the imaginary part becomes

1
H seowds _ <2 r)
(x)zgﬂw 14 e2G—x 9U, ’

®

T w
s=In-", x=In 2,
To w

G (c) =D (s), Sm O(s)ds=1,

where U, represents U at w=0, r, and w, are r and w corresponding to ¢’/ maximum respectively.
If H(x) can be approximated by the following equation, then the distribution function for re-
laxation times @(s) is calculated from equation (11).

1
4 2+__
H(x) ¢ ( 5’2)
= hoXe~— - 1 10
H(0) sec hax (Nm(z 1 ) (10)
€2y,
cos(- %% JcosaS
cosz(i"zl) +sin h2as

where H(O):fz(— from the condition of Sw @(s)ds=1. Then, equation (7) can be written as

, 1 —>—
2n(2tgm) _amNe <GRar (12)

gUogd: a M kT

From this equation, if <(;—Z;)>AV is regarded as a constant for celluloses, 4 is propotional to
pf;. Putting M=162, k=1.4x10-16, N=6.0x10%, T=2.4x102, =0.30, p~1.6, #,=0.26 and 0.35,
(€¢”m)1.6=0.17 and 0.24, (¢’n),.s=3.3 and 3.7 for cotton and Avicel respectively, the avérage dipole

moment per glucose residue in amorphous region, /2(:1/<(;7-—;;)>Av), become 2.1 DEBYE for
cotton and Avicel. Then, the value of <(;7>-7,e:))>,1v can be regarded as a constant for celluloses
used in this paper.

In Figs 1a and 1b the dielectric loss factor €7,,, at —32°C computed to standard density p=
1.2 as a function of 'log f is illustrated. The data showed that the dielectric loss factor of cellu-
lose I goes through a maximum at 1x105 Hz. The same trend was also observed in cellulose II.
The value of €”;, for Whatman celluloses increased in magnitude with increasing prolonged
grinding in a ball mill.
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In Fig. 2, cos i-1H(0)/H(x) is plotted against log f for Whatman cellulose and Merck
cellulose as an example.
lation holds also for other samples used.
(10) is satisfied.
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Dielectric loss factor vs. logf curves
for Whatman cellulose, 2: untreated,
3: ground in a ball mill for 15mins.,
4: ground for 30 mins., 7: ground for
1hr.
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for Whatman cellulose (2) and Merck cel-
lulose (6), a: measure of distribution for re-
laxation times, fm : frequency at ¢ maximum.

following equation.

75 80 85 90
Cl (%)
Fig. 3. 4.2 vs. crystallinity index curve

for celluloses.

There is an excellent linear correlation between them and this re-
Then, it is clear that the assumption of equation
Here, a, which is a parameter determining the measure of the distribution
for relaxation times, is calculated from the slope ¢ of the straight line in Fig. 2 using the

a=log e tan ¢,
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where ¢ is base of natural logarithm. The values of a calculated are shown in Table 2.
In Fig. 3 the relationship between 4,., at p=1.2 and crystallinity index for cellulose I is
shown. From equation (12),

1 4" o . 1 1
T oa “I.—ZAI'Z lf. (m)2.2 (f'm)2<<2’
where
. E”ml’%(fm”)l.z-

Then, it can be considered that 4,., is propotional to 4. There is an excellent linear correla-
tion between them, and the equation is written as

dy.o=—6.33x10-2CI +7.40, |r|=0.992,

where 7 is the correlation coefficient,
From equations (6) and (7),

361

34+
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Fig. 4. ¢/1.2 vs. crystallinity index curve for celluloses.
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Fig. 5. Intrinsic dielectric constant vs. crystallinity index for celluloses, © : author’s
results (—32°C, 1kHz), O: VENKATESWARAN’s results (20°C, 1kHz).
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1/, 11 2
0 (€’) — () :“é*<2€0,*2€oo,‘ o *ZOJ:'?(EO’—GOO’) =K0,.
Thus, ¢ =9K/2)0,+ €, K=(o/M)P;.

Hence, it can be derived that ¢ is a linear function of crystallinity, independent of equations
(3) and (4), regarding as ¢/~¢ at low frequency range.

In Fig. 4, ¢/,., computed to standard density p=1.2 as a function of CI for cellulose I is
shown. As expected from equation (13), there is a linear relationship between them. The equa-
tion determined by the statistical analysis of the experimental results is shown as

€1.,=-—3.75x102CI +6.33 at 1kHz and -32°C, |r|=0.973.
In Fig. 5 the intrinsic dielectric constant ¢/, 5, for cellulose I is presented as a function of

CI, and compared with that obtained by VENKATESWARAN et al..®» The values of the intrinsic
dielectric constant were calculated by the extrapolation according to the following equation.2®

1.59
6’1,59='m(€’1.2~1)+1~

3.2
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Fig. 6. 4:.; vs. sorption ratio curve for cellulosss.
F.
SR a
Fsr FA N
AN
~a
//
pd g ’
SR

Fig. 7. Schematic diagram for 4—SR relation, Fer: crystalline fraction, Fggr: fraction which
contributes to water sorption, F,: fraction which contributes to dielectric loss factor.
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The values obtained by VENKATESWARAN et al. are slightly greater in magnitude than the au-
thors’. This discrepancy may be due to the difference in temperature conditions for both ex-
periments.

In Fig. 6 the relation of 4,, to SR is shown. A linear relationship is observed between
them, and the equation is written as

A],g:ZSZSR—093, 720976

According to this equation, the value of SR at 4,,=0 is 0.33. This fact suggests that all
methylol groups contributing to moisture adsorption does not necessarily contribute to the
orientational polarization, so that there is so called paracrystalline region in which water vapor
can be adsorbed but the orientation of dipoles is not ﬁermited. ‘Fig. 7 shows a schematic model
of cellulose crystallite, in which the cross section of the crystallite is simply represented by the
circle. In the figure, F.,, Fsr and F; represent the crystalline region, the region contributing
to the adsorption, and the region in which the dipoles can orientate by the applied field, re-
spectively. Thus, it can be explained qualitatively that equation (14) does not pass the origin.

In Fig. 8 ¢/y.; as a function of SR for cellulose I is shown. The regression line is written
as

€1.,=1.68SR+1.40, 7r=0.947.
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Fig. 8. €’1.2 vs. sorption ratio curve for celluloses.

The quantity of amorphous region F,, is related with SR by the following equation.!®

SR

Fam=7% 6o

(15)

In Fig. 9 the relationship between 4,., and Fgn calculated by equation (15) is shown. Assum-
ing that (Fgp—F,) is constant in the region from F,,=0.39 to 0.51, we obtain 0.13 as the
value of Fg5, corresponding to (Fsgr—F,4) by inserting SR=0.33 into equation (15). As the
value of @,, therefore, (Fam—0.13) must be used. The values of 6, for cellulose I calculated
in this manner are shown in Table 2.

In Fig. 10, 4,.; is presénted as a function of SR for cellulose I and II. The values of SR
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Fig. 10. 4,.2 vs. sorption ratio curve for celluloses, O:
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cellulose 1, © : cellulose II.

Table 2. The values of CI, SR, 41.2, (¢/1.2) 1kHz, and D for cellulose samples.

No. Samples CI (%] SR | 4 |(¢) 1kHZ o | D (A)
1 | Cotton treated with 3% HCI 88.4 1.000 | 1.82 3.04 0.304 69
2 | Whatman cellulose 85.7 1.025 | 1.91 3.11 0.300 66
3 | Whatman cellulose ground for 15 mins. 84.6 1.027 | 2.07 3.19 0.289 66
4 | Whatman cellulose ground for 30 mins. 81.7 1.119 | 2.30 3.30 0.279 64
5 | Avicel 76.5 1.252 | 2.54 3.55 0.302 46
6 | Merck cellulose 75.6 1.225 | 2.59 3.50 0.299 44
7 | Whatman cellulose ground for 1 hr. 73.8 1.326 | 2.73 3.49 0.274 60
g N e ose ffeated with 17.5% — L8l 277 3.67 0.28 | —
9 Coﬁt;)g}ltr??etﬁilgvsiethlg% HCI and then 17.5% o 1.873 | 2.84 3.68 0. 280 .
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for cellulose II are extremely greater than those for cellulose I. The same evidence was re-
ported by JEFFRIES2, who found that the disordered regions of cellulose II absorb slightly more
water per unit of disordered region than do cellulose I samples. Furthermore, in the infra-red
measurements of celluloses, it is reported that the OD streching bands in disordered regions
for the bacterial cellulose differs significantly from these of the regenerated celluloses.?®
Therefore, it may be considered that the structures of cellulose II in the amorphous region as
well as in the crystalline region are different from those of cellulose I.

Table 2 shows the values of CI, SR, 4,.,, €¢/1.2, a, D, and 6, for the cellulose samples used.

In Fig. 11, the distribution function for relaxation times calculated from equation (11) for

23
O.l0F o
% N 7
el °
005F o
_o”
0=~
O 1 | | | 1
<6 -4 =2 0 2 4 6

Distribution function for relaxation times for Whatman celluloses, 2: untreated,
3: ground in a ball mill for 15mins., 7: ground for 1hr.

Fig. 11.

Whatman celluloses is shown. The distribution of relaxation times seems to become slightly

wide by prolonged grinding in a ball mill. Furthermore, it is considered that the distribution

of relaxation times for cellulose II is generally wide compared with that for cellulose I, since
the value of a for cellulose II is smaller than that for cellulose I.
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