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SYNOPSIS 

Results are given for dielectric constant and loss factor of some cellulosic materials of 
different fine structure free of and contaminated with water-soluble inorganic salts in the 
frequency range 0.1-100 kc/s and at  temperatures 283.15-333.15 K. The analysis of the 
results reveals that the dielectric dispersion and loss peak found before with medicated 
cotton and viscose rayon, of ash contents of 0.3 and 1.4% respectively, disappear when 
these fibers have been “cleaned up” from inorganic impurities by acid washes. These anom- 
alous dielectric behaviours reappear again with “cellulose-inorganic salts” admixtures. Based 
on these findings, it has been concluded that the secondary relaxation process observed in 
the low-frequency region 0.1-1 kc/s with cellulosic materials contaminated with inorganic 
impurities is not intrinsic but extrinsic in nature due to the displacement of ions adsorbed 
in the inner surfaces of such interstitial conduction system. 

INTRODUCTION 

Water-absorption dielectrics and in particular those 
of cellulosic materials are among the most difficult 
systems to measure and analyse in dielectric terms. 
Earlier dielectric studies 1-5 of natural as well as 
manmade fibers show that in the glassy state these 
materials exhibit only one P-relaxation process in 
the frequency range 100-10,000 kc/s and has been 
attributed to the orientation of the OH groups in 
the disordered regions. While this is to be expected 
with such a system containing one polar group, a 
new absorption process has been reported6 in the 
frequency range 0.1-1 kc/s and has been suggested 
to be local in nature and results from the polarization 
of the methylol groups originated in the low frac- 
tions. The same work indicates that the peak of the 
dielectric loss appeared only after allowance was 
made for conduction current loss that apparently 
predominates over the Debye loss. Recently, from 
dielectric loss measurements, the specific conduc- 
tance of some cellulosic substances of different fine 
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structure free of and contaminated with electrolytic 
impurities was determined. During the analysis of 
the results obtained to determine the DC loss, it was 
found that the conduction current loss as well as 
the remaining part of the measured loss are both 
dependent on the amount of inorganic impurities of 
the examined sample and that both losses decrease 
with the purification of cellulosic materials from 
such impurities by acid treatment on cold. These 
preliminary findings, together with the anomalous 
dielectric behaviour at  low frequencies reported with 
low-humidity textile fibers containing inorganic 
water soluble as well as with aqueous col- 
loidal suspension systems, 11-19 directed our attention 
to the important role of the ionic polarization pro- 
cesses that must be taken into consideration in the 
analysis and discussion of dielectric data of a given 
system contaminated even with a small amount of 
inorganic impurities. 

Therefore, the present work has been undertaken 
to study the dielectric behaviour of some cellulosic 
materials free of and contaminated with water-sol- 
uble inorganic salts in the frequency range 0.1-100 
kc/s and at temperatures 283.15-333.15 K. The re- 
sults obtained will be analysed and compared with 
those reported before6 with medicated cotton and 
viscose rayon. 
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EXPERIMENTAL 

Sample Preparations 

Samples ( A )  

Sample A includes three cellulose samples free of 
inorganic impurities as judged from their undetect- 
able ash contents and of different fine structure as 
followed by measurements of X-ray diffraction de- 
termined as before” and the degree of polymeriza- 
tion using the previous method.’l These samples are: 
medicated cotton of crystallinity index determined 
by X-ray, Cr, = 83 and DP = 2305; viscose rayon of 
Cr, = 40 and DP = 510; and ground cellulose showing 
a diffuse X-ray pattern indicating Cr, = 0 and DP 
= 560. 

Cotton cellulose and viscose samples were pre- 
pared by steeping the corresponding fibers of ash 
contents of 0.3 and 1.4%, respectively in 5N HCI at 
room temperature for 2 h, then washed with distilled 
water till free of acid. It has been reported2’ that 
this process results in the dissolution of all inorganic 
contaminations, which is in agreement with the re- 
sults obtained here as shown by the undetectable 
ash contents found with the produced samples. At 
the same time, no change in the fine structure or 
dissolution of low fractions takes place as a result 
of acid treatment. These conclusions are based on 
the experimental results, which show that ( 1) almost 
the same values of Cr, and DP were found for 8 
given sample before and after acid treatment, and 
(2)  when the mother liquor was tested for any dis- 
solved sugar as previously describedz3 a negative re- 
sult was found. 

The third sample of ground cellulose was prepared 
from the purified medicated cotton by cutting the 
fibers into small pieces that were then ground to 
pass a 20-mesh screen by using a hardened steel vial 
containing two steel balls. The resulting ground 
sample was then washed with cold 5N HC1 to be 
sure that no inorganic contamination is present in 
the sample. A negative result was also found when 
the mother liquor was tested for any dissolved sugar. 
Therefore, the process of acid washes employed re- 
sults only in the purification of the examined sam- 
ples from inorganic impurities. 

Samples (B)  

Four samples of “cellulose-inorganic salts” admix- 
tures of different ash contents were prepared from 
samples (A).  These are: two viscose samples of ash 
contents of 0.23 and 0.68%, one cellulose sample of 
ash content of 0.42%, and one ground sample of ash 
contents of 0.53%. 

These samples were prepared by steeping 10 g 
corresponding fibers in 100 mL aqueous solution 
containing different amounts of a mixture of NaC1- 
KC1 (w/w 50%). The mixture was then left over- 
night a t  room temperature and evaporated using a 
water bath heated at 60°C till near dryness. The 
resulting “cellulose-salts” admixture samples were 
then used for dielectric measurements. The choice 
of NaC1-KC1 (w/w 50%) is based on the reported 
values of ash contents of natural fibers that contain 
90% as NaCl and KC1 of almost the same weight 
pr~portion.’~ 

Percentage Ash Contents 

The percent ash contents of the examined samples 
(A) and ( B  ) was determined following the previous 
pr0cedure.2~ 

Dielectric Measurements 

The dielectric constant, 2 ,  and loss factor, A C  were 
measured over the frequency band 0.1-100 kc/ s and 
in the temperature range 283.15-333.15 K for sam- 
ples (A) and ( B )  . The apparatus used and the ex- 
perimental details for such measurements, as well 
as the method of drying the samples, are described 
e l s e ~ h e r e . ~ . ~  Under the experimental conditions 
employed, the moisture contents of the examined 
samples was reported to be of the order of 1% and 
the residual water corresponding to this low mois- 
ture contents is strongly bounded by cellulose 
chains, particularly in the “difficulty” accessible re- 
gions.7,26-28 

RESULTS A N D  DISCUSSION 

A primary task of the present investigation is to 
resolve the measured loss, ? A ~  of the examined sam- 
ples (A) and (B)  into components due to different 
mechanisms and find out the effect of inorganic 
contaminations, determined as percent ash contents, 
on the magnitude of the resolved components in the 
frequency and temperature ranges studied. In the 
glassy state, the total measured loss of a given cel- 
lulosic sample can be considered, in general, to be 
the sum of two parts. The first part is due to the 
conduction current loss, & and the remaining part 
is due to the nonconduction loss, &. The latter loss 
may arise from several processes lo that could be due 
to ( 1 ) molecular polarization, (2)  polarization of 
adsorbed ions, and (3)  polarization of free ions in 
case the resistance of the conducting paths is non- 
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Table I 
Contaminated with Different Amounts of Inorganic Contaminations at 293.15 K 

Dielectric Loss Components and Specific Conductance of Viscose Samples Free of and 

Viscose-Salt Viscose-Salt 
Commercial Viscosea Admixture of 0.68% Admixture of 0.23% 

Viscose Purified of 1.4% Ash Ash Ash 
Frequency - - - - - - - = - - - - (f,W CAC CDC CNC CAC CDC CNC CAC CDC CNC CAC CDC CNC 

50 
100 
150 
200 
400 

1,000 
2,000 
4,000 

10,000 

Specific 
Conductance 
(u x 10'~) 

0.068 
0.064 
0.062 
0.061 
0.056 
0.058 
0.058 
0.054 
0.056 

0.009 
0.004 
0.003 
0.002 
0.001 

0.059 
0.059 
0.059 
0.059 
0.055 
0.058 
0.058 
0.054 
0.056 

0.160 
0.145 
0.127 
0.112 
0.104 
0.095 
0.099 
0.102 
0.142 

0.050 
0.025 
0.017 
0.012 
0.006 
0.0025 
0.001 

0.110 
0.120 
0.110 
0.100 
0.098 
0.092 
0.098 
0.102 
0.142 

0.125 
0.114 
0.113 
0.107 
0.099 
0.081 
0.070 
0.060 
0.056 

0.020 
0.010 
0.006 
0.005 
0.002 
0.001 
- 

0.105 
0.104 
0.107 
0.102 
0.097 
0.080 
0.070 
0.060 
0.056 - 

- 
1.002 
0.855 
0.734 
0.520 
0.338 
0.251 
0.225 
0.223 

- 
0.709 
0.472 
0.356 
0.177 
0.071 
0.035 
0.107 
0.007 

- 
0.293 
0.382 
0.378 
0.343 
0.267 
0.215 
0.207 
0.216 

2.5 393.8 13.8 5.5 
~~ 

a These results are reproduced from an earlier work.6 

uniform. In absence of these processes, a low loss 
magnitude may arise that is referred to as back- 
ground loss. The contribution of each of these com- 
ponents to the measured AC loss depends mainly 
on the structure of the sample examined, its purity, 
the experimental conditions of temperature, and the 
frequency ranges employed. As representative ex- 
amples and for the sake of comparison, Tables I and 
I1 give typical data of analysis of the total measured 

AC loss, &, into EDC and &C loss components a t  
two temperatures, namely 293.15 and 313.15 K, and 
at  different frequencies for four viscose samples free 
of and contaminated with water-soluble inorganic 
salts as well as commercial inorganic impurities of 
different ash contents. The same analysis was made 
for the different samples examined here in the tem- 
perature and frequency ranges studied. 

Figure 1 shows the variation with frequency of 

Table I1 
Contaminated with Different Amounts of Inorganic Contaminations at 3 13.15 K 

Dielectric Loss Components and Specific Conductance of Viscose Samples Free of and 

Viscose-Salt Viscose-Salt 
Commercial Viscosea Admixture of 0.68% Admixture of 0.23% 

Viscose Purified of 1.4% Ash Ash Ash 
Frequency 

50 
100 
150 
200 
400 

1,000 
2,000 
4,000 

10,000 

0.167 
0.114 
0.101 
0.090 
0.083 
0.074 
0.066 
0.066 
0.066 

0.08 
0.04 
0.027 
0.020 
0.01 
0.004 

0.087 
0.074 
0.074 
0.070 
0.073 
0.070 
0.066 
0.066 
0.066 

- 
2.763 
2.099 
1.783 
1.236 
0.822 
0.552 
0.425 
0.315 

0.771 
0.572 
0.498 
0.353 
0.283 
0.226 
0.187 
0.156 
0.140 

0.50 
0.250 
0.166 
0.125 
0.063 
0.025 
0.0125 
0.006 
0.003 

0.271 
0.322 
0.332 
0.228 
0.220 
0.201 
0.175 
0.150 
0.137 

0.301 
0.234 
0.203 
0.182 
0.143 
0.098 
0.076 
0.073 
0.073 

0.15 
0.075 
0.050 
0.0375 
0.0187 
0.0075 
0.0037 

0.151 
0.159 
0.153 
0.145 
0.125 
0.091 
0.073 
0.073 
0.073 

2.218 
1.473 
1.109 
0.555 
0.222 
0.111 
0.055 
0.022 

0.545 
0.621 
0.674 
0.681 
0.600 
0.441 
0.370 
0.293 

Specific 
Conductance 

x 1013) 22 1232 138 41.66 

These results are reproduced from an earlier work? 
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Figure 1 Variation with log f of the dielectric constant 7 and the nonconduction loss 
;NC for samples ( A )  free of inorganic contaminations. a, viscose rayon; b, cotton cellulose; 
c, ground cellulose. 
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the dielectric constant, r ,  and the nonconduction 
loss, &c, at different temperatures for samples (A) .  
The same relations are given in Figures 2-5 for sam- 
ples (B)  . Although the conduction current loss and 
in turn the specific conductance and its relation to 
the fine structure and inorganic impurities of cel- 
lulosic materials has been studied previously, a 
comparison between the effect of percent ash con- 
tents on & and & losses seems of importance. Fig- 
ure 6 gives the change with percent ash contents of 
these parameters at  313.15 K and 100 c/s  for the 
different samples studied here, as well as those ex- 
amined previ~usly.~.~ 

It is clear from Figure 1 that in spite of the dif- 
ference in the fine structure of samples (A),  as 
shown by the variation of their crystallinity from 0- 
83% and their degree of polymerization from 510- 
2,305, no anomalous dielectric behaviour is observed 
in the temperature and frequency range studied. 
When, however, one compares these results with 
those found before6 with medicated cotton of ash 
contents of 0.3% and viscose rayon of ash contents 
of 1.4%, it results that the dielectric dispersion and 
loss peak observed with these contaminated samples 
with inorganic impurities disappear when the com- 
mercial fibers have been “cleaned up” from such 
contaminations. Therefore, the anomalous dielectric 
behaviours observed before6 in the frequency range 
0.1-1 kc/s with medicated cotton and viscose rayon 
are not intrinsic but extrinsic in nature, and that 
the inorganic impurities are the primary source for 
such dielectric behaviours. Accordingly, the conclu- 
sion drawn before6 claiming that the observed loss 
and dielectric dispersion is due to the polarization 
of the methylol groups that originate in the low 
fractions or the rotationally disordered phase of 
these fibers must be reconsidered. 

That the appearance of the low-frequency dielec- 
tric dispersion and dielectric loss is totally due to 
the presence of electrolytic contaminations has been 
strongly and directly confirmed in the present work 
by the results obtained with samples ( B )  as shown 
in Figures 2-5. These figures reveal that when the 
purified samples (A)  have been recontaminated with 
water-soluble inorganic salts, the anomalous dielec- 
tric behaviours reappear again with the resulting 
“cellulose-salts” admixture samples, and that the 
magnitude of the dielectric constant and the inten- 
sity of the loss peak (see Figs. 2-5), as well as the 
DC loss (see Tables I and 11) , are all dependent on 
the amount of the salt contents. When comparing 
the characteristic features of the curves shown in 
Figures 2-5 and those found previously6 with com- 
mercial fibers, it can be seen that ( 1 )  the loss peak 

observed in both cases appears only after allowance 
has been made for the DC loss that apparently pre- 
dominates over the absorption loss at  frequencies 
lower than 1 kc/s in the temperature range studied 
with all samples examined; ( 2 )  with decreasing the 
ash percent, the DC loss decreases and in case of 
“viscose-salts” admixture sample of low ash contents 
of 0.23% the loss peak appears after a very small 
correction for the DC loss; ( 3 )  the effect of temper- 
ature on the dielectric properties is almost the same 
whether the samples are contaminated with com- 
mercial impurities or with water-soluble inorganic 
salts, and the increase of temperature is accompa- 
nied with a slight increase in the frequency at which 
maximum absorption takes place; and ( 4 )  the set of 
absorption bands observed in the frequency range 
0.1-1 kc/s are independent of the nature of the in- 
organic contaminations. 

Before discussing the characteristics of the di- 
electric absorption and loss of cellulosic materials 
contaminated with inorganic impurities, it seems 
desirable to outline the previous views and theories 
concerning water-absorption dielectric systems. It 
has been reported” that in such systems direct-cur- 
rent conduction does not take place uniformly 
through the material as a whole, but along paths of 
higher conductivity than the main part of the di- 
electric. In cellulosic materials, conduction takes 
place through water that is probably condensed in 
the interstices between the cellulose micelles. An 
important property of such “interstitial conduction” 
system is that ions, if present, would undoubtedly 
be adsorbed by the interface between the insulating 
units and the relatively conducting interstitial me- 
dium; since the interfacial area would be large as 
compared with the volume of such conduction paths, 
the influence of these adsorbed ions on the electrical 
properties of the dielectric would be expected to be 
very important in some cases. The ions may be re- 
garded as free to move over the surface of the par- 
ticular structural unit by which they are adsorbed, 
but not to migrate to the adjacent structural units. 
When an electric field is applied, it will produce a 
polarized distribution of ions adsorbed on the surface 
of each structural unit; the ions return to their nor- 
mal distribution after the removal of the electric 
field. The electric effect of the adsorbed ions is 
therefore similar to that of a dipole, and they produce 
a kind of “dielectric” polarization. Intensive studies 
were carried out and several theories based on ionic 
polarization processes have been proposed to ac- 
count for the anomalous dielectric behaviours of 
colloidal systems at  low frequencies. The outcome 
of these studies reveals that, while the dielectric be- 
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haviours of protein systems is mainly associated with ~or t an t . " -~~  Ionic polarization due to adsorbed ions 
dipole orientation p r o c e ~ s , ~ ~ - ~ ~  this does not appear have been suggested to be responsible for the dis- 
to be the case with nucleic acids and other related placement current and dielectric loss found 
polyelectrolytes, where ionic processes are very im- previouslya1' in case of cotton contaminated with 
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soluble inorganic salts a t  low humidities. Based on 
the foregoing, it is clear that a correction of the 
measured loss for DC loss is not sufficient to analyse 
and discuss the dielectric data for cellulosic materials 
contaminated with inorganic impurities without 
taking into consideration the contribution of the 
adsorbed ions to the electrical properties of such 
systems. 

In the present work, the dielectric measurements 
were carried out on samples of low moisture contents 
of the order of 1%. The residual water molecules 
corresponding to this low moisture content have 
been r e p ~ r t e d ~ ~ ~ ~ - * ~  to be strongly bound by cellulose 
chains, and that water in such systems will not act 
as a solvent for the contaminated inorganic salts as 
in case of the examined samples (B) .  In such sys- 
tems of low dielectric constant, it is expected that 
even strong electrolytes would partially dissociate 
into ions and that the dissociation constant of these 
electrolytes would be very small. This is what has 
been reported34 for tetra-alkyl ammonium salts 
when soluble in nonhydroxyl media of low dielectric 
constant in which only a very small fraction, e.g., 1 
X and often much less has been found to be 
present as free ions. In harmony with these findings 
are the very low specific conductance determined 
for some of the investigated samples (B)  following 
the previous p r ~ c e d u r e ~ ' ~ ;  the results obtained at  
293.15 and 313.15 K are given in Tables I and 11. 
These results show that the specific conductance of 
the examined samples ranges from 5.5 X to 
12.32 X ohm-' cm-' and that the change of 
the specific conductivity from one sample to the 
other depends on the amount of salt contaminations 
as well as temperature. Similar results have been 
found in a recent work.7 

A quantitative analysis to determine the disso- 
ciation constant of the contaminated inorganic salts 
of samples (B)  is not possible due to the absence of 
any reliable values of the ionic mobilities in cellulosic 
materials. Therefore, qualitatively we can fairly say 
that the contaminated salts in the investigated 
samples (B)  results in a small fraction of free ions 
and the remaining portion is most probably present 
as adsorbed ions together with undissociated salt 
molecules or ion-pairs. An equilibrium is established 
between the free ions and adsorbed ions on one hand 
and between free ions and the undissociated ion- 
pairs on the other hand. In addition, these two equi- 
libria are dependent on each other as well as on the 
amount of contaminated salt, the applied electric 
field, and temperature. Furthermore, the undisso- 
ciated salt molecules will often aggregate to a range 

of sizes, n - M f X  - = ( M + X  - )n,  with the possibility 
of n = 1 or higher depending on concentration of 
the contaminated salts. The aggregates in turn will 
be in equilibrium with small concentrations of free 
ions. A simple picture for the equilibria between the 
different species could be represented by the follow- 
ing equation: 

(M'X-), * MC + (M:-lXi) X -  + (M;X;-l) 
J r  J f  

Adsorbed Adsorbed 
ions ions 

In view of the above equation, the electrical be- 
haviour of such a system is expected to be quite dif- 
ficult. In absence of precise values of the proportions 
of the different species given in the proposed equi- 
libria and the lack of knowledge concerning the di- 
mensions of cellulose-ions aggregates, the effect of 
the amount of inorganic contaminations and tem- 
perature on the dielectric properties of samples ( B  ) 
will be interpreted qualitatively in view of the total 
ash percent and the above equilibria. 

Now regarding the effect of the amount of salt 
contaminations at a given temperature on the di- 
electric constant, as well as on the total measured 
loss and its components, it is clear from Tables I 
and I1 and Figures 2-6 that all these parameters 
increase with increasing the percent ash contents. 
Furthermore, it is obvious from Tables I and I1 that 
while ;DC loss predominates over &C loss with sam- 
ples of high ash percent at all temperature examined, 
viscose sample of low ash contents of 0.23% at low 
temperature shows the reverse. These results indi- 
cate that at low concentration of inorganic salts and 
at  low temperature, where the conductivity is very 
low, the electrical effect due to the adsorbed ions 
predominates over the conduction loss due to free 
ions. The dependence of both components on per- 
cent ash contents is shown in Figure 6, which reveals 
that ( 1 )  the variation of ;DC loss with ash percent 
takes place exponentially and the change is depen- 
dent on the nature of the contaminated inorganic 
impurities, and ( 2 )  in case of &C loss, its variation 
with ash percent is linear and independent on the 
nature of the ions present. These results show that, 
although each loss process results from the presence 
of inorganic impurities, the two loss processes are 
of different nature. This has been justified by the 
pronounced difference found between their activa- 
tion energy determined here by following the pre- 
vious  procedure^.^,^ The activation energy of con- 
ductance, E,  for the examined samples (B)  above 



DIELECTRIC BEHAVIOUR AND CONTAMINATIONS 747 

and below the transition temperature of cellulosic 
-fibers7 has been found to be in the order of 7.0- 

13.8 kcal/mol. At  the same time, the activation en- 
ergy of the dielectric absorption process, E, has been 
found, for the same samples and in the same tem- 
perature ranges, to be in the order of 2.4-3.5 kcal/ 
mol. These results are of importance because they 
confirm the above views that the total measured loss 
must be divisible into components and agree well 
with the previous opinions of Murphy and Lowry.'O 
These authors pointed out that the existence of sev- 
eral components of dielectric loss provides an alter- 
native physical interpretation of the several char- 
acteristic time constants introduced by the Max- 
well-Wagner theory of dielectric absorption and loss 
to account for the experimental facts and attributed 
by Wagner to the presence of several types of im- 
purities in  dielectric^.^^ 

Based on the above findings and in particular ( 1 ) 
the absence of dipole polarization process as found 
with the purified samples (A) ,  ( 2)  the appearance 
of the anomalous dielectric behaviour with samples 
of low ash percent where the FNc loss is greater than 
the & loss, and ( 3 )  the interstitial conduction sys- 
tems and the adsorption of ions, which is its most 
essential property, one may conclude that the 
anomalous dielectric behaviours observed in Figures 
2-5 as well as those previously reported6 with com- 
mercial cellulosic samples are due to the polarization 
of the ions adsorbed in the inner surfaces of the 
interstitial conduction systems examined. When an 
electric field is applied to such a system, the least 
strongly adsorbed ions will become desorbed and join 
the conduction current; thus, conductivity increases. 
As the voltage gradient is increased, more adsorbed 
ions would join the conduction current; this may 
explain the increase of conductivity with increasing 
field strength, which is a prominent characteristic 
of solid dielectrics. However, under constant electric 
field, as in the present work, and at  a given tem- 
perature an equilibrium is expected to be established, 
as shown by the above equation, and the proportions 
of free ions as well as adsorbed ions would depend 
mainly on the amount of the ash percent. With in- 
creasing temperature, dissociation of salt molecules 
would result in a shift of the above equilibria toward 
formation of more free ions and in turn more ad- 
sorbed ions would occur. This may explain the in- 
crease of the two loss processes with increasing tem- 
perature as given in Tables I and I1 and as shown 
in Figures 2-5. 

Finally, the slight shift of the critical frequency 
at  which maximum absorption takes place with in- 

creasing temperature and its independence on the 
nature of the contaminated inorganic impurities are 
both in favour of the above mechanism of the ad- 
sorbed ions. This is because the dielectric polariza- 
tion of the adsorbed ions results in local displace- 
ment of these ions, and thus a low activation energy 
is expected for this process as found in the present 
work and given above. Consequently, this polariza- 
tion process is slightly affected by the nature of the 
ions adsorbed, compared with the conduction pro- 
cess in which free ions can move in matter over 
comparatively large distance. Thus, the nature of 
ions and their mobility play an important role on 
the electrical conductivity of a given system. 
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