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Films with different compositions of polyvinyl alcohol (PVA) and carboxymethyl cellulose (CMC) blends
have been prepared using the casting method. Differential scanning calorimetery (DSC), thermogravi-
metric analysis (TGA) and dielectric spectroscopy of all compositions have been investigated. It was
found that PVA and CMC are compatible in the studied range of composition. With increasing CMC
content, the thermal stability of PVA increases. Based on DSC and TGA data, the activation energies of
all the investigated samples were calculated. The absorption edge (E,) was also determined from
Ultraviolet-visible (UV-vis) spectra.

Dielectric permittivity, loss tangent and ac conductivity of all samples were studied as functions of
temperature and frequency. The results show that the dielectric dispersion consists of both dipolar and
interfacial polarization. The frequency dependence of the ac conductivity indicates that the correlated
barrier hopping (CBH) is the most suitable mechanism for conduction. The polaron binding energy (Uy)

Keywords:
Carboxymethyl cellulose
Polyvinyl alcohol

Blends

Thermal analysis

Dielectric properties
Hopping conduction mechanism

was determined. Results of the present system are compared with those of similar materials.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Polymer blends were recommended in the last few decades as
the most promising way to prepare new material with tailored
individual properties. Blending of existing commodity or engi-
neering polymers can often be implemented more rapidly than
realization of new polymer chemistry including development of
monomer synthesis and polymerization technology. Therefore,
copolymers have been extensively studied because of their high
potential of application, as well as their significance in basic
science. It is also known that the dielectric constant and the
dissipation factor of these materials as a function of temperature
and frequency are crucial quantities required in the design of
devices. They reveal information on the chemical and physical
states of polymers.

Carboxymethyl cellulose (CMC), one of the important cellulose
derivatives, is generally prepared through the reaction of alkali
cellulose with monochloroacetate or its sodium salt in organic
medium. CMC possesses many desirable qualities, such as filming,
emulsification, suspension, water maintaining, bind and inspissa-
tions. Therefore, it is used for many applications such as in

* Corresponding author at: Physics Department, Faculty of Science and
Education, Taif University, Saudi Arabia. Tel.: +966543710664;
fax: +96628321071.
E-mail address: somyia.elsayed@yahoo.com (S. El-Sayed).

0921-4526/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.physb.2011.07.050

medicine, food, textures, toilet, electrical elements, paper making,
printing and dying. On the other hand, polyvinyl alcohol (PVA) is
also one of the promising representatives of polymeric material.
There are many proposals for its applications such as paper
coating, textile sizing, flexible water-soluble packing films owing
to its high clarity and excellent durability. In addition, PVA is
not only thermally stable over a wide range of temperature
(173-473 K) [1] but also used in the production of polarizing
sheets [2]. These and other applications stimulate an interest in
improving various properties of PVA by blending with other
polymers, in particular with natural polymers or synthetically
modified natural polymers such as CMC.

Thermal analysis, such as DSC and TGA are frequently used to
describe the behavior of a sample as a function of temperature.
DSC and TGA are capable of revealing thermal transitions,
degradation processes and thermal stability studies. Moreover,
dielectric investigations [3-10] are of special interest in relation
to polymers because they provide detailed information on the
molecular configurations. A dielectric relaxation of polymeric
materials is useful to understand the flexibility of the polymer
segments and internal group rotations.

DSC of PVA/methyl cellulose (MC) blends revealed that PVA
crystallinity in PVA hydrogel decreased drastically with increas-
ing MC content and crosslinking [11]. Satri and Scandola [12]
studied the viscoelastic and thermal properties of collagen/PVA
blends. They concluded that the examined binary blends are
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heterogeneous systems and composed of pure polymer phases.
This means that PVA is thermodynamically immiscible with
collagen.

A dielectric study of CMC [13] and PVA [14,15] in aqueous
solutions has been reported. The dielectric properties of CMC are
very similar to those of other polyelectrolytes and the electric
structure is unipolar rather than dipolar. In the case of PVA, the
polymer chain is very flexible due to either intra- or inter-
molecular associations. This flexibility of the chain in PVA varies
monotonically with temperature. Moreover, there is a large
contribution of segmental motion and group rotations to the
relaxation processes in PVA flexible chain through the formation
of hydrogen bonds with the solvent water.

Since the synthesis of polymer blends show various physical
properties and potential technological applications, a great number
of investigations were carried out [16-21]. The thermal sampling
(TS) technique of PVA/sodium carboxymethyl cellulose, NaCMC,
indicates that the relaxation phenomenon in these blends may be
ascribed to glass-like transition [16]. Also, the dipoles of PVA/
NaCMC blend become oriented with applied electric field. Both ac
and dc conductivity of polyaniline-polyvinyl alcohol blends were
reported [17]. The results show that the temperature dependence
of the dc conductivity in these materials follows variable range
hopping (VRH) conduction. On the other hand, the behavior of ac
conductivity obeys «°® power law and can be interpreted according
to the correlated barrier hopping (CBH) model.

The electrical properties of polyaniline (PANI) and CMC compo-
sites [18] are different compared to those of PVA-polyethylene (PE)
copolymers [19]. In the first samples, the conductivity data can be
fitted well by the percolation theory, (f)=Cf—f.), where a(f) is the
experimentally obtained conductivity measured at room tempera-
ture, C is constant, t is the critical exponent and f is the volume
fraction of filler particles. In PVA-PE copolymer, the dielectric relaxa-
tion is invariably attributed to dipolar and space charge polarization.

It is expected to obtain from PVA and CMC polymers new
compositions of desired properties. The method used to improve
the physical properties of some polymers is to blend it with others
within the same solvent. This method facilitates the preparation of
composites for special applications by changing the degree of
crystallinity of the polymer and controlling the impeded amor-
phous regions in PVA. Also the blend can change the ionization of
CMC. These new blends increase the industrial applications of
polymers. The aim of the present work is to study the electrets,
which are formed from the blending of PVA by CMC. This study
includes characterization techniques such as DSC, TGA and absorp-
tion edge in order to reveal the information about miscibility of
these blends. Dielectric spectra were also performed to shed light
on dynamics of entities having dipole reorientation, rotations of
the main and segmental chains and conductivity mechanisms.

2. Experimental work and techniques

Polyvinyl alcohol (PVA) of molecular weight of approximately
17,000 and carboxymethyl cellulose (CMC) of molecular weight of
approximately 250,000 were supplied by BDH chemical Ltd Poole
England Company. The solution method was employed to obtain
film samples. Weighed amounts of natural granules PVA were
dissolved in a mixture of distilled water and ethanol in ratio 4:1.
Also, weighed amounts of CMC were dissolved in distilled water
at room temperature. Solutions of PVA/CMC were mixed together
with different weight percentage 100/0, 80/20, 50/50, 20/80 and
0/100 (wt/wt%). Complete dissolution was obtained using a
magnetic stirrer at 50 °C on water bath for 3 h. Films of appro-
priate thickness (~ 60 pm) were cast onto stainless steel Petri
dishes, and then dried in air at room temperature until the

Table 1
The notations of the PVA/CMC (wt/wt%) blend
samples.

PVA/CMC (wt/wt%) Sample notation

100/0 S
80/20 S,
50/50 S
20/80 Sy
0/100 Ss

solvent was evaporated. Films were cut into square pieces of side
1.0 cm. Notations of sample compositions were used as listed in
Table 1.

The UV-vis absorption spectra were measured in the wave-
length range 200 —800 nm using PERKIN ELMER 4B spectrophot-
ometer. Thermal analysis was carried out using a computerized
differential scanning calorimetery (DSC) and thermogravimetric
analysis (TGA), Ta.so Schimadza Corporation, Kyoto, Japan. Mea-
surements were carried out under nitrogen atmosphere (30 ml/
min). Measurements of dielectric constant (¢') and loss tangent
factor (tan 0) were carried out using a programmable automatic
RLC meter (Type PM.6304/031). The ac electrical conductivity,oqc,
was obtained using the relation (o, = we,&'tand). The measured
samples show reproducible behaviors and the accuracy of the
data of ¢ and tan 6 was about + 2%.

3. Results and discussions
3.1. UV-vis spectrum

UV-vis analysis gives evidence for understanding energy band
diagram and optical parameters, which are affected by the
processing conditions. The absorption edge values were deter-
mined from the plot of the absorption coefficient, «(v), as in Eq.
(1), with the incident photon energy (hv) for individual PVA and
CMC and their blends in the UV-vis region. The absorption
coefficient «(v) of the optical absorption can be calculated from
the relation

B
oav) = d (M)
where d is the thickness of the sample and B is the absorbance.
The calculated values of «(v) are relatively small (10-160cm ™)
as in most low carrier concentration materials. Based on Urbach
formula [22], where the absorption coefficient o(v) of the optical
absorption near the band edge for many amorphous materials
shows an exponential dependence on photon energy (hv) is as
follows:

o) = ol exp (%) @)

where o is constant and AE is the width of the band tails of the
localized states in normally forbidden band gaps associated with
the amorphous nature of the materials. The extrapolation of the
linear portion of the [o(v)—hv(eV)] curves (not shown here) to the
abscissa has been used to find the values of the absorption edge
(Eg). The values of E, are listed in Table 2. It is clear that the values
of E, for the blend samples are less than those for the homo-
polymers (S; and Ss). This may reflect the induced changes in
the number of available final states according to the blend
composition. In addition, S3 [50/50 (wt/wt%) of PVA/CMC] has
the smallest absorption edge (2.5 eV) indicating that it has a
higher carrier concentration in the localized levels as compared to
other samples.
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Table 2
The absorption edge (E,), glass phase transition (T,), melting phase transition (T,,)
and associated enthalpies (4H) of PVA/CMC blend samples.

Melting phase Glass phase Absorption Sample
transition (T,;,) transition (Tj) edge
4H (J[g)  Twm (°C) 4H (]/g) T (°C) Eq(eV)
50 218.5 72 87 2.81 S1
44 217.8 79 92 2.75 S,
26 217.4 85 102 2.50 Ss
9.2 221.0 196 80 2.70 Sa
- - 121 75 2.92 Ss
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Fig. 1. (a) DSC thermogram during heating of all the blend samples. ln(Tg/[i/K
min) versus 1000/T, (K—") of PVA/CMC blends.

3.2. Thermal analysis

3.2.1. Differential scanning calorimetry (DSC)

DSC is capable of revealing first and second order thermal
transitions like melting (T,,), crystallization (T;) and glass transi-
tion (T;) phenomena. Fig. 1(a) shows the heating run of PVA/CMC
blend samples up to 300 °C. For PVA homopolymer (sample S;),
DSC displays an endothermic glass transition peak around 87 °C
with an enthalpy change of AH~72]/g. Another sharp
endotherm melting transition at 218 °C with AH~50]/g is
observed. The heat required for melting of 100% crystalline S; is
138.6J/g [20]. Thus the nominal value of crystallinity obtained
from the DSC thermogram of S, is about 37%. The relatively weak
and broadened glass transitions can be ascribed to the semicrys-
talline nature of the material. The values of T, and T, are in
agreement with those in previous reports [21,23,24]. DSC ther-
mogram of Ss shows a relatively broad endotherm glass transition
around 75 °C and exothermic crystalline transition at 278 °C. The
change of the enthalpies of the glass and crystalline transitions
are 121.0 and 3.61]/g, respectively. The temperatures of the

phase transitions as well as the change of the enthalpies of the
investigated samples are listed in Table 2.

It is also interesting to estimate how the thermal transition of
PVA varied after being mixed with different concentrations of
CMC. Both S; and Ss possess T, that is near to each other, and
therefore, the assessment of transitions behavior in the PVA/CMC
blend samples had to be made carefully. As seen in Fig. 1(a), DSC
scan for S; shows three transitions peaks. Two peaks are
endothermic at 93 and 218 °C with enthalpies, 4H, of 85 and
26]/g, respectively, and one exothermic peak at 284 °C with
AH ~ 44 ]/g. The transition peaks appearing at 218 and 284 °C
can be attributed to the melting and the crystallization transitions
of PVA and CMC, respectively. However, the broad glass transition
peak that appeared around 101 °C may be due to the overlapping
T, transitions of the two polymer blend samples. It is also noted
that the enthalpy associated with endotherm melting transition
decreased with decreasing PVA content while the peak position
remained approximately unaltered. The tendency of an apparent
disproportional reduction in enthalpy with a decrease of PVA
content implies a rapid decrease of the degree of crystallinity of
PVA due to mixing with CMC [25]. The intensity and enthalpy
associated with exothermic crystalline peak increased with
decreasing PVA content in the blend samples, while its position
is approximately unaffected. In addition, the enthalpy of the glass
transition peak irregularly changed with increasing concentration
of CMC in the blend samples. The position of the glass transition
temperature T, shifts toward higher temperatures as the content
of CMC increases up to 50 wt%. Accordingly, these observations
indicate the compatibility between CMC and PVA because of the
presence of -OH and CH,OCH,COONa in CMC and -OH groups in
PVA capable of hydrogen bonding.

The activation energy of enthalpy relaxation across the glass
transition or the activation energy of the glass transition, Eg, can
be obtained using Kissinger’s relation, which was derived for the
crystallization process [26,27]:

2

In (%) = RE—i +cC A3
where R is the universal gas constant, £ is the heating rate and c is
a constant. The values of E; were derived from the plot of In(T%/p)
versus 1000/Tg, which exhibits a straight line of slope Eg/R as
shown in Fig. 1(b). The values of the activation energies, Eg, are 51,
62, 91, 79 and 54 k] mol~! for Sy, S,, S3, S4 and Ss, respectively. It
is observed that E,; increases as the CMC content increases up to
50 wt% and then decreases. The increasing value of E;, may be
attributed to the increase of Ty and packing structure [28]. For the
sake of brevity, Fig. 2(a—c) depicts the variation of T, with the
heating rate f for S;, S3 and Ss. As seen, T, shifts to higher
temperatures with increasing heating rate. On the other hand, T,
is only slightly affected with the increase of . Moreover, the
exothermic peak of Ss shifts toward higher temperatures with
increasing f.

3.2.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a process in which a
material is decomposed by heat, which causes bonds within the
molecule to be broken. TGA plays an important role in determin-
ing thermal stability of the materials. TGA curves and their
derivatives DrTGA of Sq, S; and S3 are presented in Fig. 3(a-c)
while the curves of S4 and Ss are displayed in Fig. 3(d,e). The TGA
curves show that the thermal stability of the blend samples
changes with increasing CMC content and the degradation is
completed in two steps. These steps are distinguishable in the
diagram of mass loss (TGA%) during heating as well as more
clearly- in the diagram of derivative mass loss (DrTGA). All the



S. El-Sayed et al. / Physica B 406 (2011) 4068-4076

Exo

5
Kt
g
z
=)
=
5
o
=
T T T T T T
S S
— 10 deg/min 7
- - —-20 deg/min f‘ .
------ 30 deg/min
————— 40 deg/min
Endo ) ‘Qi:", A C
100 200 300
T(°C)

Fig. 2. DSC thermogram at different heating rates of (a) Sy, (b) S5 and (c) Ss.

100

50

0
200
150
\Q
= 100
2
50
0 'l L 1 L
[ L] T
300 6 :
T~ 1
200 -\’?'13'\ .
X0l o \
= " "
100 14 21 28 5
1000/ T(K™") &
0 C. 1 1 " i L
0 100 200 300 400
T(“C)

Dr TGA%

4071

samples show a small (5-15%) mass loss for the first decomposi-
tion step and more significant mass loss (39-75%) for the second
step. Table 3 shows the decomposition steps and percentage mass
loss for individual polymers and their blends. The lower values of
percentage mass loss in the first decomposition step may be due
to the evaporation of bound water [29]. The latter process in TGA
curves covers the melting point of PVA and the thermal degrada-
tion of the samples. Therefore the higher values of the mass loss
in the second decomposition step may be attributed to the
degradation of side chain and the loss of CO, in the case of
CMC. In addition, DITGA curves show two broad temperature
peaks corresponding to the first and second decomposition

Table 3
TGA and DrTGA data and the activation energies (according to Eq. 5) for PVA/CMC
blends.

Sample Region of E (k) mol~') Temperature (°C) Weight loss %

decomposition
Start End T, Partial Total
s Ist 76.0 33 176 104 0525
2nd 85.50 176 381 269 7508 8033
S, 1st 76.15 37 156 94 06.75
2nd 80.48 156 340 288 6264 0939
S 1st 26.77 42 150 104 0957
2nd 68.96 150 338 209 5949 6906
S Ist 11.73 43 200 48 0732
2nd 104.09 200 322 284 4489 221
Ss 1st 95.11 38 172 42 15.00
2nd 49.96 172 327 289 3924 427
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Fig. 3. (a-e): TGA% (left axis) and DrTGA% (right axis) for samples (a) Sy, (b) Sz and (c) Ss, (d) S4 and (e) Ss. The inset in (c) shows the linear fit (solid lines) in the two

decomposition steps of Ss.
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regions. It is to be noted that the peak temperature of the main
degradation step is shifted to higher temperatures compared to
pure PVA with increasing CMC content. This is an indication that
CMC is more stable than PVA and the chemical structure plays an
important role in the thermal decomposition process.

In order to obtain information about thermal stability of
PVA/CMC blends, the activation energy (E) was calculated using
Coats—Redfern’s equation [30]:

—In(1-y)] E AR 2RT
0| = =~ o (-7 @

where A is a constant, § represents the heating rate, R is the
universal gas constant and 7y is the fraction of decomposition.
Since the unit of E is in k]J/mol (see Table 3), 2RT/E <1, then
Eq. (4) can be reduced to

—In(1-y)] E AR
In {T} ==RT +In {ﬁ} (5)

The plot of In[—In(1—7y)/T?] against 1/T should give a straight
line whose slope is directly proportional to — E/R. For instance, the
inset in Fig. 3(c) shows the linear fit in the two decompositions
steps of S3 according to Eq. (5). The values of E for all PVA/CMC
blends in the first and second decomposition steps were calcu-
lated and listed in Table 3. It is clear from this table that E in the
two decomposition steps changes irregularly in the individual
polymers and their blend samples. Except for Ss, the values of
E of all the investigated samples in the first decomposition step
are less than those in the second step. With increasing tempera-
ture, random scission of macromolecules predominates and
then E exhibits pronounced changes. Based on Coats—Redfern’s
method, the values of E for some blends are comparable
with those reported for cellulose acetate/niobium (CA/Nb) com-
posites [31].
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3.3. Dielectric properties

3.3.1. Dielectric permittivity

It is well known that the dielectric polarization in polymeric
materials may be explained by rotation/motion of the dipole
alignment, migration of ions within the matrix, or injection from
electrodes. Fig. 4(a-d) shows the frequency dependence of the real
part of the dielectric constant (¢’) at some selected temperatures
(below and above T ) for all the blend samples. Within the studied
range of frequency (f=0.01-100 kHz), ¢’ decreases with increasing
f. The decrease of ¢ with frequency for all the samples at given
temperature may be attributed to the decreasing number of
dipoles, which contribute to polarization or the dipole structure
is no longer able to respond to the applied electric field. It is worth
noting that the magnitude of the frequency dispersion depends on
the temperature, and the dielectric increment tends to become
more pronounced as the temperature approaches T [32]. As seen
from Fig. 4(a), S; exhibits a higher dielectric constant at T <323 K
but the effect of blending (PVA/CMC) appears on further increase
in temperature. Moreover, ¢’ of S; is higher than that of Ss while ¢’
of S3 is near to that of Ss. On the other hand, S, and S4; exhibit
higher dielectric constants at T > 348 K. Obviously, the behavior of
&'(f) depends on temperature and sample composition.

Fig. 5(a-c) depicts the temperature dependence of ¢'(T) at
some selected frequencies (1, 20, 100 kHz) for all the investigated
samples. Focusing first on the homopolymers (S; and Ss), more
than one peak was observed in &’(T). The first peak for S; is located
around 345 K and can be attributed either to the local main-chain
dynamic or to different side group motions. The second peak is
observed in the vicinity of Ty (360K) [24,33,34] and can be
associated to o-relaxation, which is of dipolar nature. Moreover,
the height of the two peaks decreases with increasing frequency.
With respect to CMC (Ss), €/(T) also exhibits two peaks around
temperatures 393, 407 K. While the first one corresponds to the
crystalline state of this material, the second one is a non dipolar

100

10

100

10

25 30 35 40 45 50
log(flHz)

Fig. 4. Frequency dependence of ¢’ for all the samples at different temperatures; T=303 K, (b) T=323 K, (c) T=348 K and (d) T=373 K.
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process and may be due to the interfacial polarization or space
charge polarization effects [35]. Also, this peak is not always
easily detected, but it is frequently associated with the onset of
ionic conductivity processes, and therefore this process can be
labeled as o-relaxation. As in previous reports, one peak was
observed in the &'(T) curves of S; around 347 K [1]. This deviation
may be related to adsorbed water molecules inside the polymer
matrix, which reflects a higher dielectric constant. Also, the
presence of water as solvent could modify self association of
PVA and CMC. The behavior of ¢(T) depends on the PVA/CMC
ratio. Similar to S;, two peaks can be distinguished for S, owing to
the majority amount of PVA. In contrast, ¢'(T) behavior of CMC is
predominant for S4. When the ratio of PVA to CMC is equal (as in
S3), two indexed peaks at f=1 kHz are revealed while only one at
higher frequencies (f> 20 kHz) is observed. This reveals that the
compatibility of the prepared compositions depends on the
homopolymers ratio. The samples S;, S, and S; show higher
dielectric constant compared to those of other compositions.
Moreover, the peak position and height of these three samples
can be distinguished from that of S; and Ss. The values of ¢'(T) for
S; are comparable with that of Ss. This implies a similar behavior
of ¢(f) and ¢'(T) for these two samples. The temperature coeffi-
cient of permittivity (TCP) for all the samples at different
frequencies is obtained using the relation
1de

TCP = ZdT (6)
where ¢’ is the value of the dielectric constant at the half maximum
peak and de¢’/dT is the change of ¢ with temperature. All values are

Table 4
The temperature coefficient of permittivity (TCP) for all samples.

Frequency 1 kHz 20 kHz 100 kHz
Sample TCP (K1) TCP (K—1) TCP (K1)
Sq 0.051 0.056 0.067
Sz 0.047 0.056 0.048
S; 0.035 0.042 0.042
Sa 0.044 0.048 0.051
Ss 0.035 0.039 0.041
E a —a&— 1 kHz
: —O— 100 kHz
100 324 K
10
1
U
&

1 " 1 N 1 M 1 N 1 M 1
0 20 40 60 80 100

CMC content (wt%)

Fig. 6. Change of &’ with CMC content (wt%) at different temperatures; (a) 24 K,
(b) 348 K and (c) 373 K.

listed in Table 4 and it may be noticed that TCP increases with
increasing frequency and also depends slightly on the sample
composition.

Fig. 6(a-c) represents the change of ¢ with CMC content at
different frequencies and at some selected temperatures. &’
decreases gradually with increasing CMC content at 324 K. A
minimum at 50 wt% of CMC was observed in &’ with increasing
temperature (373 K). Moreover, the concentrations 20 and 80 wt%
of CMC show higher dielectric constants compared to the other
blend samples. This behavior is consistent with &(T) of the
investigated samples (see Fig. 5).

3.3.2. Dielectric loss tangent

The dielectric losses in most polymeric materials may be
attributed to the perturbation of phonons by the application of
the electric field and the energy is transferred to phonon dissipa-
tion in the form of heat. Blending of polymers modifies the
perturbation of phonon during application of an electric field
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[36,37]. Fig. 7(a-d) represents the frequency dependence of
dielectric loss, tan o, at some selected temperatures (303, 323,
348 and 373 K). The variation of tand with frequency gives
evidence for a very distinct dipolar peak whose position depends
on the temperature and the PVA/CMC ratio. A distribution of
molecular weights or a cooperative movement of adjacent chains
could give rise to this spread in relaxation times. The existence of
a peak at low frequency is an indication of the longer relaxation
time pertinent to macromolecules. It may be seen that as the
temperature increases, the maximum of tan¢d shifts toward
higher frequencies and indicates dielectric relaxation of the
dielectric losses [38,39]. These well-known features are charac-
teristics of the freezing of dipolar motion with no long-range
correlations (i.e. glass-like). The values of tand as well as the
position of relaxation peak depend on both temperature and
sample composition. Also, the behavior of tan ¢ for S is similar
to that of S5 at T> 303 K. It is observed that the full width at half
maximum changes appreciably in the frequency range investi-
gated and yet it is different from the maximum breadth of the
Debye peak (1.14 decades). Also, the full width at half maximum
of the peak loss depends on the sample composition as well as the
frequency range.

The relaxation process can be described by the Arrhenius
relation

f=fo exp(—E;/kT) 7

where E, is the activation energy for the relaxation process, fis the
frequency of the loss peak maximum and f, is the characteristic
constant parameter for a particular relaxation process. Plot of
log(fmax) versus 1000/T is shown in Fig. 8. The graph results in
activation energies of E, ~ 0.04, 0.08, 0.33, 0.18 and 0.07 eV for S;,
S,, S3, S4 and Ss, respectively. The relatively higher values of E for
S; and S, blend samples signify an increase in binding forces,
which oppose dipolar reorientation.

3.3.3. Ac conductivity (o4c)
There are several models describing the origin and nature of
charge carriers in polymeric chains, which take into account the
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specific electronic structure of a given polymer. The lack of long-
range order in most polymer systems does not allow for an
extension of such treatments to completely describe their actual
macroscopic electronic properties. Rather, the observed bulk con-
ductivity of polymer system is a complex function of the number of
charge carriers and their transport along polymer chains and
morphological barriers. The ac conductivity measurements are
important to characterize the nature of the conduction process.
For clarity, the double logarithmic plot of the frequency
dependence of the real part of the ac conductivity at two selected
temperatures is displayed in Fig. 9(a,b). As can be seen, each curve
displays conductivity dispersion, which is strongly dependent on
frequency and temperature. ¢’(f) increases monotonically with
increasing frequency for the samples; S,, S3, S4 and S5 at T=323 K
as seen in Fig. 9(a). On the other hand, ¢'(f) increases initially with
frequency (up to 3 kHz) for all the samples at 373 K as shown in
Fig. 9(b). While S; shows a higher conductivity at T=323 K, S,
exhibits the highest values of ¢’(f) at T=373 K. Also the relaxation
peak becomes broad with increasing CMC content and depends
on temperature. This type of behavior reveals that the mechan-
isms responsible for ac conduction could be hopping. It is found
to be consistent with that observed in many hopping systems

log(f  /Hz)

1 1 1

29 30 31 32 33
1000/ T(K™)

24 L 1
27 28

Fig. 8. Plot of log(fiax) versus 1000/T for some selected samples.
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Fig. 7. Frequency dependence of tan o for all the samples at different temperatures; (a) T=303 K, (b) T=323K, (c) T=348 K and (d) T=373 K.



S. El-Sayed et al. / Physica B 406 (2011) 4068-4076 4075

log(e’ /" em™)

'8 C_1 1 1 i 1 M I i
20 25 30 35 40
log(f/Hz)
Fig. 9. Frequency dependence of the real part of the ac conductivity (¢’) for all

blends at different temperatures; (a) T=323 K and (b) T=373 K. The solid lines are
the fitting according to Eq. 8.

Table 5
The values of the exponent s and the polaron binding energy (Uy) for PVA/CMC
blends at different temperatures.

Sample 303K 323K 348 K 373K
s Uy (eV) s Uy (eV) s Uy (eV) s Uy (eV)
S1 0.82 0.87 0.80 0.83 0.75 0.72 049 0.37
Sz 088 1.3 031 0.24 026 0.24 0.19 0.23
Ss 0.50 0.31 0.48 0.32 046 0.33 0.31 0.27
Sa4 0.50 0.31 049 0.32 045 0.32 041 0.32
Ss 034 0.23 0.16 0.19 011 0.21 0.08 0.20

[39,40]. The real part of the ac conductivity,a’(f), can be described
by the relation

0'(f)=04c—0q. =Df* 3

where g is the dc (or low frequency) conductivity, g.is the ac
conductivity (o4 = wepe'tano). The dc conductivity is subtracted
by extrapolating g, to the f—0 and then ¢’(f) is determined. D is
constant and s is the exponent of the frequency. The above
equation is valid for several low mobility polymers [41,42]. Based
on Eq. 8, the plots of log(g’) versus log(f) yield straight lines of
different slopes, i.e. of s. The values of s were derived within the
range of frequency (100 Hz < f < 3 kHz), and tabulated in Table 5.
The exponent s changes with increasing temperature and its value
is less than unity i.e., 0 <s < 1. This means that the values of s are
in accordance with the theory of hopping conduction in amor-
phous materials at low frequencies [43,44]. Accordingly, these
results lead to the prediction that the correlated barrier hopping
(CBH) is the most suitable mechanism to explain the ac conduc-
tion behavior in the considered system [42]. In the CBH model
[45,46], the exponent s was found to obey the form

6kT

" Uy —KkTIn(1 /wto) ©)

—a— 1 kHz
—O0— 100 kHz a

log(o’ 1 'em™)
&

0 20 40 60 80 100
CMC content (wt%)

Fig. 10. Change of the real part of the ac conductivity (¢’) against CMC content
(wt%) at different temperatures; (a) 324 K, (b) 348 K and (c) 373 K.

where Uy, is the maximum barrier height at infinite separation,
which is called the “polaron binding energy”, i.e. the binding
energy of the carrier in its localized sites and 7, is a characteristic
relaxation time, which is in the order of an atom vibrational
period (7, ~ 10~ 13 s). The values of Uy, at different temperatures
are also given (Table 5). For large values of Uy/kT, the exponent s
becomes [47]

To shed light on the change of the real part of the ac
conductivity with composition, Fig. 10(a-c) shows log(a’) versus
CMC content. As seen there is a change of ¢’ with CMC content, a
similar trend is noticed for ¢’. This means that ¢’ decreases with
increasing CMC content up to 50% and exhibits a peak around
80 wt% of CMC. Again, the concentrations 20 and 80 wt% show
higher ac conductivity as compared to other compositions. Also a
minimum at 50 wt% composition is recognized in log(¢’) at
different temperatures similar to the behavior of ¢’ versus CMC
content.

4. Conclusions

DSC shows that the blend system PVA/CMC is compatible within
the studied range of compositions. TGA and DrTGA data show that
there are two decomposition steps in the studied range of tem-
peratures. The thermal stability of PVA/CMC blend samples is
enhanced by increasing the CMC content. The composition 50/50
of PVA/CMC exhibits low absorption edge compared to other blend
samples indicating that it has a higher carrier concentration in the
localized levels. Dielectric dispersion of the investigated samples is
found to occur in the audio frequency range. The dielectric constant
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is frequency as well as temperature dependent. While ¢'(f) of all the
samples decreases with increasing frequency due to the decrease of
the number of dipoles, which contribute to polarization, the
temperature dependence of dielectric permittivity, &'(T), exhibits
more than one peak due to adsorbed water molecules inside the
polymer matrix. Moreover, the calculated temperature coefficient
of permittivity (TCP) for all the blends increases with increasing
temperature and depends slightly on the content of CMC. Again, the
composition 50/50 of PVA/CMC (wt/wt%) shows a minimum in &’ at
different temperatures so it may be suitable for applications. Based
on the frequency ac conductivity dependence at different tempera-
tures, the correlated barrier hopping model (CBH) can be suggested
for PVA, CMC and their studied blends.
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