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ABSTRACT

In this work, the dielectric properties and the electrical conductivity of polyvinyl acetate (PVAc) polymer doped with cellulose nanocrystals 

(CNC), extracted from the date palm rachis, are reported. We investigate the filler effect on the molecular mobility of the PVAc polymer 

chains and the charge transport properties of this material. PVAc/CNC films structure was characterized by powder X-Ray diffraction (XRD), 

showing the crystalline behavior of the cellulose filler. The dielectric properties were investigated using impedance spectroscopy, in the 

frequency range of 102–106 Hz and temperatures from 200 to 350 K. A β relaxation, assigned to the motions of the -OCOCH3 side groups, 

and α relaxation, associated with the glass transition of the PVAc matrix, can be detected.

Keywords: nanocomposites; dielectric properties; polyvinyl acetate.

1. Introduction

Since their advent, composites are widely used in everyday life due to their interesting properties. The incorporation of 
nanometric particles causes the increase of the matrix/reinforcement interface and leads thereafter to the improvement of the 
different properties of the materials. The most frequently used nanoparticles are non-biodegradable materials derived from 
petroleum products (carbon black, carbon nanotubes) or minerals (silicate, clays). However, these different fillers have the 
disadvantage of not being renewable or biodegradable and can have negative impacts on humans and in the environment [1]. 
To meet the concern of preserving the environment, several efforts and investigations have been carried out by scientists, which 
aim to incorporate plant-based materials capable of replacing toxic or non-biodegradable ones and offering at least equivalent 
properties. Many of these investigations are conducted on the use of cellulosic nanofillers [2, 3]. Nanocellulose is a particularly 
attractive charge and they have been widely used in the electrical application field, as separators in lithium-ion battery [4], 
electrolyte additives [5] and humidity sensors [6]. 
Cellulose is a linear homopolymer composed of D-glucopyranose. Because of the hydroxyl groups present on the surface of the 
cellulose, the formation of hydrogen bonding is favored, and the cellulose chains are assembled into highly ordered structures. 
Depending on the pretreatment, nanocellulose can be classified into two main categories: cellulose nanocrystals(CNC), and 
cellulose nanofibrils (CNF). Cellulose nanocrystal was used frequently as nanofiller in polymers based nanocomposites and 
was proven an excellent charge [7, 8, 9]. Indeed, introducing small amounts of cellulose nano charges into the matrix generates 
some changes in tensile strength, Young's modulus, dielectric strength and electrical conductivity. The main employed method 
used to obtain the cellulose nanocrystals is hydrolysis with sulfuric and hydrochloric acid. 
Polyvinyl acetate (PVAc) is an amorphous and biodegradable polymer [10]. It has good insulating properties with low 
conductivity and frequently used in microelectronic applications [11]. The presence of cellulose nanoparticles induces an 
improvement in its properties and particularly the electrical and mechanical properties [12, 13].

mailto:imen.hammami1992@gmail.com
https://www.sciencedirect.com/topics/chemistry/nanocrystal
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Understanding the dielectric properties of nanocomposite thermoplastic polymers is of great importance in gaining fundamental 
knowledge for predicting the mechanical properties of these materials. The dielectric relaxation spectroscopy is an effective 
way of probing the microstructure and assessing the dipoles motions and interactions of the nanocomposites at a different range 
of frequencies and temperatures.The structure-property relationship of PVAc-based nanocomposites is rarely studied, while 
most studies have focused on the thermal degradation behavior of pure PVAc [14]. Sternstein and Zhu [15] indicated in their 
study that the hydroxyl groups on the surface of silica particles could form hydrogen bonds with the PVAc acetate group, which 
resulted in a significant effect of the reinforcement in the nanocomposites. These results indicate that it may be possible to 
obtain promising properties for nanocomposites based on PVAc and CNC. That was also illustratedin some pioneering works 
[16, 17, 18].
In this work, cellulose nanocrystals extracted from the rachis of the date palm tree were used to prepare nanocomposites based 
on PVAc as a matrix. The use of such filler is justified by its high aspect ratio and by the availability of this natural resource in 
North Africa [19]. In fact, it is well known that after the fruit harvesting, the date palm trees need to be maintained.  Indeed, 
during the maintenance of the date palm, a large amount of waste is generated.  Until now, this waste is used as a source of 
domestic energy or as a barrier against the silting up of agricultural land in the Sahara regions.  The current study is in keeping 
with the general pattern aiming at the valorization of these plant resources and the exploitation of this abundant natural deposit. 
 The electrical properties and the ionic conduction mechanism of these nanostructured materials were explored using complex 
impedance analysis. In fact, the electrical investigation method can gives more informations about the mechanisms of charge 
transport and interfacial polarization and subsequently the quality of matrix reinforcement adhesion. On the other hand the 
potential of using these composites as separators for ionic battery might be considered.  

2. Experimental Section

2.1. Materials

2.1.1. Polymer matrix 

An amorphous thermoplastic polymer, polyvinyl acetate PVAc, with a molecular weight of 207 761 Da, was synthetized and 
used in this study as matrix material. To synthesis PVAc free radical polymerization of VAc monomer in the presence of 
benzoyl peroxide as initiator was used. A mixture containing the VAc monomer and 2 wt% of benzoyl peroxide is poured into 
a three-necked round-bottom flask equipped with a reflux condenser and a mechanical stirrer. The polymerization was 
conducted at a temperature of 80 °C and under a dry nitrogen atmosphere. After 30 min reaction, when the solution became 
strongly viscous, it was cooled and solubilized in a minimum of methanol and precipitated in distilled water. The Tg by DSC 
of the synthesized polymer is 45°C [8], which means that it’s partially hydrolysed

2.1.2. Cellulose nanocrystals

Cellulose nanocrystals were prepared according to the method used by Benhamou et al. [8]. Briefly, palm tree rachis were cut 
into small pieces and ground to powder. The powder is extracted with soxhlet for 24 h, using a mixture of ethanol and toluene, 
to remove pigments, lipids, waxes and all substances soluble in organic solvents. The pulp is treated with a sodium hydroxide 
solution (NaOH) for 2 h, at 80 °C, to eliminate hemicelluloses and lignin, followed by treatment by sodium chlorite solution at 
70 °C for 2 h, to eliminate remaining lignin. The suspension is filtered, washed extensively with water and the treatment is 
repeated until complete bleaching of the pulp. Then, the bleached pulp is treated using concentrated sulphuric acid at 45 °C 
during 45 min to obtain the CNC suspension. The obtained CNC have an average diameter of 5.8 ± 1.5 nm and length about 
235 ± 21 nm [7]. The zeta potential of CNC calculated in a previous study of the author was estimated to -56 mV at pH 5-6 
[20].

2.1.3. PVA/NCC nanocomposites preparation

In this study, a solvent exchange method was used to transfer CNC from water to methanol. This method enables avoiding CNC 
drying and insures better re-dispersion in organic solvent.  Therefore CNC agglomeration is maintained at its lower level. 
The water suspension of CNC was solvent-exchanged to acetone and then to dry methanol  (The CNC concentration in these 
solvents was around 2% in weight) by successive centrifugation and dispersion operations. The PVAc/methanol solution and 
CNF/methanol dispersion were mixed in different ratios to vary the CNC content in the final nanocomposite from 0 to 10 wt%. 
Each mixture was stirred for one complete day by magnetic stirring and then by means of the high power ultrasound disperser 
was sonicated of for 5 min and then degassed. The nanocomposite films were prepared by casting method, each dispersion was 
poured into a Teflon mold and keept at room temperature for two weeks for slow elimination of methanol. The nanocomposite 
films were then dried overnight under vacuum at 50 °C.

https://www.sciencedirect.com/topics/chemistry/acetone
https://www.sciencedirect.com/topics/chemistry/centrifugation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dispersion
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/magnetism
https://www.sciencedirect.com/topics/chemistry/poly-tetrafluoroethylene
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mould
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/temperature
https://www.sciencedirect.com/topics/chemistry/vacuum
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2.2. Experimental procedure

The morphologies of samples were analyzed by TESCAN–VegaIII scanning electron microscopy (SEM). The specimens were 
frozen under liquid nitrogen, fractured, mounted, coated with carbon and observed using an applied tension of 40 kV.  

X-ray diffraction (XRD) patterns were obtained using a Siemens D5000 diffractometer with mono-chromatic Cu-Kα radiation 
((λ=1.54056 Å) over a 2 range from 2° and  80°, at room temperature.

Impedance spectroscopy measurements were performed using an Agilent 4294A precision impedancemeter, measuring in the 
Cp–Rp configuration, in the temperature range from 200 K to 350 K with 5 K step and in a broad frequency window from 100 
Hz to 1 MHz. For the dielectric analysis, an alternating voltage with amplitude 1 V was applied to a sample placed between 
two parallel plate electrodes.
The dielectric behavior is investigated with the complex dielectric constant 𝜀* expressed as [21]:

𝜀 ∗ = 𝜀' ― 𝑗𝜀''
(1)

The alternative current (AC) conductivity has been determined from the dielectric losses according to the relation:

𝜎 ∗ = 𝑗𝜀0𝜔𝜀 ∗ (ω) = 𝑗𝜀0𝜔 (𝜀' ― 𝑗𝜀'') = 𝜀0𝜔𝜀'' + 𝑗𝜀0𝜔𝜀'
(2)

Where ε0 is the permittivity of the free space and ω = 2πf is the angular frequency.

The direct current (DC) conductivity measurements were carried out using a 617 Keithley electrometer. The samples were 
prepared in the form of discs of 10 mm diameter. The electrical measurement was done using a two aluminum plate pressure 
system, where the sample was placed between them. DC voltages (50 V, 100 V) were applied across the thin film. The 
experiment consists of measuring the electrical resistance of each sample to calculate the DC conductivity for the different 
series of the composites, at a constant temperature. The electrical conductivity , at a given temperature,can be determined 𝜎𝐷𝐶
using the following equation [22, 23]: 

𝜎𝐷𝐶 =
1

𝜌𝐷𝐶
=

𝐿
𝑅 .𝐴 (3)

Where ρDC is the resistivity, L is the thickness, A is the electrode cross-sectional area and R is the resistance of the studied 
sample.

3. Results and discussion

3.1. Morphological analysis

Figure 1 shows SEM images of the freshly fractured surface for PVAc matrix and nanocomposites felt with 1 and 10wt% of 
CNC.

Figure 1. SEM micrographs of: (a) PVAc matrix; (b) PVAc+1% CNC; (c) 
PVAc+10% CNC.

The SEM images of pure PVAc (figure 1.a) show the presence of cracks on the surface of the section, accompanied by fissures, 
while the nanocomposites showed different morphologies. Figures 1.b and 1.c show that, for the nanocomposites, fracture 

(a) (b) (c)
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surface was relatively rougher compared to the pure PVAc sample.  Also, the grains observed on the nanocomposite samples 
can be considered as CNC aggregates.  By increasing the CNC content, the amount of these grains was found to increase, 
indicating that they were mostly dispersed in PVAc matrix. Similar morphologies have been observed for the nanocomposites 
based on PVAc and TEMPO-CNF (nanofibrillated cellulose obtained via TEMPO mediated oxidation), where the addition of 
TEMPO-CNF rend the fracture surface rough and aggregates could be observed at high TEMPO-CNF contents [24].

3.2. X-ray Diffraction (XRD)

The structure of the samples was analyzed by XRD and the obtained patterns are shown in figure 2. One can notice the absence 
of discrete peaks of diffraction on the spectrum of the PVAc, in fact, the large visible bumps are created by distributions of lines 
related to the disorder in the solid confirming the amorphous structure of this polymer. However, in the case of PVAc filled 
with 10wt% of CNC, five fine and less fine diffraction peaks could be observed, especially at 22.64° (020 plane) and 34.6° (004 
plane) ascribed to cellulose type I [25, 26]. This result can be confirmed by comparing the XRD patterns of PVAc+10% CNC 
with the those obtained for CNC nanofillers. The other characteristic peaks of cellulose I, which should appear, especially the 
one at 14.07°, corresponding to 110 plane, is embedded in the bumps of the amorphous PVAc.

(a)

(b)

(c)
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Figure 2. XRD patterns of : (a) PVAc matrix,(b) PVAc+10% CNC nanocomposite and (c) CNC nanofillers.

3.3. Dielectric studies

3.3.1 Polyvinyl acetate matrix 

The dependence of the imaginary, ", part of the complex permittivity versus temperature and frequency and the dependence 
of the real, ', and imaginary, ", parts of the complex permittivity versus frequency at different temperatures for the matrix 
PVAc are shown in Fig.3a, Fig.3b and Fig.3c respectively

(a)

(b)
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Figure 3. (a) 3D graphs of the imaginary part of the dielectric permittivity versus frequency and temperature for the PVAc 
matrix; (b) and (c) are respectively the frequency dependence of real and imaginary parts of the dielectric permittivity for the 

PVAc matrix. The inset shows enlarged β-relaxation region.

Two relaxation modes are observed:
i. The primary relaxation, α-relaxation, appearing at temperatures above 330 K. It is associated with the glass–rubbery 

transition of the PVAc matrix. This relaxation peak is shifted to higher frequencies when the temperature increases, due to 
the faster molecule movements leading to the decrease in the relaxation times [27].

ii. The secondary relaxation, β-relaxation, which is observed in the temperature range 200 K and 250 K. This relaxation is 
assigned to the motions of the -OCOCH3 side groups [28].

3.3.2 Nanocomposites

(c)

(a)
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Figure 4. Frequency dependence of (a) real part, ', and (b) imaginary part, ", of the dielectric permittivity for the PVAc 
matrix and PVAc/CNC nanocomposites, at 350 K.

The real and the imaginary parts of the complex permittivity, as a function of frequency, are shown in figure 4.
The incorporation of filler into a polymer matrix induces changes in the properties of the resulting composite. The interactions 
between the inclusions and the polymer matrix affect the glass transition temperature. If these interactions are attractive, the 
polymer chains are restricted by the inclusions, and the movement of the macromolecular chains becomes slower. Thereby, Tg 
increases and the process is specified by a longer relaxation time and therefore observed at lower frequencies. The opposite 
occurs when the matrix-charge interactions are repulsive; as the motion of the macromolecules becomes easier, Tg decreases, 
the relaxation time of the process becomes shorter, and the relevant loss peak is observed at higher frequencies [29].
From figure 4, we notice a slight shifting in the loss peak position of the PVAc-1%CNC nanocomposite to lower frequencies 
compared to the corresponding one of the neat PVAc. This indicates that the interactions between the CNC nanoparticles and 
the PVAc matrix are attractive. The increase in the percentage of filler causes the shifting of loss peak maxima to higher 
frequencies, indicating an appreciable reduction of attractive forces or even a switch to repulsive interactions. The attractive 
interaction for the PVAc-1%CNC nanocomposite is may be due to few physical cross links that developed between the PVAc 
matrix (which is partially hydrolyzed) and nanocharge. These physical crosslink take place between the hydroxyl sites of PVAc 
and CNC, which is considered as emulsifying effect of the hydrolyzed sequences of PVAc. However for higher loading, the 
CNC-PVAc interaction found to be repulsive (interactions between acetate groups of PVAc and CNC) because all hydroxyl 
sites are saturated [30, 31].

Furthermore, only for the PVAc-10%CNC nanocomposite, figure 4 shows a linear increase when decreasing frequency of the 
dielectric constant (') and loss factor (") at low frequencies, which reveals the presence of an additional process. As it is widely 
known in polymers, the high increases of the dielectric permittivity ε’ and loss factor, ", at low-frequency ranges and above 
the glass transition temperature Tg are related to the ionic conduction that appears due to the increase in the electric charges 
mobility with temperature. However, in this low-frequency range, other phenomena can be detected such as the electrode 
polarization, related to the accumulation of free charges at the electrode interfaces [32], and the interfacial polarization known 
as the Maxwell-Wagner-Sillars (MWS), derived from the migration and accumulation of charges carriers at the interfaces 
between the heterogeneous systems [33]. It is worth to note that the interfacial polarization and electrode polarization are often 
confounded with ionic conduction, as these phenomena are originated from charged carrier mobility [34].
To further investigate the phenomena that occur at the low frequencies region, we present, in figure 5, the frequency dependence 
of the AC conductivity for the PVA matrix and the PVA/CNC nanocomposite. In the case of the nanocomposite materials, the 
conductivity AC obeys the following empirical power law [35, 36]:

𝜎𝐴𝐶(𝜔) = 𝜎𝐷𝐶 + 𝐵𝜔𝑠
(4)

where σDC is the frequency independent DC limit of conductivity at ω = 0, B is a constant depending on temperature which 
reflects the polarizability, and s is the frequency exponent representing the degree of interaction between mobile ions and the 
surrounding environment [37], varying between 0 and 1.
Based on the equation (4), the variation of the conductivity AC versus the frequency must show two distinct types of behavior. 
The first behavior appears at high frequencies, where the conductivity is an increasing function of frequency   (𝜎'(𝜔) = 𝐵𝜔𝑠 )
following a slope close to the unity (0.8 ≤ s ≤ 1). At lower frequencies, the conductivity usually is independent of the frequency, 
presenting a horizontal plateau associated with the conductivity deriving from the transport of the long-range ions is appearing, 
which is not the case in our samples (figure 5). Therefore, the ionic conductivity and the electrode polarization are omitted. This 
effect could be observed at higher temperatures and lower frequencies.

(b)
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Figure 5. AC conductivity of PVAc matrix ant PVAc/CNC nanocomposites versus frequency at 350 K.

The incorporation of CNC charge leads to the appearance of an additional process at high temperatures and low frequencies, 
ascribed to MWS interfacial polarization. This relaxation results from the accumulation of charge carriers at the interfaces 
between the PVA matrix and the CNC nanofillers. It is better defined and appears more intense in the nanocomposite having 
10% of charges. Indeed, the more we introduce the nanofiller in the matrix, the more we multiply the interfaces. This can be 
confirmed by the quasi-inexistence of this relaxation for the nanocomposites having a rate of 1%, 3% and 5% of charges.

3.4. Molecular dynamics

The effect of CNC charges on segmental mobility is further analyzed by performing an analysis based on fitting appropriate 
model functions. The imaginary part of the permittivity spectra was fitted following the Havriliak-Negami (HN) function:

𝜀'' = ∑
𝑖 [ ∆ 𝜀𝑖sin 𝜃

[1 + 2(𝜔𝜏𝐻𝑁𝑖)
𝛼𝑖cos (𝛼𝑖𝜋

2 ) + (𝜔𝜏𝐻𝑁𝑖)
2 𝛼𝑖]

𝛽𝑖

2 ] + (𝜎𝐷𝐶

𝜀0𝜔)
𝑁

(5)

With,   𝜃 = 𝛽𝑎𝑡𝑎𝑛[ (𝜔𝜏𝐻𝑁)𝛼 sin (𝛼𝜋
2 )

1 + (𝜔𝜏𝐻𝑁)𝛼cos (𝛼𝜋
2 )]

The index i represent the different relaxations involved in dielectric spectra; Δεi is the relaxation strength values, and τ is the 
characteristic relaxation time; (σDC/ε0ω) is the DC conductivity term; α and β are parameters that respectively related to the 
broadness and asymmetric of the relaxation times distribution.
As it can be seen in figure 6, α increases with the rise of the temperature indicating a decrease on the broadness of the relaxation 
time distribution, suggesting that the response of the dipoles to the external electric field becomes more uniform. It also indicates 
that this parameter is thermal activate. With the composition, it shows that increasing the content of CNC the α value decreases. 
This should be related with the increase of the number of the dipoles and consequently an increase in the randomness of the 
relaxation times.
The β parameter increases with temperature and CNC content, showing an approximation to the empirical Cole-Cole model.
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Figure 6. The evolution of the symmetric α and asymmetric β parameters versus temperature for the different PVAc/CNC 
nanocomposites.

The relaxation times versus the reciprocal of the temperature can be seen in figure 7.

Figure 7.Relaxation map showing the temperature dependence of the relaxation time for the α process. The lines represent 
the Vogel–Fulcher–Tammann (VFT) fitting result.

The temperature dependence of the relaxation rate for the α –relaxations was better described by the Vogel–Fulcher–Tammann 
(VFT) equation [38, 39, 40]:

𝝉𝒎𝒂𝒙(𝑻) = 𝝉𝟎𝐞𝐱𝐩 ( 𝑫𝑻𝟎

𝑻 ― 𝑻𝟎)
(6)

Where τ0 is a pre-exponential factor, T0 is the Vogel temperature (ideal glass transition), which it was found to lie between 30 
and 70 K below glass transition temperature Tg [41]. D, the so-called strength parameter [42], is a measure of the fragility factor 
describing a deviation of the temperature dependence of τ (T) from the Arrhenius behavior.

The calculated parameters for this relaxation processes are listed in Table 1.
We find that the values of the fragility parameters D for α relaxation increase considerably as a function of reinforcement rate 
indicating the reinforcing effect of the cellulose nanofiller which limits the mobility of the PVAc chains.
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3.5. DC Conductivity studies

3.5.1 Temperature dependent conductivity studies

The temperature dependence of the DC electrical conductivity was studied in the range of 200 K–350 K for all the samples. 
The following figure displays the conductivity versus 1000/T for PVAc-CNC nanocomposite.

Figure 8. DC conductivity evolution versus 1000/T for PVAc-1%CNC nanocomposite.

As we can see in figure 8, the conductivity is the same for the two applied voltages, corresponding to an ohmic behavior. 
Figure 9 shows the DC conductivity versus 1000/T, on a semi-logarithmic scale, for PVAc and PVAc–cellulose 
nanocomposites. Two distinct conduction regions can be observed: one in the low temperatures range (<250 K) where the σDC 
is almost constant and another in the high-temperature measurement range (>250 K) where the σDC decreases almost linearly 
with the reciprocal of the temperature.

Figure 9. DC conductivity versus 1000/T, on a semi-logarithmic scale, for PVAc and PVAc-CNC nanocompositesat 100 V.
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From the slope of the graphs at higher temperatures (T>250K), the activation energy of conduction was estimated using the 
relation:

𝝈𝑫𝑪 = 𝝈𝟎𝐞𝐱𝐩  ( ― 𝑬𝑨

𝒌𝑩𝑻 ) (7)

Where σ0 is the pre-exponential factor, kB is the Boltzmann's constant, T is the absolute temperature, and EA is the electrical 
activation energy under the DC fields. Activation energy values are shown in Table 2.

In general, it is supposed that values of DC activation energy greater than 0.6-0.8 eV would be related to ionic transport and 
those values less than 0.2 eV should be associated with electronic mechanism [43]. Indeed, the electronic conduction is 
characterized by high mobilities and low activation energies, while the ionic conduction is associated with relatively lower 
mobilities and higher activation energies. Therefore, the conduction mechanism, presented in PVAc -CNC films is of ionic 
nature.
The activation energy decreases with increasing of the filler content. The increase in cellulose nanocrystals means an increase 
in the heterogeneity of the PVA matrix, which leads to an increase in the resistance of the nanoparticle-polymer interface. Also, 
the further increase in the CNC nanoparticles concentration results in a decrease in the interseparation distance between the 
charges or aggregates and then, a physical conductive network for charge carrier transportation has been created in the 
composite.
Nevertheless, by increasing the CNC nanoparticles introduced in the PVA matrix, a competition of the conductivity 
enhancement and interfacial polarization leads to the conductivity percolation and minimization of the activation energy.

4. Conclusions

In this study, the morphology, the dielectric and electrical behavior of a series of PVAc matrix charged with different CNC 
content nanocomposites have been investigated by XRD, SEM and impedance spectroscopy.
The dielectric analyses were carried out to evaluate the CNC content effect on the nanocomposites molecular dynamics and 
electrical conductivity behavior. The analyzes of the dielectric behavior allowed us to highlight, in the increasing order of 
temperature, the relaxation β assigned to the motions of the -OCOCH3 side groups and the relaxation α associated with the 
glass transition of the PVAc matrix. 
Also, the temperature dependence of α-relaxation time was modeled by the Vogel–Fulcher–Tammann (VFT) equation. Basing 
on these data, we found that incorporating CNC lead to a hindrance in the mobility of the PVAc chain, due to attractive 
interactions between charges and polymer macromolecules. 
The analysis of the conductivity is a complementary study of the dielectric properties. Indeed, the decrease of the activation 
energy with increasing the filler content emphasizes the presence of a conductive network for charge carrier transportation.
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Figure Captions

Figure 1. SEM micrographs of: (a) PVAc matrix; (b) PVAc+1% CNC; (c) PVAc+10% CNC.

Figure 2. XRD patterns of : (a) PVAc matrix (b) PVAc+10% CNC nanocomposite and (c) CNC nanofillers.
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Figure 3. (a) 3D graphs of the imaginary part of the dielectric permittivity versus frequency and temperature for the PVAc 
matrix; (b) and (c) are respectively the frequency dependence of real and imaginary parts of the dielectric permittivity for the 
PVAc matrix. The inset shows enlarged β-relaxation region.

Figure 4. Frequency dependence of (a) real part, ', and (b) imaginary part, ", of the dielectric permittivity for the PVAc matrix 
and PVAc/CNC nanocomposites, at 350 K.

Figure 5. AC conductivity of PVAc matrix ant PVAc/CNC nanocomposites versus frequency at 350 K.

Figure 6.The evolution of the symmetric α and asymmetric β parameters versus temperature for the different PVAc/CNC 
nanocomposites.

Figure 7. Relaxation map showing the temperature dependence of the relaxation time for the α process. The lines represent the 
Vogel–Fulcher–Tammann (VFT) fitting result.

Figure 8. DC conductivity evolution versus 1000/T for PVAc-1%CNC nanocomposite.

Figure 9. DC conductivity versus 1000/T, on a semi-logarithmic scale, for PVAc and PVAc-CNC nanocomposites at 100 V.

Tables

 Sample D To (K)
PVAc 1.942 284
PVAc-1CNC 2.292 290
PVAc-3CNC 2.308 288
PVAc-5CNC 2.534 284

 α
Relaxation 

PVAc-10CNC 2.603 289
Table 1:Calculated strength parameter D for PVAc/CNC.

Sample Δ(Ea)DC (eV)
PVAc 2.09
PVAc-1CNC 1.97
PVAc-3CNC 1.33
PVAc-5CNC 1.08
PVAc-10CNC 0.85

Table 2: Calculated activation energy of PVAc and PVAc-CNC nanocomposites.
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Highlights 

 polyvinyl-acetate/cellulose nanocrystals nanocomposites are investigated.

 The fragility parameters and activated energy for different process are evaluated. 

 Electrical conductivity are investigated using DC measurements 

 High activation energy values prove that the conductivity is of an ionic nature.
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