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Nanofibrillated cellulose (NFC) isolated from rice straw pulp was used with polyvinylpyrrolidone (PVP)
and silver nanoparticles (AgNPs) to prepare nanocomposites in the form of flexible films. The later films
have promising mechanical and electrical conductivity properties. The isolated cellulose nanofibers were
characterized by transmission electron microscopy (TEM) and X-ray diffraction (XRD). Silver nanoparti-
cles prepared via in-situ reduction in PVP were characterized using TEM and UV-vis spectroscopy. Tensile
properties, microscopic structure, and electrical properties of nanocomposites films were studied. TEM
and UV-vis spectroscopy proved the in-situ formation of AgNPs in PVP matrix. Films with good flexibil-
ity and tensile strength properties could be obtained from NFC/PVP/AgNPs as revealed from the (SEM)
images and tensile properties testing. The electrical conductivity of NFC/PVP/AgNPs supports this system
to be an excellent choice for sensitive electronic components packing as it can be used as antistatic and
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1. Introduction

Nowadays, metal nanoparticles are considered as potential
materials due to their various applications (Khalil et al., 2015;
Rubilar et al., 2013; Stark, Stoessel, Wooleen, & Hafner, 2015)
including electronics industry with their small size and precision of
the electronic components. (Mishra, Dabrowski, Vij, Mishra, & Dhar,
2015; Park & Kim, 2014; Shen, Zhang, Huang, Xu, & Song 2014). Par-
ticularly, silver nanoparticles (AgNPs) have many applications; they
can be used as antistatic materials, switching devices, conductive
inks and adhesives for different electronics etc. .. (Bouvree, Feller,
Castro, Grohens, & Rinaudo 2009; Deng et al., 2010; Thostenson
& Chou, 2006). Various methods were used to synthesize metal
nanoparticles including chemical, physical and thermal ones (Bae,
Nam, & Park, 2002; Smetana, Klabunde, & Sorensen 2005). In
addition, reduction either chemically, photochemically (Mallicka,
Witcombb, & Scurrella, 2005) or electrochemically (Liu & Lin, 2004;
Pinto et al., 2009) can be utilized. The chemical reduction method
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is one of the most common ones to prepare metal nanoparticles
due to its simplicity, facility and abundance in production. Upon
utilizing a strong reductant on silver nitrate in an aqueous reaction
medium; such as sodium borohydride or hydrazine, silver nanopar-
ticles (AgNPs) result from this process but a disadvantage may arise
which is the aggregation of the aforementioned particles and los-
ing their nanostructure. Silver nanoparticles can go through and
combine with natural substrates as cotton and cellulosic materials.
This can be achieved via reduction methods including the chemi-
cal or biological ones (Duran, Marcato, De Souza, Alves, & Esposito,
2007; Ravindra, Mohan, Reddy, & Raju, 2010). Polyvinylpyrrolidone
(PVP) can be considered as an important ingredient in the synthesis
of metal nanoparticles (MNPs). It has a role as a stabilizing agent
in polar solvents and supports in determining the form of the pre-
pared MNPs (Xia, Zeng, Zhang, Moran, & Xia, 2012). PVP has been
utilized in preparing silver nanoparticles. These nanoparticles can
disperse easily in PVP which in turn can act as protective layer
around AgNPs preventing the aggregation that may occur (Zhang,
Zhao, & Hu, 1996). Moreover, polyvinylpyrrolidone (PVP) performs
an important role in the preparation of various composites (Zhao,
Zhang, Du, Li, & Zou, 2015). It has been employed in preparing
PVP/Fe304 (Wang, Li, Wang, & Wei, 2011). The effect of PVP was
studied in investigating the electrical properties of polyacryloni-
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trile (PAN) composite nanofibers combined with silver nitrate (Ucar
et al., 2015). Hence, the aforementioned nanocomopsites loaded
with PVP showed the ability to be used as antistatic materials.

Nanofibrillated cellulose (NFC) is an interesting natural-based
polymeric material with unique properties such as ability for mak-
ing transparent films with high tensile strength properties. There
is a recent interest in using films from nanofibrillated cellulose
in flexible electronics. Cellulose itself is a dielectric material and
has been used for many years for this purpose. Rendering cellu-
lose electrically conductive material adds a new functionality to
it as well as new applications. This has been carried out by mix-
ing it with nanostructured carbon (carbon nanotubes, graphene,
reduced graphene oxide) (Deng et al., 2013; Salajkova, Valentini,
Zhou, & Berglund, 2013; Zheng, Cai, Ma, & Gong, 2015), metal
nanoparticles (Hao, Wang, Shao, & Yang, 2015;Yang & Li, 2015),
conductive polymers, grafting its surface with conductive poly-
mers (Jradi, Bideau, Chabot, & Daneault, 2012; Mattoso et al., 2009;
Wang et al., 2016), or depositing a conducting material on the sur-
face of cellulose (Wang et al., 2014). Mixing cellulose nanofibers
with conductive polymers to prepare electrically conductive mate-
rials requires good compatibility between cellulose and the added
polymer. Polyvinylpyrrolidone is a water soluble polymer and thus
has excellent compatibility with cellulose. Although PVP films have
perfect electrical conductivity properties but they suffer from low
mechanical properties. Thus, nanocomposites containing cellulose
nanofibers and PVP are able to produce novel materials with the
unique properties extended from both of them. Surprisingly, few
studies have been conducted so far on preparation of nanocom-
posites between cellulosic nanomaterials (cellulose nanocrystals or
cellulose nanofibers) and PVP (Going, Sameoto, & Ayranci, 2015).

Conductive polymer composites (CPC) can be fabricated by
adding conductive filler into polymer matrix. The most important
advantage of CPC s that their electrical properties are close to those
of fillers, even as their mechanical characteristics and processing
are typical to plastics. Those composites have numerous benefits
over the traditional conductive materials, inclusive processabil-
ity, flexibility, light weight, ability to absorb mechanical shocks
and low cost. CPC may be used as antistatic materials, switching
devices, cables, transducers and gas sensors. Moreover, CPC can
be employed as devices for electromagnetic radiation shielding
and electrostatic discharge (Park, Thielemann, Asbeck, & Bandaru,
2010; Rashid, Ariffin, Akil, & Kooi, 2008; Liu et al., 2007). There
are growing demands to decrease the thickness and diameter of
conductive films. To preserve the processability of CPC with low
cost, a minimum quantity of filler is mostly preferable. However by
introducing an immiscible or partially miscible polymer to another
one loaded with a conductive filler, a conductive polymer compos-
ite with minimal filler content can be obtained (Arbatti, Shan, &
Cheng, 2007; Dang, Yu, Yao, & Liao, 2013).

The aim of this study is to utilize the flexibility and high ten-
sile strength of nanofibrillated cellulose, electrical conductivity of
PVP and silver nanoparticles in synthesizing nanocomposites in
the forms of films with appropriate flexibility and tensile strength
properties as well as electrical conductivity.

2. Materials and methods
2.1. Materials

Polyvinylpyrrolidone (PVP) with MW 1,300,000 was purchased
from Alfa Aesar while silver nitrate (>99% AgNO3) and sodium
hydroxide (>97% NaOH) were from Sigma Aldrich. Rice straw was
collected from local farms in Giza, Egypt. The used chemicals were
of analytical grade. Deionized water was used to prepare the solu-
tions.

2.2. Methods

2.2.1. Preparation of nanofibrillated cellulose (NFC)

Rice straw was washed, dried and chopped using a mill with
a 1cm wide sieve. To obtain cellulose pulp, 100 g rice straw was
pulped using pulping mixture of 15% sodium hydroxide (based
on wt. of rice straw) dissolved in 21 of water at 150°C for 2h.
The obtained pulp was washed to remove residual alkali and then
bleached using sodium chlorite/acetic acid mixture according to
the previously published method (Wise, Murphy, & D’Addieco,
1946). Chemical composition of the bleached pulp was determined
according to the standard methods (Browning, 1967) being: Kla-
son lignin 1.46%, alpha-cellulose 69.7%, hemicelluloses 19.7% and
ash content 10.5%.

Bleached rice straw was first oxidized using (2,2,6,6-
tetramethyl-1-piperidinyloxy) TEMPO; TEMPO/NaBr/sodium
hypochlorite method as previously described (Hassan, Hassan,
Abou-zeid, & EI-Wakil, 2016) then subjected to high shear action
using high-shear mixer at 10,000 rpm. The obtained gel was kept
in the fridge till being used.

2.2.2. Preparation of silver nanoparticles (AgNPs)

Silver nanoparticles were prepared as previously described as
follows (Sahoo et al., 2009): one gram of PVP was dissolved in 30 ml
distilled water to prepare solution followed by adding 0.03 mol glu-
cose and 0.01 mol of AgNO3 at 65°C with continuous stirring; pH
was adjusted at 8.5-9 using 0.01 M sodium hydroxide. The molar
ratio of glucose: silver nitrate was 1:2. The pH was maintained at
8.5-9 during the whole reaction. The reactants were heated at 65 °C
for 30 min. After complete reduction of Ag* to Ag®, acetone was
used to precipitate the resulting nanoparticles coated with PVP.
This was followed by repeated centrifugation for 20 min and wash-
ing with distilled water, dialyzed against distilled water, then dried
under vacuum.

2.2.3. Preparation of PYP/NFC nanocpmposites

Nanofibrillated cellulose (NFC) suspension in water (1% wt%)
was introduced into 5% aqueous solution of PVP. A series of solu-
tions containing NFC/PVP (100/0,75/25,50/50 and 25/75 wt% based
on oven dry weight) were prepared and poured into petri-dishes
and dried in an oven at 40°C for 24 h. The dried films with aver-
age thickness of about 0.08 mm were cut for characterizations and
investigations.

2.2.4. Preparation of NFC/PVP/AgNPs nanocpmposites

The previous steps of preparing the NFC/PVP nanocompos-
ites were followed by series of aqueous solutions containing
NFC/PVP(100/0,75/25,50/50 and 25/75 wt%). A constant amount of
coated silver nanoparticles of 2% wt% were introduced to PVP and
nanofibrillated cellulose and stirred for 1h producing nanocom-
posites suspension consisting of NFC/PVP/AgNPs (100/0/2, 75/25/2,
50/50/2, and 25/75/2 wt%). The prepared nanocomposites were
poured into petri-dishes and dried in an oven at 40°C for 24 h.
Fig. 1 presents a schematic diagram for preparing the investigated
nanocomposites at different concentrations of NFC/PVP/AgNPs. The
thickness of the prepared films was about 0.08 mm.

2.3. Instrumentation

The transmission electron microscope (TEM) images of the col-
loidal nano-particles were attained using a JEOL JEM-2100 (JEOL,
Japan). The TEM sample was prepared by mixing one dilute drop of
prepared nanoparticles dispersed in acetone onto the copper grid
and allowing it to dry well. The surface morphology of the exam-
ined sample was imaged with scanning electron microscope (SEM)
(QUANTA FEG 250 ESEM). Energy dispersive X-ray spectroscopy
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Fig. 1. Schematic diagram for preparing AgNPs coated with PVP and introducing them into NFC/PVP producing NFC/PVP/AgNPs nanocomposites at different polymeric

concentrations.

(EDAX AMETEK Inc.; Mahwah, NJ, USA) analysis with acceleration
voltage of 15kV was carried out to determine elemental content.
The dry sample was spread on a double sided conducting adhe-
sive tape, pasted on a metallic stub. UV-vis absorption spectra
were carried out for PVP and reduced silver ions producing coated
silver nanoparticles with PVP. These spectra were for the diluted
samples in deionized water performed by employing Agilent Cary
100 UV-vis Spectrometer. Diffraction pattern of nanofibrillated
cellulose was obtained using Empyrean X-ray diffractometer (PAN-
alytical, Netherlands). The diffraction pattern was recorded using
Cu-Ka radiation at 40kV and 25 mA. Tensile tests of nanocompos-
ites films were carried out with a Lloyd instrument (LR10K; Lloyd
Instruments, Fareham, UK) with a 100-N load cell. The measure-
ments were performed at a crosshead speed of 2 mm/min at 25°C.

Thermogravimetric analysis (TGA) was carried out using SDT
Q600 Perkin-Elmer instrument (TA Instrument, USA) under nitro-
gen atmosphere with a heating rate of 10 °C/min and temperature
from room temperature to 600 °C.

The conductivity measurements were carried out by means
of high-resolution broadband impedance analyzer (Schlumberger
Solartron 1260). Prepared films of known thickness d were placed
between the electrodes of known area A. The measured con-
ductance G(w) from 0.1Hz and 1MHz was used to calculate
conductivity o (o) using the following equation:

o(w)= SLIXd (1)

Perfect electromagnetic shielding was performed to the whole
sample holder to decrease the general noise problems mainly at
low frequencies. The measurements were automated by interfac-
ing the impedance analyzer with a personal computer through a
GPIB cable IEE488. An automation software Lab VIEW with a com-
mercial interfacing was employed for acquisition of data. The error
in conductance G(w) amounts to 3%, respectively. The temperature
of the samples was controlled by a temperature regulator with Pt
100 sensor having 0.5 °C as an error in temperature measurements.
To avoid moisture, the samples were stored in desiccators contain-
ing silica gel. Then, the sample was transferred to the measuring
cell and left with P,O5 until the measurements were performed.

Intensity

o B 8 8 8

1 1 1

5 15 25 35 45
2-0

Fig. 2. (a) TEM image of nanofibrillated cellulose (NFC) (b) XRD of nanofibrillated
cellulose (NFC).
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Fig. 3. (a) TEM images of a) AgNPs coated with PVP b) NFC/PVP/AgNPs nanocomposite (¢ &d) SEM and EDX images of NFC/PVP/AgNPs nanocomposite.

3. Results and discussion
3.1. Characterization of nanofibrillated cellulose (NFC)

TEM image in Fig. 2(a) for the isolated nanofibers shows
homogenous width of about 4 nm and several microns in length.
XRD diffraction pattern as illustrated in Fig. 2(b) of the NFC shows
cellulose I structure with two characteristic peaks. Their values at
20 are about 16° and 23° corresponding to the (101) and (002) crys-
tallographic planes (Wada, Sugiyama, & Okano, 1993). The obtained
XRD pattern is similar to that of cellulose nanofibers isolated from
wood or wheat straw fibers by ultrasonic treatment (Chen et al.,
2011).

3.2. Morphology of NFC/PVP/AgNPs nanocomposites

PVP was employed to prevent aggregation for the generated
AgNPs. The mechanism of reduction of silver ions to silver nanopar-
ticles in presence of PVP in aqueous solution could be explained
similar to what was previously suggested as follows (Wang, Qiao,
Chen, Wang, & Ding, 2005; Zhang, Zhao, and Lu, 1996). At first,
a coordinative complex between silver ions and PVP is formed
through donation loan pair electrons of oxygen and nitrogen atoms
of PVP to Sy orbitals of silver. In the second step, PVP promotes the

nucleation of the metallic silver reduced by glucose. Finally, PVP
prohibits aggregation of silver particles and grain growth as a result
of its steric effect. In Fig. 3(a), it is noticed that the diameter of the
particles with dense color are about 25 nm, surrounded by PVP in
lighter color. Silver nanoparticles were well dispersed with spher-
ical structure. The presence of PVP prevented the agglomeration of
these nanoparticles to larger particles. Upon preparing the NFC/PVP
nanocomposite loaded with AgNPs as shown in Fig. 3(b); the pre-
vious structure can be noticed with a denser color surrounding the
silver nanoparticles. This can be related to the PVP and nanofib-
rillated cellulose surrounding AgNPs. The morphology of NFC/PVP
loaded with AgNPs was explored by scanning electron microscopy
(SEM). Fig. 3(c) shows the fractured surface with homogeneity
and compatibility between PVP and nanocellulose. In addition,
the coated AgNPs with PVP are dispersed through the polymeric
matrix. Fig. 3(d) illustrates energy dispersive X-ray spectroscopy
(EDX) analysis for the investigated sample of NFC/PVP/AgNPs. It
shows characteristic peaks for silver at 0.3keV and in the vicin-
ity of 3keV with elemental composition of silver. Coating the
silver nanoparticles with PVP led to weaken the peak of AgNPs.
The latter observation can be related to the presence of PVP at
this concentration 25% leading to an intensive polymeric structure
(Malina, Sobczak-Kupiec, Wzorek, & Kowalski, 2012). Successively,
this leads to weaken or prevent noticing the peak of silver nanopar-
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Fig. 4. UV-vis spectra of PVP, PVP/AgNPs, and NFC/PVP/AgNPs.

ticles. More peaks for C, N and O peaks appear in the spectrum
presenting the other elements forming the investigated nanocom-
posite.

Fig. 4 illustrates the absorption spectra of PVP and AgNPs coated
with PVP. The UV absorption spectrum of PVP does not show any
distinctive peak. Nevertheless, PVP has an important role in coating
the reduced silver ions into silver nanoparticles with expediting the

reaction between AgNO3 and glucose producing AgNPs with main-
taining their uniformity. A noticeable absorption peak at 425 nm
appears, confirming the presence of silver nanoparticles. Spheri-
cal silver nanoparticles have distinct UV absorption peak (Manna,
Imae, Aoi, Okada, & Yogo, 2001; Pal, Tak, Song, 2007). Its maximum
lies between 420 and 450 nm with some shifts depending on the
size of the prepared nanoparticles. It was noted that addition of
NFC to PVP/AgNPs resulted in shift of the peak at 425 nm to a lower
wave length.

3.3. Tensile properties of NFC/PVP nanocomposites

Tensile properties of NFC/PVP and NFC/PVP/AgNPs nanocom-
posites are tested and shown in Fig. 5. Neat PVP films are very brittle
and the tensile properties are difficult to be tested. Adding NFC to
PVP makes it possible to prepare films with good mechanical prop-
erties and resulted in significant increase in tensile strength and
modulus of PVP. This improvement is attributed to formation of
network of NFC within PVP. However, increasing the percentage
of NFC from 25% to 75% did not cause increase in tensile strength
(maximum stress) but caused an increase in Young’s modulus. This
could be due to the high amount of NFC in the tested samples.
Actually, using lower percentage of NFC than 25% with PVP did
not result in films with good flexibility and tensile strength prop-
erties. It is noticed that there is a systematic decrease elongation%
upon increasing the NFC in the investigated nanocomposites. In
previous studies using NFC with different polymer matrices, the
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Fig. 5. Tensile properties of NFC/PVP and NFC/PVP/AgNPs nanocomposites.
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Fig. 6. (a) Conductivity versus NFC/PVP films at room temperature ~30°C (b) Inverse temperature dependent conductivity of pure NFC and PVP films at different weight
percent ratios (c) Conductivity versus NFC/PVP nanocomposites containing 2 (wt%) AgNPs at room temperature ~30°C (d) Inverse temperature dependent conductivity of

NFC/PVP nanocomposites containing 2 (wt%) AgNPs.

maximum improvement of tensile strength was achieved at rela-
tively low percentage of NFC (less than the lowest ratio used in the
current work) and no significant increase in tensile strength was
achieved at higher loading of NFC (Feldman, 2015; Lee, Aitomaki,
Berglund, Oksman, & Bismarck, 2014). Due to the higher stiffness
of NFC than PVP, addition of NFC to PVP resulted in a decrease of
elongation at break. Presence of AgNPs in the NFC/PVP films did not
cause significant change in their mechanical properties.

3.4. Electrical conductivity of NFC/PVP/AgNPs nanocomposites

The electrical conductivities of the different polymeric ratios of
NFC/PVP (100/0, 75/25, 50/50 and 25/75) at different temperatures
are shown in Fig. 6(a). It is clear that the conductivity increased
from 7.27 x 10~12 S/cm for pure NFC up t0 8.23 x 108 S/cm at 30°C
when 75 wt% PVP was added. This increase in conductivity after
addition of PVP

can be attributed to the increase of the number of mobile charge
carriers within the amorphous region of the polymer (Reffaee et al.,
2014; Rozik, Khalaf, & Ward, 2016). The electrical conductivity
boosts with elevating the temperature Fig. 6(b) and reaches its max-
imum value [1.73 x 10~ S/cm] at 110°C for 25/75 NFC/PVP. This
can be explained by in terms of expansion of the amorphous region
of the polymer which augments the segmental mobility of the poly-
meric chains. The increase in segmental mobility facilitated the
ion migration resulting in higher conductivity (Williams, Landel, &
Ferry, 1995).0n the other hand, the conductivity of the nanocom-
posites 100/0/2, 75/25/2, 50/50/2 and 25/75/2 NFC/PVP/AgNPs
versus the applied frequency at different temperatures is illustrated
in Fig. 7. The total conductivity o (w) is nearly frequency indepen-
dent at low frequency values, but is strongly frequency dependent
at high frequency values for all NFC/PVP/AgNPs nanocomposites
as can be seen in Fig. 7. Further, for all ratios under investigation,
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Fig. 7. Electrical conductivity of NFC/PVP/AgNPs nancomposites with various NFC/PVP ratios at fixed AgNPs content (2 wt%) and at different temperatures. * Fit line according

to Eq. (3).

the conductivity obeys a power law relation in the high frequency
range (Eq. (2);

o(w)=Aw®

(2)

where o is the angular frequency, A is a frequency independent
parameter and s is a power (when s <1, electronic hopping pro-
cesses dominate). However, in the low frequency range (Hassan,
Fadel, Ward, Moorefield, & Newkome, 2015; Masoud, Shaker, & Alj,
2006), the conductivity refers to the dc conductivity (o4.) giving by
(Eq. (3)) (extrapolation of to ¢ (w) to w=0).

0 (w) = o4c +AD®

(3)

The progressive change from dc plateau to ac dispersive region
indicates the distribution of relaxation times. The heterogeneity
of the nanocomposites is the reason behind this distribution of
relaxation times (Nassar, Ward, & Abdel Baseer, 2013). The total
conductivity of PVP/NFC showed in Fig. 7 increases by addition
of 2 wt% AgNPs. This increase is due to increase in the number of
charge carriers and polarization effects (Khalaf & Ward, 2010).

In Fig. 6(c), the electrical conductivity values of the nanocom-
posites loaded with AgNPs, were improved compared to the values
in Fig. 6(a) due to the presence of AgNPs. Moreover, these values
changed from 2.36 x 10719 S/cm for NFC/AgNPs to 1.5 x 106 S/cm
for NFC/PVP/AgNPs 25/75/2 at room temperature (~30°C). These
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Table 1
Activation energy for ionic conductivity of NFC/PVP/AgNPs nanocomposites films.

NFC/PVP Activation energy (eV)* NFC/PVP/AgNPs Activation energy (eV)?

100/0 0335 100/0/2 0.286
7525 0315 75/25/2 0.272
50/50  0.294 50/50/2 0.263
25/75 0273 25/75/2 0.242

aCalculated from Fig. 6b.
b Calculated from Fig. 6d.

results highly recommend NFC/PVP/AgNPs nanocomposites to be
utilized as antistatic and electrostatic dissipative materials. This
makes it an excellent choice for sensitive electronic components
as the suitable range of conductivity for such applications is
10-12-10-10S/cm for antistatic whereas for electrostatic dissipa-
tion (ESD) applications the range is 10~2-10-> S/cm respectively
(Skotheim, 1997). Hence, these materials can be used in conjunc-
tion with other electrostatic dissipation (ESD) materials to remove
the discharge or sparks and good for clean rooms on the floor as
they contain silver.

The variance of log (o) as a function of inverse absolute tempera-
ture for PVP/NFC/AgNPs nanocomposites is shown in Fig. 6(d). From
this figure, it is observed that the values of electrical conductivities
for the tested samples increased with elevating the temperature.
The aforementioned results coincide with the free volume theory
(Linford, 1987; Skotheim, 1997). Upon increasing the temperature,
the amorphous region of the polymer can expand easily, resulting
in a boosting free volume of the system. Consequently, the seg-
mental motion allows the ions to leap from one site to another
or supplies a pathway for mobilizing the ions. Moreover, the seg-
mental movement of the polymer facilitates the translational ionic
motion. Thus an increase in temperature produces more free vol-
umes, which increases the mobility of ions and hence conductivity
(Ramesh, Yahana, & Arof, 2002).

However, Fig. 6(b) and (d) reveal that the conductivity (o) does
not show any sudden change with the temperature. This indicates
that the samples reveal an amorphous nature. A linear dependence
obtained in Fig. 6(b) and (d) is noticed suggesting that the ion con-
duction follows Arrhenius behavior (Gad, Moustafa, & Ward, 2015;
Ramesh & Ng, 2009) and the results may be represented by the
following Eq. (4):

0 =0, exp [;EC} (4)

kT

where o, is the pre-exponential term, k is the Boltzmann con-
stant and E. is the activation energy. The values of the calculated
activation energy from the slopes of linear fit of Arrhenius plots
Fig. 6(b) and (d) are listed in Table 1. However, the values of activa-
tion energy listed in aforementioned table represent the required
energy for the motion of charge carriers. Moreover, the activation
energy is found to decrease gradually with increasing PVP content
and the presence of AgNPs confirming the increase in amorphous
nature of the polymeric matrix.

It should be pointed out that the prepared NFC by TEMPO oxi-
dation is known to have thermal stability up to 200°C (Hassan &
Hassan, 2016) while PVP has thermal stability up to 380°C (Du
et al., 2006). The TGA curves of NFC and PVP/AgNPs used in the
current work (Fig. S1) showed thermal stability (onset degradation
temperature) of about 215 °C and 390°C, respectively.

4. Conclusions

Flexible films from nanofibrillated cellulose (NFC) and
polyvinylpyrrolidone (PVP) in absences and presence of silver
nanoparticles (AgNPs) were prepared. Mechanical properties,
microscopic structure and electrical properties of nanocomposites

films were investigated using tensile testing, scanning electron
microscopy (SEM), and high-resolution broad band impedance
analyzer, respectively. The loaded nanocomposites with AgNPs
showed promising electrical conductivity for various applications.
The prepared films may be used as antistatic and static dissipative
materials. The prepared nanocomposites films showed good
homogeneity and acceptable tensile strength properties. Among
different concentrations of the investigated nanocomopsites,
NFC/PVP/AgNPs 25/75/2 showed the highest electrical conductiv-
ity. The electrical conductivity of NFC/PVP/AgNPs nanocomposites
was within the range of (2.36 x 10719S/cm-1.5 x 10-6S/cm) at
30°C. This supports the prepared nanocomposites films to be an
excellent choice for sensitive electronic packing components.
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