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Obstract

Nanocomposite films from cellulose jute fibers can be promising for application in electronic devices, mainly when silver 
nanoparticles (AgNPs) are added, which increases their conductivity. This work studied the transmittance, conductivity, 
and thermal stability of regenerated cellulose films (RCF) by adding AgNPs and plasticizers. Carboxymethylcellulose 
(CMC), sorbitol, and glycerol plasticizers were incorporated at 15 wt.% and 0.5 wt.% of AgNPs. The resulting materials 
were studied using Ultraviolet-visible and Fourier Transform Infrared Spectroscopy, electrical analysis using the Van der 
Pauw method, and thermogravimetry. As a result, an average size of 9 nm for AgNPs was verified. Incorporating AgNP 
in the films decreased the transmittance by a minimum of 34% compared to pure RCF and reduced thermal stability 
by at least 10 ºC. Nanocomposites containing plasticizers showed an improved conductivity after incorporating these 
components, from 10-2 to 10-1 (S/cm).
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1. Introduction

Cellulose can be applied in various forms, such as 
fibers, films, and composite materials, for several industrial 
uses[1]. Among these forms, conductive regenerated cellulose 
films are studied primarily for their applications in high-
value electronic devices such as sensors, transistors, solar 
cells, supercapacitors, electromagnetic shielding, and 
other elements[2]. To obtain cellulose, plants composed of 
lignocellulose containing a significant proportion of cellulose 
have attracted interest due to their abundant, renewable, and 
naturally occurring polymers. Jute (Corchorus capsularis) 
is among the natural fibers that stand out as one of the 
greatest and cheapest sources of cellulose[3], with several 
applications worldwide, and it is only surpassed by cotton[4].

Regenerated cellulose films are obtained in such a way 
that the cellulose’s fibrous and semi-crystalline structure 
must be broken down in a dissolution process and then 
undergo a subsequent coagulation step[2]. Systems that use 
alkaline solutions such as sodium hydroxide (NaOH) for 
cellulose dissolution are considered more cost-effective, and 
toxic substances are not used or produced throughout the 
process. As a result, water becomes a potential coagulant in 
the NaOH aqueous dissolution system because it is easily 
accessible and presents controlled results, such as porosity[5].

Conductive materials such as metals, inorganic oxides, 
conductive polymers, and carbon materials can be physically 
or chemically introduced into their structure[2]. Among these, 
metal nanoparticles can be applied in polymeric films due to 
their potential to enhance the overall properties of polymeric 
materials, such as conductivity[6-8]. These conductive 
films can be promising candidates for the manufacture of 
electronic components, as seen in previous works, where 
silver nanoparticles provided increased conductivity of 
regenerated cellulose films[9]. A homogeneous morphology 
was also observed, without agglomerates, which indicates an 
increase in the degree of molecular orientation of the films 
obtained by the regenerated process of the samples, probably 
due to the plasticizing effect of carboxymethylcellulose 
(CMC) used to stabilize the silver nanoparticle solution. This 
effect can improve the physical and chemical properties of 
the films and allows for more application options for these 
conductive films[9].

The appropriate selection of the plasticizer is influenced 
by several factors, such as the compatibility between the 
polymers used and the desired final properties[10]. Plasticizers 
are components that occupy intermediate positions between 
long polymeric chains, effectively increasing the distance 
between them and reducing secondary intermolecular 
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 interactions, making them suitable for applications requiring 
flexibility and ductility, such as sheets or thin films[11-13]. 
Various properties, such as tensile strength, compression, 
toughness, dimensional and thermal stability, surface aspects, 
and optical properties, can be modified by incorporating 
plasticizers into regenerated cellulose films[12].

Plasticizers derived from renewable sources such as 
CMC, sorbitol, and glycerol are compatible with RCF 
films that can improve the mechanical flexibility of films 
and modify other physicochemical properties, such as 
thermal stability improvement[14]. CMC is a water-soluble 
derivative obtained through cellulose, sodium hydroxide, 
and monochloroacetic acid suspension reaction. It is widely 
recognized as an important source of cellulose used to 
enhance the properties of biofilms[15]. Sorbitol is a polyol 
commonly used in producing films using polysaccharides 
as raw materials[16]. Glycerol is one of the most common 
plasticizers used, mainly in biodegradable films[17]. When 
used as a plasticizer, glycerol interacts with cellulose 
chains, increasing molecular mobility and, consequently, 
the hydrophilicity and flexibility of the plasticized films[18]. 
These regenerated cellulose conductive films can be seen 
as a more sustainable option than petrochemical polymers, 
given the use of renewable raw materials in their manufacture 
and their biodegradable characteristics.

In regenerated cellulose conductive films, the insertion 
of plasticizers such as CMC, sorbitol, and glycerol is still 
understudied. Various works on the insertion of plasticizers 
in regenerated cellulose films are found in the literature, but 
these do not involve films with the insertion of conductors. 
Therefore, there is a study gap in the literature. In addition 
to conductivity, factors such as transmittance, chemical 
composition, and application temperature range should 
be studied. Then, in this work, regenerated cellulose films 
with the incorporation of silver nanoparticles (AgNsP) and 
plasticizers were evaluated for transmittance, conductivity, 
and thermal stability.

2. Materials and Methods

2.1 Materials

The bleached jute cellulose was obtained in previous 
work[9]. The following chemicals of reagent grade were used: 
sodium borohydrate (NaBH4, 98%, Dynamic), silver nitrate 
(AgNO3, 99.9%, Neon), sodium carboxymethyl cellulose 
(CMC, Sigma–Aldrich), sodium hydroxide (NaOH, 97%, 
Greentec), sorbitol (98%, Dynamic), and glycerol (98%, 
Synth).

2.2 Synthesis and characterization of silver 
nanoparticles

To obtain the nanoparticle solution, 450 mL of an 18.0 x 
10-6 mol/L NaBH4 solution was kept below 3 °C in an ice bath 
and added to an Erlenmeyer flask under vigorous magnetic 
stirring. Through a burette, 150 mL of a 9.0 x 10-6 mol/L 
solution of AgNO3 was added at an additional rate of 1 drop/s. 
The chemical reaction between NaBH4 and AgNO3 in those 
concentrations resulted in AgNPs at 250 ppm. To avoid 
silver nanoparticle aggregation, the solution was stabilized 
with 0.6 g of CMC, which has the function of coating the 

nanoparticles. The silver nanoparticle solution, prepared by 
drying a small drop on a copper grid, was characterized by 
Transmission Electronic Microscopy (TEM) in the JEOL 
JEM 1011 equipment, with a voltage of 40 kV. The ImageJ 
software took size measurements and statistical analysis of 
silver nanoparticle dimensions from TEM images.

2.3 Obtaining regenerated cellulose films with silver 
nanoparticles

The bleached jute cellulose was ground in an automatic 
analytical mill Quimis Q298A for 30 seconds. Depending on 
the sample, as shown in Table 1, each solution was prepared 
as follows: To obtain the RCF film, 2.2 g of cellulose was 
dissolved in 100 mL of a pre-cooled solution (-12°C for 
18 h) containing 8% (w/v) NaOH solution. The solution 
was kept in a freezer for at least 18 h to reach around -12oC 
equilibrium to achieve the cooling conditions. Also, to obtain 
the RCF with the AgNPs, 26 mL of nanoparticle solution at 
250 ppm was added to achieve 0.5 wt.% of silver nanoparticle 
content before the pre-cooling. To prepare the RCF films 
with the plasticizers, the CMC, sorbitol, and glycerol, in 
amounts corresponding to 15 wt.% for cellulose, were added 
to the pure RCF solution. The same process was performed 
for the nanocomposites, which resulted in nanocomposites 
containing 15 wt.% of plasticizer and 0.5 wt.% of silver 
nanoparticle. To dissolve the solution, all samples were 
submitted under vigorous stirring at 3000 rpm and room 
temperature every 7 min.

To mold the films and regenerate the cellulose, the 
mixture containing cellulose, and nanoparticles was subjected 
to centrifugation at 4000 rpm for 10 min to exclude the 
undissolved part and perform degassing. Then, 7 mL of 
the resulting solution was poured onto a polypropylene 
Petri dish with a diameter of 85 mm. The RCF and 
nanocomposite films were pre-dried at room temperature 
for 18 h until gelation. Afterward, the sample was immersed 
in a water bath (distilled water) at room temperature for 
15 min to coagulate and regenerate the cellulose. Finally, 
the films were dried at room temperature for 48 h before 
the characterization.

2.4 Ultraviolet-visible spectroscopy (UV–Vis)

The RCF and nanocomposite films were assessed with 
Evolution 220 Thermo Scientific equipment to determine 
their transmittance. The films’ transmittance spectra were 
analyzed across 200 to 800 nm wavelengths.

Table 1. Composition of regenerated cellulose films.

Sample Plasticizer (wt.%) AgNP (wt.%)
RCF - -

RCF - AgNP - 0.5%
RCF - CMC 15% CMC -

RCF - CMC - AgNP 15% CMC 0.5%
RCF - Sorbitol 15% Sorbitol -

RCF - Sorbitol - AgNP 15% Sorbitol 0.5%
RCF - Glycerol 15% Glycerol -

RCF - Glycerol - AgNP 15% Glycerol 0.5%
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2.5 Fourier Transform Infrared (FTIR) spectroscopy

FTIR spectra of RCF and nanocomposite films were 
obtained using a Fourier-transform infrared spectrometer 
(NICOLET IS10, Thermo Scientific) by transmittance 
accessory from 500 to 4000 cm−1 with 64 scans collected 
at an interval of 4 cm−1.

2.6 Electrical measurements of films by the Van der 
Pauw method

Using the Van der Pauw method to characterize thin 
films, the sheet resistance measurements of nanocomposite 
films were obtained through four-point measurements using 
the Agilent B1500A Semiconductor Device Analyzer. The 
samples were subjected to a current range from 100 uA to 1 
mA with a 10 uA interval, up to a limit of 1 V. To calculate 
resistivity and conductivity, film thicknesses were measured 
with a Mitutoyo digital micrometer (error of 0.001mm), 
taken at 10 points across the material.

From the sheet resistance measurements ( )s R , expressed 
in units of ohms per square ( /Ω 

) e and the uniform thickness 
of the films ( )t , the sheet resistivity s( )ρ  can be obtained 
using Equation 1.

s s R .t     .cm   ρ = Ω    (1)

Where the sheet conductivity ( s σ ) can then be calculated 
using Equation 2:

s 
s

1     S / cmσ =   ρ
 (2)

2.7 Thermogravimetric Analysis (TGA)

The RCF and nanocomposite films were characterized 
via thermogravimetry analysis (TGA: SDT Q600 TA 
Instruments). Approximately 10 mg of each sample was 
analyzed in alumina pans. The analysis was conducted 
under a nitrogen atmosphere (flow rate 50 mL/min) and a 
heating rate of 10 °C min-1 from 30 to 600 °C.

3. Results and Discussion

3.1 Morphological characterization of silver 
nanoparticles (AgNP) and transmittance characterization 
of films

Figure 1 shows the transmission micrographs of the 
AgNP solution. The micrographs show that the nanoparticles 
are homogeneous in size. The average size found for the 
nanoparticles was 9.0 ± 2.0 nm, with spherical characteristics 
within the range typically obtained in the literature using the 
synthesis method from silver nitrate and sodium borohydride 
solutions[19].

Figure 2 shows the appearance of each studied film, 
according to Table 1. The incorporation of AgNPs changed 
the color of the films, which caused the samples to darken 
due to the yellowish color of the nanoparticle solution. 
Visually, the RCF—CMC—AgNP and RCF—Glycerol—
AgNP films are opaquer, similar to the RCF—Glycerol 
film. Subsequently, UV-Vis spectroscopy reveals the effect 
of incorporating plasticizers and AgNPs on the optical 
properties of these films.

The transmittance of conductive films is an important 
factor to be evaluated, as the mutually opposing properties 
of conductivity and transparency using metallic conductive 
materials in films are challenging. This challenge may restrict 
their application in electronic devices like optoelectronics, 
including solar cells and touch screens[20,21]. Additionally, 
incorporating plasticizers into regenerated cellulose films 
can increase or decrease the transmittance of these films[22]. 
Therefore, UV-Vis investigated the effect of plasticizer and 
AgNP incorporation on the transmittance of regenerated 
cellulose films. The UV-Vis results and the transmittance 
values for the films at 550 nm are presented in Figure 3. 
The transmittance curve for all RCF films was observed 
throughout the wavelength range between 200 and 800 nm[9]. 
Figure 3 reveals low transmittance of the RCF - CMC - AgNP, 
RCF – Glycerol, and RCF - Glycerol - AgNP films in the 
UV region, suggesting that these samples have anti-UV 

Figure 1. Transmission micrograph of the AgNP solution.
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properties. In the visible region of the spectra, we noticed 
an increase in transmittance in all films. In addition, the 
transmittance of silver nanocomposites decreased with the 
incorporation of plasticizers since these components provide 
increased absorption, as seen in the literature[14].

The RCF sample obtained a high transmittance value, 
as reported in some studies with similar applications for 
regenerated cellulose films[2]. Incorporating sorbitol into 
RCF - Sorbitol increased the transmittance value to greater 
than pure RCF. However, containing plasticizers in RCF-
CMC and RCF-Glycerol samples decreased the transmittance 
concerning RCF, with the latter experiencing a significant 
decrease upon adding glycerol.

The presence of a transmittance band, near 300-400 nm 
for the nanocomposite films containing AgNPs, indicates 
the existence of this component in the samples. The bands 
in this wavelength range are related to these spherical 
metal nanoparticles. As observed in the spectra, AgNPs 
with smaller sizes exhibit an absorption peak at shorter 
wavelengths[19]. Regarding the nanocomposite films, the 
RCF - Sorbitol - AgNP sample had lower transmittance 
than the RCF – AgNP. However, the plasticizer had the 
best result compared to the other plasticizers, in which the 
RCF - CMC - AgNP had the highest transmittance loss.

3.2 Characterization of films by Fourier Transform 
Infrared Spectroscopy (FTIR)

To identify the functional groups within the structure of 
the films and the chemical modifications resulting from the 
incorporation of plasticizers, the FTIR spectra of the controlled 
regenerated cellulose and nanocomposite films are shown in 
Figure 4. The absorption bands around 3440 cm-1 indicate the 
presence of cellulose due to the stretching of the hydrogen-
bonded O-H, and around 2900 cm-1 corresponds to the 
stretching of the C-H functional group[14].

For nanocomposite films, a shift was observed in the C=O 
stretching from 1636 cm-1 to 1642 cm-1, possibly due to the 
interaction between silver nanoparticles and the carbonyl group, 

Figure 3. UV-Vis spectra of RCF and nanocomposite films.

Figure 2. Appearance of RCF films and nanocomposites.

Figure 4. Fourier-transform infrared spectroscopy (FTIR) spectra 
for the same samples.
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which suggests coordination between them[9,23]. The absorption 
band around 1410 cm-1 is associated with the symmetrical 
bending of CH2 in cellulose, indicating correspondence with 
the cellulose II polymorph. A doublet at 1333-1311 cm-1 and 
a band at 1365 cm-1 were observed, corresponding to the 
angular bending of the COH and HCC bonds, ordinarily 
present in crystalline cellulose[24]. The peaks between 997 and 
1200 cm-1 are also characteristic of cellulose. The peaks at 
1170 cm-1, 1040-1070 cm-1, and 894 cm-1 are related to the 
stretching of the C-O vibrations and C-H deformation of the 
skeletal pyranose ring of cellulose[9]. At 997 cm-1, there is a 
CO stretching peak. No chemical bond between cellulose 
and NaOH was identified from the FTIR [9].

Polyols, such as sorbitol and glycerol, exhibit bands 
ranging from 1500 to 1200 cm-1 attributed to the overlap 
of C-H in-plane and O-H bending in polyol molecules, 
coinciding with cellulose peaks[25]. Similarly, CMC also 
features characteristic peaks of cellulose, which it derives 
from. In films plasticized with CMC, the presence of an 
absorption band at 1590 cm-1 is observed, corresponding 
to the stretching vibration of carboxyl groups (COO-)[26,27], 
where the deprotonation of these groups is linked to the 
cellulose structure[28]. In glycerol-plasticized films, a peak 
around 850 cm-1 corresponds to the vibrations of the C-H 
groups[29].

The chemical changes in regenerated cellulose films 
can lead to physical alterations as the plasticizer connects 
to the biopolymer molecules, promoting greater mobility 
in the polymer chains and reducing the density between the 
molecules, affecting the film’s optical properties. Therefore, 
investigating the transmittance of films is important to classify 
future applications of these films. The chemical changes in 
regenerated cellulose films can lead to physical changes as 
the plasticizer connects to the biopolymer molecules, which 
promotes greater mobility in the polymer chains and reduces 
the density between the molecules, affecting the film’s optical 
properties. Therefore, investigating the transmittance of films 
is important to classify future applications of these films.

3.3 Electrical characterization of films

The concentration of AgNPs can affect the conductivity 
of regenerated cellulose films[9]. However, few studies have 
been conducted on the analysis of these films involving 
the incorporation of plasticizers. Therefore, given their 
two-dimensional nature, the Van der Pauw method allows 
the measurement of the electrical properties of these 
nanocomposite-regenerated cellulose films, reducing 
experimental errors such as those generated by contact 
misalignment[30]. Table 2 shows the conductivity values of 
the nanocomposite films.

Nanocomposites with plasticizers achieved a significant 
improvement in conductivity after incorporation of these 
components and ranged from 10-2 to 10-1 in relation to RCF 
- AgNP with the same nanoparticle content, with an increase 
of 292.3% for RCF - CMC - AgNP, 159.50% for RCF - 
Sorbitol - AgNP and 230.6% for RCF - Glycerol - AgNP.

The CMC plasticizer provided better conductivity values 
in the nanocomposite, followed by glycerol and sorbitol. 
The difference between the plasticized films RCF - CMC 
- AgNP with higher conductivity and RCF - Sorbitol - 

AgNP with lower conductivity was 51.2%. The difference 
between RCF - CMC - AgNP and RCF - Glycerol - AgNP 
was smaller at 18.7%.

The electrical data for the pure RCF and the nanocomposite 
containing 0.290% AgNP described in Table 2, shows that 
increasing the content of silver nanoparticles from 0.290% 
to 0.5% in the RCF – AgNP (without plasticizer) provided 
an increase of 28.5% of conductivity. We also observed an 
increase of 717.8% in the conductivity of RCF - CMC – 
AgNP in relation to the conductivity of pure RCF[9].

Other works show the effect of increasing conductivity 
with plasticizer incorporation. Composite films of 
regenerated cellulose nanoparticles (RCNs) with poly(3,4—
ethylenedioxythiophene) (PEDOT) achieved increased 
conductivity with the incorporation of RCNs that acted 
as a plasticizer, which improved the films’ mechanical 
properties[31]. In blends of polyaniline and nitrile rubber, 
there was an increase in conductivity using the properties 
of imidazolium-based ionic liquids as plasticizers[32].

Conductive regenerated cellulose films in the order of 
magnitude of 10-2 to 10-1 S/cm, found for the nanocomposite 
films in this work, are promising for applications such as 
supercapacitors[33-35], strain sensors[36], electromagnetic 
interference shielding[37,38], anti-static cellulose films[39].

The AgNP are good electrical conductors but can also be 
good thermal conductors because they are metals. Therefore, 
it is important to study the thermal stability of films when 
incorporating this material and plasticizers.

3.4 Thermal Characterization (TG/DTG) of films

TG and DTG investigated the effect of incorporating 
plasticizers and AgNP on the thermal stability of regenerated 
cellulose films, and the curves are represented in Figure 5. 
Table 3 shows the thermal stability, peak temperatures of 
RCFs and nanocomposites, and weight loss from 100 °C 
to 600 °C.

Table 2. Conductivity data for nanocomposites.

Sample Conductivity 
(S/cm)

Conductivity 
Average  
(S/cm) *1

RCF - AgNP 1 0.1014 0.06836 ±0.0230
2 0.0536
3 0.0501

RCF - CMC - AgNP 1 0.2898 0.2682 ± 0.0504
2 0.1934
3 0.3087

RCF - Sorbitol - AgNP 1 0.2060 0.1774 ± 0.0359
2 0.1267
3 0.1994

RCF - Glycerol - AgNP 1 0.2069 0.2260 ± 0.0506
2 0.2953
3 0.1758

RCF *2 [9] 3.28 x 10-2

RCF – 0.290% AgNP *2 [9] 5.32 x 10-2

*1 Three films of each nanocomposite studied were analyzed. For 
each film, electrical measurements were carried out in quadruplicate. 
*2 Literature data.
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A thermal event occurs at temperatures below 100°C 
for all samples due to moisture loss[9]. We also include 
information regarding the thermal stability of the samples and 
the temperature of the main degradation peak corresponding 
to cellulose, which ranged from approximately 253°C to 
334°C.

The least thermally stable samples where cellulose 
degradation peaks shifted to lower temperatures were those 
with glycerol, probably due to this component degrading 
at lower temperatures, as was previously observed in the 
literature[14], with a difference of 81.2 ºC from the RCF - 
Glycerol - AgNP for RCF. Therefore, the main degradation 
of these samples plasticized with glycerol occurred below 
330 ºC and above 385 ºC for the others.

The thermal stability of all films with plasticizer 
incorporation was lower than pure RCF. The incorporation 
of plasticizer reduces the rigidity of the polymer chains. 
As a result, the thermal stability of the films was eventually 
reduced. Thus, incorporating plasticizer also reduced all films’ 
initial and final decomposition temperature, possibly due 
to the mixing and interactions of the regenerated cellulose 
with the plasticizers[40].

Incorporating AgNP in all nanocomposite films shifted 
the cellulose degradation peak to lower temperatures. 
This can be correlated to the catalytic action of AgNPs on 
the cellulose polymer matrix, as they act as initiators and 
facilitators of thermal degradation of the polymer matrix 
due to their thermal conductivity, as seen in other works 
on polymer applications[41,42].

Optoelectronic applications are limited because the films 
studied in this work do not have high transmittance. However, 
the thermal stability together with the conductivity values   
in the order of magnitude of 10-2 to 10-1 S/cm, found for the 
nanocomposite films, are promising for applications such 
as supercapacitors[33-35], strain sensors[36], electromagnetic 
interference shielding[37,38], anti-static cellulose films[39], as 
seen in other papers.

4. Conclusions

Incorporating AgNPs and plasticizers into nanocomposite 
films decreased the transmittance compared to RCF films, 
making it difficult for light to pass through and limiting it 
to optical applications. AgNP nanocomposite films were 
less thermally stable than RCF without nanoparticles but 
did not impact large temperature differences. The FTIR 
spectra made it possible to visualize the film’s functional 
groups, characteristics of cellulose, and plasticizers used. 
Furthermore, it also showed band shift, the possible 
interaction between AgNPs, and the carbonyl group in 
films. Nanocomposites containing plasticizers showed 
a significant improvement in conductivity after these 
components were incorporated, which ranged from 10-2 to 
10-1 compared to RCF - AgNP for the same nanoparticle 
content. Therefore, incorporating plasticizers considerably 
improved the mobility of electrons in the cellulose polymer 
chain, making the material more conductive and potentially 
increasing application possibilities. The CMC plasticizer 
provided better conductivity values in the nanocomposite, 
followed by glycerol and sorbitol.

Table 3. Thermal stability and degradation temperatures for plasticizers and regenerated films, with the addition of plasticizers and AgNP.

Thermal 
Stability (°C) PeakCellulose (°C)

Weight Losses (%)
100 (°C) 200 (°C) 300 (°C) 400 (°C) 600 (°C)

RCF 230.3 334.1 12.2 13.7 31.0 74.7 80.4
RCF - AgNP 219.9 309.9 12.3 16.8 53.3 68.6 74.5
RCF - CMC 222.2 321.4 12.1 14.0 33.8 68.1 75.2
RCF - CMC - AgNP 197.2 303.4 11.3 14.7 50.0 71.0 77.6
RCF - Sorbitol 212.5 310.9 11.9 15.2 44.4 69.1 75.9
RCF - Sorbitol - AgNP 219.9 305.9 14.1 17.8 52.1 72.6 79.3
RCF - Glycerol 210.9 270.9 11.0 19.4 53.9 60.4 66.4
RCF - Glycerol - AgNP 201.0 252.9 11.6 17.6 52.4 57.7 62.3

Figure 5. Curves (a) TGA, (b) DTG for RCF and nanocomposite 
films.
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