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4169-005, Porto, Portugal

A R T I C L E  I N F O

Keywords:
Biocomposite films
Chitosan
Carbon-sepiolite
Multiwalled carbon nanotubes
Electrical conductivity

A B S T R A C T

Flexible and electrically conductive materials are gaining significant attention across various domains, notably in 
electronics, biomedicine and food industry. One promising strategy involves the integration of electrically 
conductive nanostructures into a polymeric matrix to fabricate composite materials. However, achieving uniform 
through-plane electrical conductivity remains a challenge due to the preferential alignment of carbon nano
structures in the in-plane direction. Herein, we report the development of electrically conductive chitosan (CS)- 
based biocomposite films incorporating a multicomponent filler system. By combining carbon supported on 
sepiolite clay (CARSEP) with multiwalled carbon nanotubes (MWCNT), it is aimed to facilitate an interconnected 
distribution in both in-plane and through-plane directions. The optimized film, featuring a CS/CARSEP/MWCNT 
mass ratio of 50/40/10, exhibited a maximum electrical conductivity of 55.5 S/m and 0.1 S/m in the in-plane 
and through-plane directions, respectively. Additionally, migration studies demonstrated the absence of harm
ful compounds upon heating the film up to 60 ◦C in air, ethanol, or hexane. These findings highlight the potential 
of these flexible and electrically conductive biocomposite films, primarily composed of biobased materials, for 
applications requiring through-plane electrical conductivity.

1. Introduction

Flexible and electrically conductive materials, such as the intrinsi
cally conductive polymers, play a crucial role in several fields such as 
electronics, biomedical, and the food industry [1–3]. However, the poor 
processability, low solubility and lack of natural biodegradation can be 
drawbacks to their practical applications. The design of biocomposite 
materials using electrically conductive fillers is an alternative that offers 
the advantage of manipulating the physicochemical properties accord
ing to the requirements of the application [4–7].

The use of biopolymeric matrices is an ecological alternative that 
contributes to mitigate the environmental impact. Chitosan (CS) is a 
polycationic linear polysaccharide constituted by β-(1 → 4)-linked D- 
glucosamine (deacetylated unit) and N-acetyl-d-glucosamine (acety
lated unit) [8,9]. This biopolymer is an attractive matrix considering its 

abundant, renewable nature, biodegradability and film forming ability. 
Recently it has been selected for cutting-edge applications such as 
implantable and bioresorbable electronic devices or edible electronics 
[10–13].

Flexible and electrically conductive materials are necessary for 
several other applications such as piezoresistive sensors, electromag
netic interference shielding or electrically conductive packaging 
[14–17]. Pulsed Electric Field (PEF) is a non-thermal food processing 
technology that consists into the application of short, high-voltage 
pulses to food products to inactivate enzymes and microorganisms 
[18]. Currently, PEF is performed in a treatment chamber before pack
aging, which presents food safety concerns due to risk of recontamina
tion after sterilization. The PEF treatment in-pack, using a flexible 
electrically conductive packaging could eliminate recontamination risks 
[19].
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Carbon nanostructures such as reduced graphene oxide (rGO) and 
multiwalled carbon nanotubes (MWCNT) are fillers able to provide 
electrical conductivity to the insulator biopolymeric matrices [20–23]. 
In our previous work [24], electrically conductive chitosan-based 
composite films were prepared using rGO eco-friendly reduced by hy
drothermal carbonization in presence of caffeic acid. The films showed 
an electrical conductivity of 0.7 S/m and 2.1 × 10− 5 S/m in-plane and 
through-plane direction, respectively [24]. Similarly, starch films con
taining rGO obtained by hydrothermal reduction (25 % w/w of dry 
polysaccharide weight) presented an electrical conductivity of 6.5 ×
10− 3 S/m in-plane and 2.9 × 10− 6 S/m through-plane direction [25]. 
The rGO produced using mild reducing methods presents lower elec
trical conductivity than rGO obtained by stronger reducing agents. 
Nevertheless, the reduction method is not a critical parameter to over
come the discrepancy between the electrical conductivity in both di
rections. Polyurethane composites with 4 wt% rGO in situ reduced by 
hydrazine presented electrical conductivities of 0.1 S/m (in-plane) and 
1.7 × 10− 6 S/m (through-plane). The difference between the in-plane 
and through-plane electrical conductivity is attributed to the preferen
tial self-alignment of rGO sheets in-plane direction, resulting in aniso
tropic electrically conductive materials [26]. The use of carbon 
nanostructures with a different morphology, such as MWCNT, produced 
a similar outcome. Starch films containing 5% MWCNT dispersed with 
the surfactant sodium dodecyl sulphate (SDS) showed an electrical 
conductivity of 6.2 S/m (in-plane) and 1.5 × 10− 5 S/m (through-plane), 
suggesting a random orientation of MWCNT in-plane direction [25]. 
Therefore, the improvement of the through-plane electrical conductivity 
is challenging.

The through-plane electrical conductivity of composites containing 
MWCNT can be accomplished by their alignment in this direction. The 
vertical alignment of MWCNT can be performed by several methods, for 
example using the electric or magnetic fields [27,28]. However, these 
methods are complex and expensive, thus incompatible with large-scale 
production of composites. The combination of carbon nanostructures 
with different morphology, their use in high loads and the improvement 
of the dispersion can establish an interconnected 3-dimensional (3D) 
percolation network [29,30]. Alginate-based biocomposite films con
taining 55.6% graphene nanoplatelets (GNP) and 10 % MWCNT dis
played an enhanced through-plane electrical conductivity in the range 
of 10− 2 S/m. This result was accomplished not only due to the high load 
of highly electrically conductive GNP and MWCNT fillers, but also due to 
their improved dispersion using sepiolite (SEP), a clay mineral [31]. SEP 
is a natural Mg-silicate of micro/nano-fibrous morphology with a crys
talline structure alternating in blocks and tunnels of nanometer section 
extending along the fiber axis and exhibiting a large specific surface area 
and a high density of surface silanol groups (≡Si–OH) [32,33]. These 
characteristics, together with its unique rheological properties, allow its 
assembly to a wide range of organic and inorganic substances generating 
functional materials with wide applications [33–35]. In this context, SEP 
has been extensively used for the preparation of diverse 
polymer-composite materials, including chitosan (CS)-based bio
nanocomposites [36].

SEP can also be used as support for the formation of graphene-like 
carbon from natural precursors. Sucrose, liquid caramel, or gelatin 
were impregnated into SEP followed by pyrolysis at 800 ◦C for 1 h under 
inert atmosphere [37,38]. The resulting carbon-sepiolite (CARSEP) 
hybrid nanocomposites are constituted by aggregated sepiolite fibers 
covered and bounded by carbon, with an electrical conductivity in the 
range of 1–100 S/m. These CARSEP hybrids are good candidates to be 
used as fillers in polymer composites [39].

In this work, we designed a flexible CS-based composite film, using 
mainly natural precursors, with high in-plane electrical conductivity to 
be applied in several fields. Liquid caramel and natural SEP clay were 
used as precursors to obtain the CARSEP hybrid nanocomposite, that 
along with MWCNT were used as a multicomponent filler system. The 
structure, morphology, and thermal stability of films was studied. The 

effect of fillers ratio on the water solubility and swelling, wettability, 
mechanical properties, and electrical conductivity was also investigated. 
To evaluate the safety of the film, a migration study was performed on 
the most promising film after being heated up to 60 ◦C in contact with 
air, ethanol, and hexane.

2. Experimental section

2.1. Chemicals

SEP clay (Pangel® S9), a very pure rheological grade Mg-silicate 
from the Taxus Basin deposits was supplied by Tolsa S.A. (Madrid, 
Spain). CS (Sigma-Aldrich, medium molecular weight, deacetylation 
≥75%), MWCNT with average diameter of 10 nm and average length of 
1–2 μm were supplied by Dropsens (Oviedo, Spain). Acetic acid 
(99–100%, p. a.) was supplied by LabChem. Glycerol (99.5% Scharlau). 
Commercial liquid caramel was supplied by Kraft.

2.2. Synthesis of carbon-sepiolite filler

The CARSEP filler was synthesized following the procedure 
described by Ruiz-García et al. [40] with some adaptations, Fig. 1A. 
Briefly, SEP and commercial liquid caramel (1:4) were mixed in water 
using a spatula following ultrasonic homogenization (6 kJ/40 mL) to 
obtain the CARSEP precursor. The mixture was dried at 105 ◦C for 48 h 
for water evaporation. The pyrolysis was performed in a tube furnace 
(Carbolite, Derbyshire, England) at 800 ◦C with a heating rate of 
5 ◦C/min and a residence time of 1 h under an inert N2 atmosphere. The 
obtained material, CARSEP filler, was grinded to powder using a batch 
mill (IKA A10 basic, Germany) and sieved using a 75 μm mesh sieve.

2.3. Preparation of biocomposite films

The biocomposite films were prepared according to the scheme 
depicted in Fig. 1B. A suspension of carbonaceous fillers was obtained by 
the ultrasonic dispersion of CARSEP and MWCNT (Table 1) in water 
using the ultrasounds probe (19 kJ/100 mL). Then, acetic acid was 
added to the fillers dispersion to obtain a 0.1 M solution. CS (Table 1) 
was added to the solution and kept under magnetic stirring overnight at 
room temperature to dissolve and homogenize with the fillers. The so
lution was filtered using a nylon mesh cloth to remove undissolved CS 
impurities. Glycerol, 50% in relation to chitosan mass, was added and 
the suspension was maintained at 50 ◦C for 10 min to promote glycerol 
homogenization. The biocomposite films were prepared by solvent 
casting, according to the method previously reported with some modi
fications [24]. The biocomposite suspensions (26 g) were transferred to 
acrylic casting molds with 6 × 6 cm2 and maintained at 35 ◦C overnight 
for solvent evaporation. The nomenclature attributed to the bio
composite films stands for its composition, Tables 1 and ie., wt% 
CS/CARSEP/MWCNT: 100/0/0, 50/50/0, 50/45/5, and 50/40/10.

2.4. Characterization methods

X-ray diffraction (XRD) of starting materials and films was per
formed with a Panalytical X’Pert PRO3 diffractometer at 45 kV 40 mA 
using Cu target Kα radiation. The diffraction patterns were acquired 
from 3 to 100◦, with a 0.01◦ step size and 50 s per step.

Specific surface area of SEP and CARSEP precursors were obtained 
from − 196 ◦C N2 adsorption-desorption isotherms using a Micromeritics 
ASAP 2010 equipment.

Solid-state carbon-13 cross-polarization magic angle spinning 
nuclear magnetic resonance (13C CP MAS-NMR) spectra of CARSEP 
precursor and CARSEP filler were recorded in a Bruker Avance 400 
spectrometer, using an external magnetic field of 9.4 T. 1-Dimensional 
(1D) spectra were taken at room temperature, while the samples were 
spinning at 10 kHz around the magic angle (54◦44′ with respect to the 
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direction of the magnetic field) with a standard cross-polarization pulse 
sequence. Spectrometer frequencies were set to 100.62 and 400.13 MHz 
for 13C and 1H respectively. A contact time of 2 ms and a period between 
successive accumulations of 5 s were used to minimize saturation effects. 
The number of scans was 12000. Chemical shift values were referenced 
to tetramethyl silane (TMS).

Elemental chemical composition (CHN) of CARSEP precursor and 
CARSEP filler was determined by elemental analysis using a Perki
nElmer 2400 Series II analyser.

Raman spectroscopy was carried out using a ProRaman-L spec
trometer (ChemLogix) at room temperature. The spectra were generated 
using a 532 nm wavelength excitation laser.

Thermogravimetric analysis - differential scanning calorimetry 
(TGA-DSC) analysis of CARSEP precursor, CARSEP filler, and films were 
carried out from room temperature to 900 ◦C (10 ◦C/min) under N2 flow 
using a SDT Q600 V20.9 Build 20 thermal gravimetric analyzer (TA 
Instruments, New Castle, DE, USA).

Field emission scanning electron microscopy (FESEM) analysis of 
films was performed using a Nova NanoSEM 230 microscope (FEI) at 5 
kV acceleration voltage. Biocomposite films were attached to carbon 
tape for direct observation without the requirement of any conductive 
coating on their surface.

Mechanical properties of biocomposite films were studied by 

tensile tests according to the standard method ASTM D 882-83 using a 
texture analyzer (TA.XTplusC, Stable Micro Systems) equipped with a 5 
kg loading cell. The films were cut into 6 × 1 cm2 stripes. The grips were 
initially separated by 3 cm and the films were stretched at a constant 
rate of 0.5 mm/s until rupture. The films were stored inside a controlled 
moisture chamber, with a relative humidity of 45% for six days prior to 
the analysis. The thickness of each specimen was measured in six 
different points using a micrometer (Mitutoyo Corporation). Six speci
mens per type of film were analyzed.

Water contact angle (WCA) of films was measured using an optical 
contact angle system (Dataphysics). The contact angles between ultra
pure water (3 μL drop) and the top or bottom surfaces of biocomposite 
films were determined by the Laplace - Young method. The films were 
stored inside a controlled moisture chamber, with a relative humidity of 
45% for six days prior to the analysis. Ten contact angle values were 
considered for each sample.

Water swelling of films was investigated by immersing a piece of 
film in water for 24 h. The excess of water was removed with absorbent 
paper. The swelling percentage was calculated using Equation (1): 

Swelling [%] =
(Ms − Md)

Md
× 100 Equation 1 

Where Ms is the mass of film in swollen state and Md in dry state before 
immersion in the water.

Moisture and solubility of films were determined by their weight 
loss percentage. Specimens of films with 4 cm2 were weighted, dried at 
105 ◦C during 24 h and cooled down to room temperature inside a 
desiccator prior to final weight. The moisture was determined by 
Equation (2): 

Moisture [%] =
(mi − mf)

mi
× 100 Equation 2 

Where mi and mf stand for initial and final mass, respectively.
The solubility was determined by the weight loss percentage upon 

Fig. 1. Schematic representation of the preparation of (A) CARSEP filler and (B) biocomposite films.

Table 1 
Composition of biocomposite films presented in terms of wt% of CS matrix and 
CARSEP and MWCNT fillers. Average thickness of samples. Different superscript 
letters (a, b) indicate statistical differences, p < 0.05.

Biocomposite CS [wt%] CARSEP [wt%] MWCNT [wt%] Thickness [μm]

100/0/0 100 0 0 146 ± 14a

50/50/0 50 50 0 120 ± 13b

50/45/5 50 45 5 134 ± 10a,b

50/40/10 50 40 10 140 ± 3a
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immersion of films in water for 7 days under constant stirring at 80 rpm. 
The specimens of films (4 cm2) were weighted before and after the essay. 
In the latter case, the films were dried and cooled down to room tem
perature using the same conditions described above. The solubility was 
determined using Equation (3): 

Solubility [%] =
(mi − mf)

mi
× 100 Equation 3 

Where mi and mf stand for initial mass and final mass, respectively. The 
initial mass was corrected for the mass of the dry film considering the 
percentage of moisture. Three specimens per type of film were analyzed.

Electrical conductivity of films was measured in-plane and 
through-plane directions by direct current (dc) measurements using a 
power supply 72–2545 (TENMA) and two multimeters (DMM 6500, 
Keithley). The in-plane measurements were performed with four points 
probe resistivity setup using samples with 3.5 × 0.5 cm2. The through- 
plane measurements were performed with two points probe resistivity 
setup and samples with 1 cm2. The electrical conductivity was deter
mined using Equation (4) and Equation (5): 

R=
V
I

Equation 4 

σ =
L

R × S
Equation 5 

where the standard parameters for electrical circuits were used: R – 
resistance, V – tension, I – current, σ – electrical conductivity, L – length 
of the sample, S – cross sectional area of sample.

Migration studies were performed by gas chromatography coupled 
with mass spectrometry (GC-MS). Head space analysis: the sample was 
heated in a closed vial for 1 h at 60 ◦C. Chromatographic conditions: 
Column Zebron 5 MS (30 m × 0.25 mm (internal diameter) × 0.25 μm). 
Headspace injection volume 1 mL (split 1:10), injection temperature: 
250 ◦C, oven temperature: 40 ◦C (5 min), 10 ◦C/min, 320 ◦C (2 min). MS 
TQ SCION: EI 70 eV Full Scan 33–350 m/z. Liquid extracts: the samples 
(6 cm2) were extracted in ethanol or hexane (10 mL) for 1 h at 60 ◦C. The 
extracts were directly injected or after concentration 10 times by solvent 
evaporation under nitrogen flow. Chromatographic conditions: Column 
Zebron 5 MS (30 m × 0.25 mm (internal diameter) × 0.25 μm). Injection 
volume 1 μl (splitless 0.75 min), injection temperature: 50 ◦C during 3 
min, followed by 320 ◦C during 15 min with a heating rate of 10 ◦C/min. 
Triple quadrupole GC-MS (SCION) with an electron ionization of 70 eV 
and full scan 33–700 m/z was used.

Statistical data treatment of moisture, solubility, swelling, water 
contact angle, thickness, mechanical and electrical properties were 
performed using the One-Way Analysis of Variance (ANOVA) with a 
significance level of 0.05 followed by the Tukey test using the OriginPro 
2021 software.

3. Results and discussion

Fig. 1A and B show, respectively, the preparation of CARSEP filler 
and of the biocomposite films. In brief, the sequential ultrasounds (US) 
dispersion of SEP and liquid caramel in water was followed by a drying 
step to obtain the CARSEP precursor. The CARSEP filler was obtained by 
pyrolysis of CARSEP precursor, to transform the caramel into a carbo
naceous material. SEP, used as a porous support for the formation of 
carbon, was maintained after pyrolysis. The biocomposite suspension 
was prepared by ultrasonic dispersion of carbonaceous fillers, CARSEP 
and MWCNT, in distilled water followed by the addition of the bio
polymeric matrix. The suspension was filtered, with subsequent ho
mogenization of glycerol used as plasticized. The biocomposite films 
were obtained by a simple solvent casting method. The effect of the 
fillers on the structure, morphology, and physical properties of bio
composite films was investigated.

3.1. Structural characterization

The crystalline structure of SEP, CARSEP precursor, CARSEP filler, 
and biocomposite films was evaluated by XRD, Fig. 2. The most intense 
reflections of SEP were preserved after the impregnation of liquid 
caramel, as observed in the diffraction pattern of CARSEP precursor 
[41]. Although, a decrease in peaks intensity was observed, suggesting 
the modification of fibers orientation probably due to interactions with 
caramel [42]. Caramel is expected to be located in the micropores of SEP 
and covering its surface, which is corroborated by the reduction of the 
specific surface area of CARSEP precursor (1 m2 g− 1) in comparison to 
SEP (337 m2 g− 1). The diffractogram of CARSEP filler shows a loss of 
crystallinity in comparison with CARSEP precursor, which can be 
ascribed to structural changes that take place during pyrolysis at 800 ◦C. 
Other studies in literature report shortening of SEP fibers and irrevers
ible elimination of coordinated water molecules when SEP impregnated 
with polyacrylonitrile is subject to thermal treatment [43]. CS dif
fractogram presents two low intensity broad bands at 2θ = 9.2◦ and 2θ 
= 19.5◦, assigned to the (020) and (110) reflections, respectively [44]. 
The diffraction patterns of biocomposite films are similar to the 
diffraction pattern of CS, as a result of the low crystallinity of the major 
constituents, CS and CARSEP filler. The amorphous structure of CS was 
not affected by the incorporation of fillers. The same absence of crys
tallinity modifications was observed in biocomposites of CS and GO, 
which suggests a good homogenization between matrix and fillers [45].

The structural characterization of CARSEP precursor and CARSEP 
filler by solid-state 13C CP MAS-NMR is shown in Fig. 3A. CARSEP 
precursor spectrum displays a signal centered at 71 ppm, attributed to 
carbons of glucose and fructose present in caramel used as precursor 
[46,47]. This signal disappears in CARSEP filler spectrum, being only 
observed a band centered at 122 ppm, which is typical of aromatic sp2 

carbons [38]. This result supports the conversion of caramel into 
graphitic carbon after the pyrolysis at 800 ◦C. The chemical composition 
of CARSEP precursor (36.1% C and 5.3% H) and CARSEP filler (53.0% C 
and 0.73% H) also reflects the increase of carbon content and reduction 
of hydrogen after the thermal treatment. Additionally, the graphitiza
tion of caramel is confirmed by the D (1334 cm− 1) and G (1583 cm− 1) 
graphitic bands present in the Raman spectrum of CARSEP filler 
(Fig. 3B) [48]. Raman spectroscopy of biocomposites was also per
formed to investigate if the fingerprint of graphitic materials is retained 
after blending CARSEP and MWCNT fillers with CS, Fig. 3B. 50/50/0 

Fig. 2. XRD diffraction patterns of SEP, CARSEP precursor, CARSEP filler and 
100/0/0, 50/50/0, 50/45/5, and 50/40/10 biocomposites.
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film spectrum does not display the D and G graphitic bands, suggesting a 
film surface predominantly covered by CS. However, the bands are 
observed in the spectra of 50/45/5 and 50/40/10 biocomposites, which 
should be due to the presence of MWCNT that also display the graphitic 
bands at the same wavelength [31].

3.2. Thermal analysis

The thermal stability of CARSEP precursor, CARSEP filler, 100/0/0, 
50/50/0, 50/45/5, and 50/40/10 biocomposites was investigated by 
TGA (Fig. 4A) and DSC (Fig. 4B). The TGA profile of CARSEP precursor 

Fig. 3. (A) Solid-state 13C CP MAS-NMR spectra of CARSEP precursor and CARSEP filler. (B) Raman spectra of CARSEP filler and 50/50/0, 50/45/5, and 50/40/10 
biocomposites.

Fig. 4. (A) TGA and derivative TGA curves and (B) DSC curves of CARSEP precursor, CARSEP filler and biocomposite films.
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shows a major weight loss between 180 and 320 ◦C, ascribed to the 
release of volatile compounds from caramel, which is followed by 
smaller weight losses related to the conversion of caramel into a 
carbonaceous material, losing a total of 73% weight until 900 ◦C. The 
CARSEP filler is thermally stable, losing less than 3% weight until 
100 ◦C. This small weight loss is only ascribed to physically adsorbed 
water molecules, since the thermal decomposition previously took place 
during pyrolysis at 800 ◦C. The 100/0/0 film loses weight in three major 
steps. The first step, between 25 and 103 ◦C, corresponds to the evap
oration of water physically adsorbed to CS. The second step, between 
103 and 240 ◦C, is mainly attributed to glycerol degradation, but also to 
the release of water bonded to CS through hydrogen bonds. The third 
step, between 240 and 400 ◦C, is where the highest weight loss occurs, 
corresponding to the thermal degradation of CS molecules through 
chain depolymerization, decomposition of pyranose rings and ring 
opening reactions [49,50]. The 50/50/0, 50/45/5 and 50/40/10 bio
composites also lose weight in three steps similar to 100/0/0 film. 
However, the weight losses are smaller, as consequence of thermal sta
bility of CARSEP and MWCNT fillers. The 100/0/0 film loses 77% of 
total weight, while 50/50/0, 50/45/5, and 50/40/10 biocomposites 
lose 65, 58 and 56%, respectively. These results indicate an improved 
thermal stability of biocomposites in comparison to 100/0/0 film, which 
is conferred by CARSEP filler and reinforced by MWCNT that are ther
mally stable carbonaceous materials.

The DSC curve of the 100/0/0 film shows an endothermic peak at 
approximately 62 ◦C, which is attributed to moisture loss. The glass 
transition temperature (Tg) is observed at 167 ◦C, while peaks appearing 
above 200 ◦C are associated with thermal decomposition of CS. The 50/ 
50/0, 50/45/5 and 50/40/10 biocomposites also present an endo
thermic peak at approximately 57 ◦C. The Tg of these biocomposites 
increased from 167 ◦C (100/0/0) to 195 ◦C (50/50/0) and approxi
mately 172 ◦C (50/45/5 and 50/40/10), showing improved thermal 
stability conferred by CARSEP and MWCNT fillers. The DSC curve of 
CARSEP precursor shows an endothermic peak at 220 ◦C due to the 
decomposition of caramel, whereas the CARSEP filler presents improved 
thermal stability.

3.3. Morphological characterization by FESEM

The morphology of CARSEP precursor, CARSEP filler, and top and 
bottom surfaces of biocomposite films was investigated by FESEM, 

Fig. 5. The image of CARSEP precursor reveals aggregates of SEP fibers 
homogeneously covered by caramel (Fig. 5 A). The formation of ag
gregates is expected due to the drying step after ultrasonic homogeni
zation. The image of CARSEP filler, obtained after pyrolysis of CARSEP 
precursor, shows aggregates of smaller size due to grinding and sieving 
(75 μm mesh). Additionally, the aggregates of SEP fibers are more 
exposed in CARSEP precursor (Fig. 5 A) than in the CARSEP filler due to 
the caramel decomposition during pyrolysis. (Fig. 5 F and K). The 100/ 
0/0 film presents a smooth and continuous top and bottom surfaces 
(Fig. 5 B and G), whereas the cross-section shows small textural details 
resultant from the sample preparation for analysis (Fig. 5 L). The top, 
bottom, and cross-sectional images of the 50/50/0 film reveal a gravi
tational deposition of CARSEP particles, with larger particles predomi
nantly settling on the bottom surface. This accumulation of particles 
disrupts the CS matrix network, leading to a heterogeneous surface 
(Fig. 5C–H and M). The top surface of 50/50/0 biocomposite (Fig. 5C), 
where Raman spectrum was acquired, is clearly dominated by CS, which 
explains the absence of CARSEP graphitic bands in this sample (Fig. 3B). 
The top, bottom, and cross-sectional images of 50/45/5 and 50/40/10 
biocomposites show a more homogeneous distribution of particles 
(Fig. 5D–I, N, E, J, and O). This effect was promoted by the introduction 
of MWCNT into the system, since 510% CARSEP was replaced by 
MWCNT. However, MWCNT cannot be distinguished from CARSEP filler 
within CS matrix. Overall, the preparation of biocomposites by solvent 
casting leads to the gravitational deposition of CARSEP filler with an 
apparent weight gradient in the vertical direction i.e., smaller aggregates 
on top surface and larger aggregates on the bottom. The introduction of 
MWCNT seems to attenuate this effect, contributing to a more homo
geneous topography. The positive effect promoted by MWCNT in CS- 
based composites is described in literature. The combination of 2D 
montmorillonite clay platelets and 1D MWCNT create a 3D network that 
reinforce the interactions with CS matrix [51]. The same effect was 
observed for CS-based biocomposites containing rGO and MWCNT. In 
this later case, non-covalent π–π interactions between rGO and MWCNT 
are also expected to occur between CARSEP and MWCNT [52].

3.4. Mechanical properties

The stress strain curves, tensile strength, Young’s modulus, and 
elongation at break of biocomposites films are displayed in Fig. 6. The 
biocomposite films present a thickness between 120 and 146 μm, 

Fig. 5. FESEM images of (A) CARSEP precursor, (F, K) CARSEP filler, (B–E) top surface, (G–J) bottom surface and (L–O) cross section of 100/0/0, 50/50/0, 50/45/5, 
and 50/40/10 biocomposites, respectively.
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Table 1. The tensile strength of CS film decreased from 13 MPa to 3 MPa 
with the incorporation of CARSEP filler (50/50/0), revealing a decrease 
in the mechanical resistance probably due to the decrease of interaction 
between the CS chains by the presence of the filler. On the other hand, 
this parameter increased up to 8 MPa when 5–10 wt% of CARSEP filler 
was replaced by MWCNT pointing a reinforcement of mechanical 
resistance, Fig. 6B.

The Young’s modulus, measurement of non-permanent elastic 
deformation, increased with the incorporation of fillers from 10 MPa in 
100/0/0 film, to a maximum of 48 MPa in 50/45/5 biocomposite, 
indicating an increase of films rigidity, Fig. 6C. The elongation at break 
decreased with the incorporation of fillers, from 63 % in 100/0/0 film to 
a minimum of 14% in 50/50/0 biocomposite. Although, similarly to the 
mechanical resistance, the flexibility was also enhanced by the MWCNT, 
Fig. 6D. In general, the mechanical properties of 100/0/0 CS film were 
strongly impacted when 50 wt% CS mass was replaced by an equal 
amount of CARSEP filler. In our previous works, biocomposites con
taining up to 50% rGO or 50 % rGO-Fe3-xO4 (both in relation to CS mass) 
showed an increase of tensile strength and Young’s modulus and a 
decrease of elongation in comparison with the CS film [24,53]. The 
higher load and different nature of carbonaceous fillers used in the 
present work are the main factors behind the different mechanical 
behavior. Regarding the high load of CARSEP filler used here, it is ex
pected to create a significant CARSEP-CARSEP network that disrupts the 
CS-CS network. The presence of aggregates, observed in SEM images, 
also causes discontinuities in the CS matrix, resulting in reduction of 
resistance and increased rigidity [54]. A significant improvement of 

mechanical properties is observed when 5–10 wt% of CARSEP filler is 
replaced by MWCNT, which is ascribed to the synergetic effect between 
the 1D and 2D fillers. These results confirm the improved homogeneity 
promoted by MWCNT as previously discussed in the SEM section. The 
mechanical properties of CS-based biocomposites containing montmo
rillonite or rGO, were greatly improved by MWCNT in comparison to the 
biocomposites containing single components [51,52]. The reinforce
ment of mechanical properties due to these synergetic effects would be 
higher if lower amounts of fillers were used. Nevertheless, the high load 
of CARSEP is mandatory to improve the electrical properties, which is 
the main scope of this work.

3.5. Wettability, swelling and water solubility

The wettability was determined by static water contact angle mea
surements, displacing 3 μL drops of ultrapure water on the top and 
bottom surfaces of biocomposite films, Table 2. The 100/0/0 film dis
plays a hydrophobic top surface and a hydrophilic bottom surface, with 
contact angles of 98◦ and 43◦, respectively. The hydrophobic nature of 
top surface of 100/0/0 is in good agreement with the values previously 
reported [24,55,56]. The big difference between the surfaces arises from 
the gravitational deposition of glycerol (hydrophilic), used as plasti
cizer, on the bottom of film during the solvent casting process. The 
50/50/0, 50/45/5, and 50/40/10 biocomposites display hydrophilic 
surfaces with contact angles between 32 and 18◦. The top surface of 
50/50/0 film presents the highest contact angle (32◦), since this surface 
is predominantly dominated by CS as observed in the SEM images. The 

Fig. 6. Stress strain curves (A), tensile strength (B), Young’s modulus (C), and elongation at break (D) of biocomposite films. Different letters (a, b, c) above error 
bars indicate statistical differences, p < 0.05. The error bars represent the standard deviation (n = 5).
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bottom surface of 50/50/0 film shows a contact angle (21◦) lower than 
top surface, as observed for 100/0/0. The contact angle of the different 
surfaces of 50/45/5 (top: 22◦, bottom: 18◦) and 50/40/10 (top: 18◦, 
bottom: 18◦) biocomposites becomes identical, confirming the improved 
homogeneity of biocomposites promoted by MWCNT. The hydrophobic 
top surface of CS becomes hydrophilic with the incorporation of CARSEP 
filler. Nevertheless, the carbon covering the surface of SEP is expected to 
be hydrophobic [40]. Additionally, the CS-rGO biocomposites previ
ously reported by us, showed contact angles between 66 and 78◦ [24]. 
The roughness of biocomposites surfaces caused by the fillers might be 
responsible for the higher hydrophilicity. The CARSEP filler exposed at 
the surfaces might display air filled protrusions responsible to adsorb the 
water droplets, as observed for the biohybrid films containing halloysite, 
SEP and cellulose nanofibers [42].

The 100/0/0 film presents a swelling of 412% that was drastically 
reduced in the case of biocomposites, Table 2. The swelling in water 
depends on the availability of hydrophilic groups to interact with water 
molecules. In the case of 100/0/0 film, the hydroxyl and amine groups 
of CS are available to establish interactions with water leading to the 
swollen state [57]. The biocomposites 50/50/0, 50/45/5, and 50/40/10 
present swelling values of 36, 26 and 15%, respectively. The bio
composites are composed of 50 wt% CS and 50 wt% carbon fillers, but 
the swelling percentage of biocomposites is lower than half of swelling 
percentage of 100/0/0 film, decreasing even more with the increasing 
concentration of MWCNT. These results also support the establishment 
of chemical interactions between the CS matrix and carbon fillers, 
turning the hydrophilic functional groups of CS unavailable to interact 
with water. This effect is reinforced in the presence of MWCNT, as 
previously suggested by SEM images, mechanical properties, and water 
contact angle results. The same effect was observed for the swelling of 
CS hydrogels that was also reduced from 107 to 28% with the incor
poration of GO that presented a crosslinking effect [57].

The water solubility of biocomposites was determined after keeping 
the films submerged in water under constant stirring for seven days, 
Table 2. The weight loss of 100/0/0, 50/50/0, 50/45/5, and 50/40/10 
biocomposites was 47, 42, 37 and 38%, respectively. The 100/0/0 film 
solubility was reduced by the addition of carbonaceous fillers. The water 
solubility is attributed to the diffusion of glycerol to water [58]. There 
was no apparent degradation of films or visible separated black particles 
after the seven days immersed in water. The reduction of CS water 
solubility in presence of carbonaceous fillers also occurred in CS bio
composites containing rGO or rGO-Fe3-xO4 [24,53].

3.6. Electrical conductivity of biocomposite films

The electrical conductivity of biocomposites was investigated by dc 
measurements in-plane and through-plane directions, Fig. 7. The 100/0/ 
0 film is an electrical insulator and the introduction of CARSEP into CS, 

50/50/0 biocomposite, did not significantly improve the electrical 
conductivity. The incorporation of MWCNT to CS matrix revealed to be 
the most important parameter to enhance the electrical conductivity by 
three orders of magnitude in both directions, reaching a maximum of 
55.5 S/m (in-plane) and 0.1 S/m (through-plane) in the case of 50/40/ 
10 film.

The in-plane electrical conductivity reported here is considerably 
high in comparison with similar biocomposites reported in literature, 
especially considering the lower amount of electrically conductivity 
filler, Fig. 8. To the best of our knowledge, the only two works that re
ported superior in-plane electrical conductivity in the range of 103 S/m 
contained higher loads of conductive fillers. One study is related to 
biocomposites of cellulose containing 22.7 wt% MWCNT [59], and the 
other one to biocomposites of alginate/SEP containing 55.6 wt% GNP 
(12000 S/m) and 10 % MWCNT in relation to GNP content [31].

Few works report the through-plane electrical conductivity. How
ever, this property is very relevant for applications where the electrical 
current needs to cross the material e.g., piezoresistive sensors or elec
trically conductive packaging. In the latter case, the in-pack food ster
ilization by PEF, requires the passage of electrical current through the 
packaging to reach the packed food. The electrical conductivity of food 

Table 2 
Water contact angle (WCA), moisture, water swelling, and water solubility 
determined by weight loss percentage of CS/CARSEP/CNT biocomposite films. 
Different superscript letters (a, b, c, d) indicate statistical differences, p < 0.05.

Film WCA [◦] Moisture 
[%]

Swelling 
[%]

Weight loss 
[%]

Top Bottom

100/0/ 
0

97.8 ±
1.8a

43.3 ±
4.1b

36.3 ± 2.5a 411.8 ±
32.8a

47.4 ± 2.3a

50/50/ 
0

32.3 ±
1.8c

20.6 ±
3.2d

29.8 ± 2.4b 35.7 ±
11.9b

42.3 ± 1.7b

50/45/ 
5

21.9 ±
0.7d

17.9 ±
2.0d

28.5 ± 0.7b 25.78 ±
3.8b

37.2 ± 2.0b

50/40/ 
10

18.4 ±
1.0d

18.0 ±
1.7d

31.9 ± 2.1a, 

b
14.7 ± 4.6b 38.3 ± 0.4b,c

Results are presented as average value ± standard deviation (WCA: n = 15, 
Swelling and solubility: n = 3). Different superscript letters indicate statistical 
differences (p < 0.05).

Fig. 7. Electrical conductivity of biocomposite films in-plane and through- 
plane directions. Different letters (a, b) indicate statistical differences, p <
0.05. The error bars represent the standard deviation (n = 3).

Fig. 8. Comparison of electrical conductivity of 50/40/10 chitosan-based 
biocomposite (this work) with other biocomposites reported in literature: i. 
Cellulose/22.7 wt% MWCNT [59], ii. Starch/25 % rGO [60], iii. Starch/5 % 
MWCNT [25], iv. CS/50 % rGO [24], v. Alginate/50 % ZnO-rGO [61], vi. 
Alginate/55.6 % GNP/10 % MWCNT [31].
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is typically between 0.1 and 2 S/m. Therefore, the through-plane elec
trical conductivity of the packaging should match these values [19]. In 
this work, the through-plane electrical conductivity of 50/40/10 film 
(0.1 S/m) meets this criterion, highlighting its potential for this appli
cation. However, this is just an example of a wide range of possible 
applications of this material. The electrical conductivity in-plane is 
higher than through-plane direction, which is in good agreement with 
other works reported in literature, Fig. 8. The isotropic electrical con
ductivity in films of carbon-based composites remains a challenge. The 
carbonaceous fillers have a preferential alignment in-plane direction, 
creating a percolation network in this direction rather than 
through-plane [24–26,31,60,61]. In 50/40/10 biocomposite, the dif
ference between in-plane and through-plane conductivities is only of 
three orders of magnitude, being the lowest difference among other 
works, Fig. 8. This achievement is facilitated by the use of a multi
component filler system, CARSEP and MWCNT, instead of a single filler 
component. CARSEP filler creates excluded volume that increases the 
probability of MWCNT being interconnected [62] and their possible 
orientation in-plane and through-plane directions, as schematically 
represented in Fig. 9. The micrometric size and high load of CARSEP are 
the main factors promoting this effect. If nanometric particles and/or 
low loads were used, the MWCNT would aggregate, and the percolation 
network would be reduced [63]. Therefore, the use of CARSEP com
bined with MWCNT was the key parameter to achieve significant 
through-plane electrical conductivity.

Overall, the high filler loads necessary to achieve the through-plane 
electrical conductivity reported here simultaneously affect other mate
rial properties. The increased filler content enhances thermal stability 
and reduces swelling and water solubility. However, these improve
ments come at the cost of mechanical strength, flexibility, and increased 
surface hydrophilicity. Therefore, the future design of electrically 
conductive biocomposites should carefully balance these effects ac
cording to the specific applications.

3.7. Migration study

The 50/40/10 biocomposite film presented the highest electrical 
conductivity in-plane and through-plane directions, which is a relevant 
property for many practical applications. The contact of the film with 
liquids is a predictable scenario in diverse applications, e.g., food 
packaging, biotechnology or the biomedical fields [5,64,65]. The po
tential release of compounds from the biocomposite in dry and wet state 
can compromise the application, especially if placed in contact with 
food or cells. Therefore, a migration study was performed to detect the 
compounds released from the biocomposite in three different simulants 
air, ethanol, and hexane, after heating at 60 ◦C for 1 h. Ethanol and 
hexane were selected as solvents due to their distinct polarities, covering 
the migration of compounds from the biocomposite to a wide range of 
mediums. The volatile compounds were analyzed by GC-MS, Fig. 10. 
The chromatogram of the head-space from the vial after film heating 
shows the absence of released compounds, Fig. 10A. The chromatogram 

of ethanol extract (Fig. 10B), as well as the homologous sample 
concentrated under nitrogen flow (Fig. 10C) only reveal the presence of 
glycerol (CAS 56-81-5). The injection of an internal standard allowed 
the semi-quantification of glycerol, determined to be 9.11 mg/L. The 
chromatogram of hexane extract (Fig. 10D), and the respective 
concentrated sample (Fig. 10E), do not indicate the presence of any 
compound. The release of glycerol to water was mentioned above as the 
main factor contributing to the water solubility of films. Therefore, the 
migration of glycerol to other polar solvents such as ethanol was ex
pected. The amount of glycerol estimated to be released to ethanol is less 
than 1 % of total glycerol incorporated. The water solubility of this film 
was 38.3 ± 0.4 %. The difference in glycerol migration in both cases is 
mainly attributed to different contact times of film with solvents i.e., 1 h 
of contact with ethanol and 7 days of contact with water. On the other 
hand, glycerol is insoluble in apolar compounds such hexane not being 
released to this solvent. Glycerol is a non-toxic compound, here used as 
plasticizer, being even allowed as food additive with an allowed daily 
intake of 2 g kg− 1 day− 1 [13,66]. The absence of toxic compounds 
released by the biocomposite paves the way for its safe application in 
several fields.

4. Conclusions

Electrically conductive biocomposite films containing CS matrix and 
CARSEP with MWCNT fillers were developed. The structural charac
terization of CARSEP filler by XRD, solid-state 13C CP MAS-NMR and 
Raman confirmed the conversion of caramel into a carbonaceous ma
terial after pyrolysis. The incorporation of CARSEP and MWCNT in the 
CS matrix improved the thermal stability and water solubility of CS 
films, while the swelling percentage was drastically reduced. The use of 
a carbonaceous multicomponent filler system improved the homoge
nous distribution of MWCNT in different directions. This strategy 
enhanced the challenging through-plane electrical conductivity of bio
composite films by three orders of magnitude. The 50/40/10 bio
composite achieved a through-plane electrical conductivity of 0.1 S/m, 
matching the value required for materials to be used for in-pack food 
sterilization by PEF. The maximum in-plane electrical conductivity of 
55.5 S/m is also relevant, considering the lower amount of MWCNT in 
comparison with similar biocomposites reported in literature. The 
migration study performed using solvents with distinct polarities 
demonstrated that no harmful compounds are released when this bio
composite film is heated up to 60 ◦C. The combination of flexibility, 
electrical conductivity and a biopolymer-based matrix is attractive for 
the application of biocomposites in packaging, electronics, or biomed
ical field.
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[31] E. Ruiz-Hitzky, M.M.C. Sobral, A. Gómez-Avilés, C. Nunes, C. Ruiz-García, 
P. Ferreira, P. Aranda, Clay-graphene nanoplatelets functional conducting 
composites, Adv. Funct. Mater. 26 (41) (2016) 7394–7405, https://doi.org/ 
10.1002/adfm.201603103.

[32] E. Ruiz-Hitzky, Molecular access to intracrystalline tunnels of sepiolite, J. Mater. 
Chem. 11 (1) (2001) 86–91, https://doi.org/10.1039/b003197f.

[33] A.I. Ruiz, C. Ruiz-García, E. Ruiz-Hitzky, From old to New inorganic materials for 
advanced applications: the paradigmatic example of the sepiolite clay mineral, 
Appl. Clay Sci. 235 (2023) 106874, https://doi.org/10.1016/J. 
CLAY.2023.106874.

[34] E. Ruiz-Hitzky, C. Ruiz-García, F.M. Fernandes, G. Lo Dico, L. Lisuzzo, V. Prevot, 
M. Darder, P. Aranda, Sepiolite-hydrogels: synthesis by ultrasound irradiation and 
their use for the preparation of functional clay-based nanoarchitectured materials, 
Front. Chem. 9 (2021) 657, https://doi.org/10.3389/FCHEM.2021.733105/ 
BIBTEX.
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