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The problem of food agro-industry res-
idues represents a growing concern in our
society, therefore its use as a raw material to
obtain biopolymers of technological interest is
an attractive alternative. The objective of this
work was to assess the viability of utilizing
cardol, derived from cashew nut shell liquid,
in the production of a biopolymer composite
by combining it with cassava starch. The bio-
polymer composite was prepared by thermo-
chemical method using different cardol con-
centrations and varying the synthesis pH. The
results allowed us to demonstrate the forma-
tion of cardol/starch biopolymeric films. The
infrared spectra showed possible interactions
by hydrogen bonds between the cardol and
the glucose units of the starch. The impedance
behavior showed a similar conduction mecha-
nism in all cases, allowing the establishment of
a single equivalent circuit. The electrochemical
parameters showed that the presence of car-
dol and the lower pH increased the values of
the electrical resistance and the double layer
capacitance in the biopolymers. In addition,
the values of the CPE/Rre system, related to
the electractivity, were not affected by the pH,
but by the presence of cardol. The biodegrad-
ability tests showed a complete decomposi-
tion of the biopolymer composite films in three
stages in a period of 17 to 19 days. It could be
concluded that it is possible to use the cardol
extracted from the cashew nut shell liquid to
elaborate a biopolymer composite with elec-
trochemical properties when combined with
cassava starch. The electrical properties of the
biopolymer can be modulated by varying the
synthesis pH and the amount of cardol used.
The composite cardol/starch biopolymer could
be used as a biopolymeric solid electrolyte in
the manufacture of batteries, capacitors, etc.
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1. Introduction

Carrying out research on the use of residues from the
food agribusiness to produce new biopolymers is of the
utmost importance. These investigations allow the develop-
ment of innovative technologies that promote the efficient
use of resources, the reduction of waste and the generation
of sustainable materials. In addition, by turning waste into
value-added products, the circular economy is fostered and
the transition towards a greener and more environmentally
friendly industry is promoted.

Materials made from biological resources with renew-
able, biodegradable and low-cost properties have attracted
the attention of research centers and industry, allowing
new alternatives to replace non-renewable products to be
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explored. In addition, the sources of raw material for the
new bio-based materials are concentrated in agro-industrial
products, waste or by-products, thus reducing post-harvest
residues and generating added value in production [1—4].
Among the agro-industrial waste is the shell of the cashew
nut, which is a by-product of obtaining the almond. Annu-
ally its world production of this fruit exceeds 4.1 million
tons [5]. This residue is rich in an oil called cashew nut shell
liquid (CNSL), it presents a reddish-brown color due to car-
bonization and chemical changes, CNSL constitutes about
20-25 % of the weight of the cashew [5, 6].

The main components of CNSL are long chain substi-
tuted phenolic compounds at the meta position. These com-
pounds can be used as a basis for the production of polymeric
substances widely used in industry. CNSL has an attractive




cost-benefit ratio and can replace some phenolic compounds
in many applications. The most recognized components
of CNSL are anacardic acid, cardanol, and cardol. These
substances have been used in several applications, among
the most prominent uses are their applications as additives
for resins, plastics, biodiesel, antioxidants, and antimicro-
bials [7-9]. It has been reported on the use of cardanol in a
cardol-formaldehyde composite resin [10], anacardic acid in
a biopolymer composite for active packaging [11], epoxidized
cardanol as an antioxidant in biodiesel [12], among others.

Cardol is the less studied component of CNSL, chemical-
ly it presents substituted resorcinols with 15 carbon chains,
in which the side chains mainly contain a mixture of one,
two and three double bonds [13, 14]. This compound, being
a resorcinol and having an unsaturated alkyl chain, could
provide interesting physical properties to different polymers,
especially since it is a low-cost renewable resource, making
it attractive for research and exploration of new alternatives
to replace additives and polluting polymers. Cardol has been
used in combination with cardanol to generate anticorrosive
coatings [15], prepare biobased epoxy resins, cardol polyes-
ters [13], nanoparticles for drug delivery [16], etc.

On the other hand, starch is one of the most common
carbohydrates in nature and is mainly found in the seeds and
tubers of various plants as carbohydrate reserves. In addition
to being widely used in the food industry, it also has appli-
cations in the non-food sector [17-19]. Starch is made up
of two glucose macromolecules (amylopectin and amylose).
Amylose is a linear biopolymer composed of approximately
250 to 2500 glucose units linked by a-1,4 bonds, amylopec-
tin is a branched glucose biopolymer with a-1,4 bonds in
the linear chain and the branching units occur every 20 to
30 glucose units with a-1,6 bonds. The proportions of amy-
lose and amylopectin are approx. 20 % and 80 %, depending
on the original plant species [20]. The most commonly used
plant species for starch extraction are corn, cassava, potato,
rice, yam and plantain. Unmodified and modified starch has
been used to develop various biopolymers for food packag-
ing, artificial muscles, pharmaceuticals, water treatment,
among others [19, 21-24].

Although cardol has been little studied and research has
been found regarding combinations with other polymers,
there are no reports of its combination with starch-based
biopolymers. Therefore, carrying out research on the use of
cardol extracted from the cashew nut shell in the elaboration
of a compound cardol /cassava starch biopolymer will allow
exploring a new sustainable alternative in the bioplastics
industry, taking advantage of agricultural waste and com-
bining it with a renewable source such as cassava starch.
In addition, this approach would promote the reduction of
waste, the use of resources and the development of biode-
gradable materials with low environmental impact.

2. Literature review and problem statement

Several researches have been carried out on the use of
CNSL derived compounds in the production of biomateri-
als. These studies have demonstrated the potential of this
resource as a versatile and sustainable raw material for the
production of bioplastics and other biodegradable materials.

The use of anacardic acid in obtaining biomaterials has
been the subject of research in recent years. This natural
compound, extracted from cashew nut shell liquid, has

shown promising properties in the manufacture of bio-
polymers, coatings and composite materials: An inclusion
complex of hydroxypropyl-B-cyclodextrin (HP-B-CD) with
anacardic acid has been developed to improve its aqueous
solubility and antimicrobial activity [25]. In this work, the
formation of the anacardic acid Inclusion complex with
HP-B-CD was carried out to allow anacardic acid solubility
and improve the eradication of S. aureus. However, in this
work there were no tests to determine the limits of acid con-
centration required for the eradication of S. aureus and the
mechanism by which anacardic acid improves eradication.

Polyurea nanocapsules based on anacardic acid (A.A)
were designed by interfacial polymerization using the in-
verse mini-emulsion technique with 2,4-toluene diisocya-
nate (TDI) [26]. The study presents an interesting approach
to the controlled release of AA. However, more research is
required to evaluate its therapeutic efficacy in vivo models
and its viability as nanotransporters. In addition, it would be
beneficial to perform more exhaustive tests in various bacte-
rial systems to validate its antimicrobial potential.

Electroactive biopolymer composite was developed by
combining anacardic acid and cassava starch [27]. The work
provides relevant information on the influence of pH on the
electrochemical and mechanical properties of cassava starch
electrolyte films. However, it would be useful to include
more details about the conditions of the experiments and the
quantitative results for a better understanding of the effects
of pH. Anacardic acid is the most abundant and most re-
searched component of CNSL and the previously mentioned
studies demonstrate the potential of anacardic acid as a
versatile component in the field of biomaterials. However, it
is necessary to determine its potentiality in conductive solid
electrolytes and its potentiality in electroactive materials.

Cardanol is the second most abundant component in
CNSL, after anacardic acid. This compound has also been
used for the production of biopolymers, resins and com-
posite materials: Through a poly-condensation process, a
cardanol biopolymeric resin was synthesized from cashew
shell nut liquid using coconut shell fiber as reinforcing
material [28]. Tt would be beneficial to have more details
about the characterization techniques used and perform
mechanical tests for a more complete evaluation of biocom-
posites. In addition, more research is needed to better un-
derstand the effect of alkaline treatment on the properties
of the compounds and determine the effect of the size of the
coconut shell particles used.

Cardanol oil extracted from CNSL was used in the
synthesis of biocomposite films prepared with polylactic
acid (PLA)-polybutylene adipate-co-terephthalate (PBAT)
by solution casting method [29]. The paper highlights the
improved properties of plans composed of PLA/PBAT with
the addition of cardanol oil and presents a wide range of
characterization techniques and properties evaluated for the
mixture of bio-base polymers. However, there is no detailed
discussion on synthesis methods or an experiment design
where the different mixtures and interactions of the compo-
nents in the results and properties of the resulting material
are studied.

The chemical compound present in the CNSL, which
occupies the third position in abundance, is cardol. Although
in recent years some research has been carried out aimed
at the use of cardol in the production of biomaterials, it is
important to mention that it is the least explored component
of CNSL. Some of the works found in the literature on the



use of cardol are: Diglycidyl ether de cardol (DGEC) was
prepared by reacting cardol with epichlorohydrin in the
presence of sodium hydroxide and cured with commercial
amine hardeners to produce cardol epoxy compounds [13].
The results obtained on the thermal and mechanical prop-
erties are consistent and are supported by appropriate
analysis techniques. However, a more detailed discussion on
the potential applications of these materials and their com-
parison with other similar materials is lacking. In addition,
the possible electrochemical activity of the materials due to
the cardol presence, which is a material with antioxidant
properties and electroactivity, is not explored. The work
does not give a more detailed explanation about the curing
mechanisms and the chemical interactions that occur during
the polymerization process.

Biomaterials with episulfide groups (CCES) and epoxy
groups (CCEQO) were synthesized from cardol /cardanol and
mixed with commercial epoxy resins bisphenol-A diglycidyl
ether (DGEBA) to be used as an anticorrosion coating [15].
The results obtained show a significant improvement in the
corrosion resistance properties of the CCES-DGEBA mix-
tures compared to the pure DGEBA and the CCEO-DGE-
BA mixtures. However, a more detailed discussion on the
interaction mechanisms between the different components
and how cardol and cardanol contribute to the anti-corro-
sion properties is lacking. In addition, the long-term stability
and durability of the developed coatings and in conditions of
salinity or corrosive environment were not studied.

Most cardol applications in the production of bio-
materials are focused on the production of resins, so the
research literature aimed at using cardol in biopolymers
or biopolymer composites is very scarce, the only related
work on its use in a cardol/starch biopolymer composite
was recently reported [30]. The results obtained reveal
interesting electroactive properties and reversible electro-
chemical processes. However, the information presented
is mainly focused on the voltammetric characterization
of biopolymers and does not explore the electrochemical
parameters and impedance behavior, in such a way that it
is possible, from values such as capacitance and resistance,
to elucidate the applications and practical impact of these
materials. Additional aspects could be explored, such as
the biodegradability of the materials and their stability.
Overall, it is an interesting study that could be expand-
ed to address more applied and practical aspects of the
biopolymers developed. Despite the potentiality shown in
previous studies, cardol has not been explored for its po-
tential to provide electroactivity in composite materials,
its impedance behavior, and its electrochemical parame-
ters. Therefore, this research constitutes a contribution
to the application of cardol in the field of composite bio-
polymers and promotes the development of new research
on this subject.

3. The aim and objectives of the study

The aim of this work is to evaluate the potentiality of
cardol extracted from cashew nut shell liquid to be used in
the elaboration of a biopolymer composite from its combina-
tion with cassava starch.

To achieve this aim, the following objectives are accom-

plished:

— to evaluate the electrochemical behavior of biopolymer
composite films and the effect of the amount of cardol used
and the synthesis pH;

—to evidence the possible interactions established be-
tween the starch molecules and cardol in the biopolymer
composite;

—to evaluate the biodegradability of the biopolymer
composite, the biodegradation time and the structural
changes registered by FTIR.

4. Materials and methods

4. 1. Object and hypothesis of the study

The object of the study is cardol, derived from cashew
nut shell liquid, in the production of a biopolymer composite
elaborated with cassava starch.

It is hypothesized that the development of a biopolymer
composed of cardol and starch from the by-product of ca-
shew nut processing will result in a material with outstand-
ing electrochemical properties and high potential for use in
various technological applications. This study assumes that
cardol can generate hydrogen bond-type interactions with
cassava starch and generate a stable material. In addition,
the antioxidant properties of cardol can contribute to the
generation of electrochemical activity in the compound
biopolymer.

4. 2. Materials

The reagents used in the procedures were of analytical
grade. Sodium hydroxide (NaOH), hydrochloric acid (HCI),
methanol (CH30H), ammonium hydroxide (NH;OH), eth-
yl acetate (C4HgO»), hexane (CgHy4), anhydrous sodium
sulfate (NaySOy), glycerol (C3HgOs3), polyethylene gly-
col (ConHyn+90n+1), and glutaraldehyde (C5HgOs). Cardol
and starch were extracted from natural CNSL and cassava
tubers, respectively. All solutions were prepared with ultra-
pure water.

4. 3. Cardol and starch extraction

The natural CNSL was extracted from cashew shells of
the Anacardium occidentale Yucao Ao3 variety. The shells
were ground and passed through a press mill at room tem-
perature. The cashew nut shells were supplied by the associ-
ation of local producers Asopromarsab.

Cardol was synthesized from CNSL by solvent ex-
traction following the method reported by [31]. The starch
was extracted from commercial cassava tubers of Manihot
esculenta (Crantz variety) by the wet method that consists
of washing, peeling and liquefying the tubers. For 500 g of
crushed tuber, 1 L of water was added and filtered through a
muslin cloth, the filtrate was allowed to settle for 24 hours,
the sediment was dried at 40 °C in an oven and macerated
and sieved.

4. 4. Synthesis of cardol/starch biopolymer compose
ite films

3 g of starch were scattered by stirring in 100 ml
of pH-adjusted water: three types of pH (3, 7, and 11)
were used, which were adjusted with NaOH (0.1 M)
or HCI (0.1M) as required. The mixture was heated at
70.0+5.0 °C until its complete dissolution and was allowed
to cool to room temperature. Then, the plasticizers (3 g of



glycerol, 3 g of glutaraldehyde and 1.5 g of polyethylene
glycol) and cardol (films are prepared with 2.0 g, 1.0 g
and 0.0 g of cardol) were added at room temperature and
with constant stirring. The solutions were heated at
70.0 £ 5.0 °C for 15 min. The solutions were poured into
Teflon Petri boxes and heated for 48 h at 70.0 °C.

4. 5. Characterization of cardol/starch biopolymer
composite films

Biopolymer composite films were characterized by
FTIR-ATR spectroscopy performed with a Perkin-Elmer
Spectrum-two spectrometer. The spectra were recorded
with a resolution of 4 cm™, wavenumber range from 400 cm™
to 4000 cm™ and 100 scans were recorded.

For the measurement of the electrochemical prop-
erties, a Gamry 1010 E potentiostat/galvanostat with a
dry cell formed by two sheets of stainless steel (1x1 cm)
was used, the properties were characterized by electro-
chemical impedance spectroscopy (EIS) in a range of fre-
quencies from 2.0 MHz to 10.0 mHz with 10 mV rms AC.
The reference potential used in both techniques was the
open circuit potential (OCP) with a value of 0.15 V. The
biodegradability of the films was measured by soil burial
test, the soil mixture was prepared using silty silt (23 %),
organic matter/cow manure (23 %), and (23 %), and dist
tilled water (23 %). The test samples were weighed before
being buried 10 cm deep at 25 (£5) °C, previously packed
in perforated bags. The monitoring consisted of digging
up the samples every two days and recording the weight
loss. The experiments were performed in triplicate and the
average value was reported.

3. Results of the research on the development of a
cardol/starch biopolymer composite

5. 1. Synthesis of cardol/starch biopolymer come
posite films

Fig. 1 shows an image with the biopolymer films cardol
free and with cardol prepared at different pHs.
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Fig. 1. Image of starch biopolymer and cardol /starch
biopolymer composite films prepared at different pH values
and different amounts of cardol
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The starch biopolymer films (cardol free) presented a yel-
lowish-white color that darkened as the pH was lower. The
biopolymer composite films (with cardol) presented a dark

brown color that was more intense in the films with a higher
amount of cardol and a lower pH.

5. 2. Characterization of the cardol/starch biopolyt
mer composite by FTIR spectroscopy

In Fig. 2, the infrared spectra of cardol, the starch
biopolymer, and the cardol/starch biopolymer composite
can be observed. The synthesized biopolymeric films were
easily peeled from the Petri dishes due to their consistency
and resistance to manual traction and presented an average
thickness of 0.6 mm. However, there were slight differences
regarding the mechanical stability of the films; the films
elaborated at a higher pH and with a greater amount of
cardol presented greater stability and resistance to manual
traction.
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Fig. 2. Infrared spectra of: @ — cardol; b — starch biopolymer
film; ¢ — cardol /starch biopolymer composite film

In the spectrum recorded with cardol, the characteristic
peaks of this compound were observed (Fig. 2, a), showing
a broad band at 3,415 cm™ typical of OH bond stretching, a
band at 3,010 and 750 cm™ shows the presence of CH bond
stretching attached to an aromatic group or double bond,
and symmetric and asymmetric tension vibrations for a C-O
bond at 1,218 cm™ and 1,145 cm™. In the region from 1,100
to 650 cm’!, several intense peaks were observed due to the
presence of an aromatic ring and C-H vibrations out of plane.
Table 1 shows the bands assigned to the FTIR vibrations of
cardol, cassava starch biopolymer without cardol, and car-
dol/starch biopolymer composite.

The infrared spectrum of the starch biopolymer
films (Fig. 2, b) showed the corresponding peaks consisting
mainly of the vibration of the OH groups at 3,412 cm™, the
stretch assigned to the CH at 2,911 and 2,878 cm™, the



bands of the fingerprint region between 1,490 and 800 cm™,
with the peaks attributed to C-O, C-OH, and C-O-C. The car-
dol/starch biopolymer composite films showed in

the impedance phase shift tends to 0° evidencing the flow of
current through the films.
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5. 3. Characterization of the cardol/starch Freq (Hz)
biopolymer composite by electrochemistry im- b

pedance spectroscopy

The electrochemical impedance spectroscopy
of the films allowed us to evaluate their elec-
trical conductivity. In Fig. 3, Zmod (impedance
modulus) is plotted on a logarithmic scale on the
y-axis (first ordinate) and Zphz (phase shift) on the second
ordinate versus frequency on a logarithmic scale on the abscis-
sa (x-axis), this type of graphs is known as Bode plots.

In the Bode plots of all samples, regardless of pH or car-
dol content, the impedance modulus at low frequencies was
markedly higher than at high frequencies; with values close
to 1 MHz at low frequencies and values close to 500 Hz at
high frequencies.

A similar variation could be observed between the values
of impedance phase shift (Zphz); the phase shift was close
to 0° at high frequencies and between —50° and —80° at low
frequencies. This tendency could be due to the fact that at
low frequencies the films are less conductive and their be-
havior is more capacitive, resulting in a negative impedance
phase shift typical of capacitors. While at high frequencies

Fig. 3. Bode diagrams of the films elaborated: @ — with 1.0 g of cardol
at different pH values; b — elaborated at pH 11.0 with different cardol

concentrations

It was possible to appreciate that all the films presented a
close behavior in the Bode diagrams, which could indicate that
the biopolymers elaborated with and without cardol and at
different pH conduct electric current through a similar mech-
anism. The equivalent circuit that corresponds to the Bode di-
agrams recorded in the biopolymer films is presented in Fig. 4.

The circuit is composed by a resistance Rf that corre-
sponds to the resistance of the biopolymer film, a capaci-
tance Cdl that is due to the double layer formed at the bio-
polymer/metal (electrode) interface connected in parallel to
a resistance Rct due to the resistance in the charge transfer
from the metal (electrode) to the biopolymer and a parallel
system formed by a CPE (constant-phase elements) and a
resistance (CPE/Rre) generated by the diffusion of electrons
in electrochemical reactions (oxidation/reduction).



Table 2 shows the values of the electrochemical parameters
of the films represented in the components of the equivalent cir-
cuit. The values of the electrochemical parameters determined

the biological degradation produced by the microorganisms
present in the soil.

from the impedance spectra showed that the presence of cardol
in the films increased their electrical resistance (Rf). The pH 100 —=—pH 3.0
also affected the resistance of the films, showing an increase ng Z'IOO
as the pH was higher. Similar behavior could be observed in 80 P ’
the resistance to charge transfer between the metal (electrode) S
and the biopolymer (Rct), which was consistent with those < 60
observed for Rf. o
On the other hand, the double layer capacitance (Cdl) g 40
was higher in the biopolymer films elaborated at pH 11.0,
while the films made at pH 3.0 and pH 7.0 presented little 20
differentiation between them; showing a tendency to slightly
higher values at pH 7.0. 0
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Fig. 4. Equivalent circuit obtained from the impedancemetric 80
behavior of starch biopolymer films and biopolymer ~
composite synthesized at different pH S 60
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The electrochemical parameters related to the oxida- 'g 40
tion-duction reactions (CPE/Rre) did not show a significant
affectation in the biopolymer films made without cardol. 20
However, in the cardol/starch biopolymer composite films
higher values were observed in the system (CPE/Rre). 0
Table 2
Values of the electrochemical parameters of the biopolymer films 0 2 4 6 8 . 10 12 14 16 18 20
Time (days)
Electrochemical parameters
Cardol | pH
Rf, ohms | Rct, ohms | Rre, ohms | CPE, S*s* | Cdl, F b
1.59e-03 593.89 2.83e+06 | 1.26e-04 | 2.73e-09
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10g 1.87¢-02 | L4le+11 | 663¢+09 | 2.73¢-03 | 9.39¢-05 concentrations of cardol
11 | 2.21e-01 | 1.32e+11 | 1.80e+08 | 2.41e-03 | 6.96e-05 )
492¢-01 | 87559 | 2.660406 | 7.310-05 | 1.400-09 ThE.} third stage, the shortest and slowest, occurred
20g | 7 | 428c.01 | Laleril | 1.79¢+08 | 0.13¢.03 | 7.80c.05| 2PProximately between days 13 and 19 and represented
aweight loss of about 5 %. At this stage, the biopolymer
1 6.424 | 1.36et11 | 6.66e+08 | 7.72¢-03 |3.72¢-05 | )¢ disappeared almost completely. In addition, it

Fig. 5 shows the biodegradability results of starch bio-
polymer films synthesized with 1.0 g of cardol at different
pH values (Fig. 5, @) and films synthesized at pH 3.0 with
different cardol concentrations (Fig. 5, b). In all cases, it was
possible to appreciate a biodegradability process with three
stages of well-marked weight loss.

The first stage was between days 1 to 5 in which the films
lost between 10 and 20 % of weight. This first biodegrada-
tion process can be associated with the leaching of plasticiz-
ers (glycerol, polyethylene glycol and glutaraldehyde). The
second process was evidenced approximately between day
5 and 13, at this stage there was a weight loss in the range
of 75 % to 85 %, which represents most of the weight of the
films. The weight loss in this stage can be associated with

was observed that the differences in weight loss are not
significant and occur mainly in the first stage of biodegrada-
tion, which may be due to possible differences in the crystal-
linity of the films. Additionally, the biodegradability process
was monitored using FTIR spectroscopy. Fig. 6 shows the
FTIR spectra of the biopolymer composite films synthesized
at pH 7.0 with 1.0 g of cardol, in three different stages of the
biodegradation process.

It was clearly observed that on day 5 (Fig. 6, b), at the end
of the first stage of degradation, the intensity of the bands
decreased significantly when compared with the intensity of
the bands at the beginning of the process (Fig. 6, @), by ap-
proximately 40 %. This loss of intensity was more notable in
the broad band corresponding to the OH vibration located
between 3,730 and 3,150 cm™ and the band at 1,649 cm™.
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Fig. 6. FTIR spectra of a biopolymer composite film
synthesized at pH 7.0 with 1.0 g of cardol at different stages
of biodegradation: a — 0 days; b — 5 days; ¢ — 13 days

At the end of the second stage, in the final phase of the
biodegradation process, the bands are practically negligible,
with a practically linear spectrum (Fig. 6, ¢). However, the
bands at 2,991 and 2,878 cm™ can be very faintly noted,
corresponding to the C-H stretching vibrations.

6. Discussion of experimental results of the development
of a cardol/starch biopolymer composite with
electrochemical properties

Through this research it was found that cardol extracted
from cashew nut shell liquid can be used to make a biopoly-
mer composite when combined with cassava starch (Fig. 1).
The mechanical stability of the films was affected by the
pH used in the synthesis, this behavior could be due to the
fact that when the retrogradation of the starch occurs, the
acid used to adjust the acidic pH, influences the amorphous
zones of the starch polymer chains, causing a decrease in
crystallization, forming a less stable film [29]. Infrared spec-
troscopy (Fig. 2) made it possible to show that in addition to
the substances used to adjust the pH, the cardol present in
the biopolymer composite films could affect the crystallinity
of the films by establishing hydrogen bonds between its hy-
droxyl (OH) groups and those of the starch.

The observed impedance behavior of the films (Fig. 3)
could be due to the fact that since they are solid polymer
electrolytes, the films conduct current through the move-
ment of ions [32], in such a way that at low frequencies their
conductivity decreases and it behaves like a condenser mod-
ule. While when the frequency is increased, the current can
flow through the movement of the ions present in the matrix
of the biopolymers.

The differences in the values of the electrical resis-
tance (Rf) and the charge transfer between the metal (elec-
trode) and the biopolymers (Rct) shown in Table 2 could be
due to the fact that cardol molecules have an aliphatic chain
that could decrease ionic mobility ionic in the polymeric
matrix and to the fact that at basic pH, the crystallinity of
the films is greater, therefore, the mobility of ions could be
less. Additionally, the trend of double layer capacitance (Cdl)
to be higher at basic pH could be due to the differences in
crystallinity that could be generated by the pH, since at a
higher pH the crystallinity is greater and the generation of
double-layer charges tends to increase due to the molecular
organization of the biopolymers. On the other hand, the
effect of cardol on the parameters related to the oxida-
tion-duction reactions (CPE/Rre), which may be related to a
higher electractivity caused by the presence of cardol. This
fact could be due to the fact that cardol is an antioxidant
compound that can be easily oxidized and reduced.

The biodegradability results presented in Fig. 5 showed a
three-stage process where initially a weight loss occurs due
to the leaching of plasticizers, a second process of weight loss
at a higher speed, due to fragmentation and therefore to the
increase of the contact surface with the degrading bacteria
and a third process where the complete degradation of the
films occurs.

Once the potential of using cardol to make a biopoly-
mer composite by combining it with cassava starch has
been evidenced, it would be important to carry out other
work aimed at optimizing this process and evaluating other
physicochemical, thermal, and mechanical properties, which
would allow us to better understand the effect of cardol on
the biopolymer composite.

The results of this work allow evaluating the potential
of cardol in the valorization of the by-products of cashew
nut processing through the development of a cardol/starch
biopolymer composite. The scope of the results is to provide
insights into the synthesis, characterization, and evaluation
of the electrochemical properties.

The findings of this research can enhance the application
of cardol in new materials with electrochemical activity. The
cardol/starch biopolymer composite can find applications in
energy storage systems, such as batteries and supercapaci-
tors, where improved conductivity, charge storage capacity,
and stability are crucial. Additionally, the composite may
have potential uses in the development of sensors, electronic
devices, and other technologies that benefit from biocom-
patible and environmentally friendly electroactive materials.

The limitations of this study include the lack of discus-
sion about the driving mechanism given in the biopolymer
composite obtained. Although the formation of biopolymeric
films from cardol and cassava starch was demonstrated, the
characterization of the physical and mechanical properties
of these materials was not included. Furthermore, the elec-
trochemical evaluation was mainly focused on the charac-
terization of electrical parameters without exploring their
relevance in specific applications, such as batteries or capac-
itors. Furthermore, the degradability of the biopolymers was
evaluated only through laboratory tests and their behavior
under real decomposition conditions was not addressed.

Despite the positive conclusions of the paper, there are
some disadvantages that must be taken into account. First
of all, the relationships between the synthesis conditions
and the physical and mechanical properties of biopolymers



and the relationship between these properties and the
electrochemical behavior are not studied. Furthermore,
although possible interactions between starch and cardol
were mentioned, a detailed characterization of the structure
and nature of these interactions would be desirable. Finally,
although the biodegradability of the films was evaluated, the
degradation products and their impact on the environment
were not addressed. A more comprehensive analysis of the
degradation and resulting by-products would be important
to assess the sustainability and environmental safety of the
biopolymer.

The development of this research holds significant poten-
tial due to the growing concern surrounding food agro-in-
dustry residues and the need for sustainable alternatives. The
use of cardol derived from cashew nut shell liquid, combined
with cassava starch, to produce biopolymer composites offers
an attractive solution. The demonstrated formation of car-
dol/starch biopolymeric films and the observed interactions
between the components provide a foundation for further
exploration. The ability to modulate the electrical properties
of the biopolymer through synthesis parameters enhances its
applicability. Moreover, the biodegradability of the composite
supports its potential as an environmentally friendly material.
This research opens doors for the utilization of the cardol/
starch biopolymer as a solid electrolyte in the manufacture of
batteries, capacitors, and other technologies.

7. Conclusions

1. The evaluation of the electrochemical behavior of
biopolymer composite films, and the effect of the amount of
cardol used and the synthesis pH, provides valuable infor-
mation on the electrochemical properties of this material.
It was evidenced that the pH and the amount of cardol can
allow variations in the conductivity of the biopolymer that
can range from values of 1.55e-03 ohms for films elaborated
without cardol at pH 7.0 up to 6.424 ohms for films elaborat-
ed at pH 11.0 with 2.0 g of cardol, representing an increase
in resistance of three decimal places. Regarding the capaci-
tance of the double layer, it can vary from 1.40e-09 F in the
films elaborated with 2.0 g of cardol at pH 3.0 up to 7.80e-
05 F in the films elaborated at pH 7.0 with 2.0 g of cardol,
representing a variation of four decimal scales. The results
allowed us to understand how these manufacturing param-
eters affect the performance and electrochemical behavior
of the biopolymer composite, which is essential to optimize
its application in electrochemical devices and technologies.

2. The results obtained show the possible interactions es-
tablished between the starch molecules and the cardol in the
biopolymer composite. The bands corresponding to the OH
groups of starch in the biopolymer composite showed vari-
ations in intensity and position in the spectra with respect
to the starch biopolymer without cardol, which may show
possible interactions by hydrogen bonding between starch

and cardol molecules. The analysis of these interactions
provides information about the structure and properties of
the material, and their understanding is crucial to determine
the efficacy and stability of the compound in different appli-
cations. This evidence supports the feasibility and potential
of using the biopolymer composite as a sustainable and func-
tional alternative.

3. The evaluation of the biodegradability of the biopolye
mer composite, the biodegradation time and the structural
changes registered by means of FTIR offers a compre-
hensive vision of the material’s response to the biological
environment. The biopolymers are completely degraded
after 19 days, showing three well-differentiated stages of
degradation; the first stage between day 0 and 5, the second
stage between day 6 and 13 and the third stage between day
14 and 19. These findings are critical to determining the
sustainability and environmental impact of the biopolymer
composite throughout its life cycle. The information ob-
tained allows informed decisions to be made and promotes
the development of more environmentally friendly materials,
which contributes to reducing waste and promoting more
sustainable practices.
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