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Abstract: The call to use biodegradable, eco-friendly materials is urgent. The use of biopolymers
as a replacement for the classic petroleum-based materials is increasing. Chitosan and starch have
been widely studied with this purpose: to be part of this replacement. The importance of proper
physical characterization of these biopolymers is essential for the intended application. This review
focuses on characterizations of chitosan and starch, approximately from 2017 to date, in one of their
most-used applications: food packaging for chitosan and as an adsorbent agent of pollutants in
aqueous medium for starch.
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1. Introduction

The use of petroleum-based materials has been very effective and has improved our
quality of life. However, the cost of our comfort is being paid by the environment due
to the slow degradation of these materials, causing a huge accumulation of waste. It is
urgent to change these materials of slow degradation and look for eco-friendly ones. In this
research, chitosan (CS) and starch, two polysaccharides, have been extensively studied
with the following purpose: to reduce the wastes from non-biodegradable materials [1,2].

After cellulose, chitosan is the most abundant biopolymer on our planet. This polysac-
charide comes from the deacetylation of chitin, which is mainly present in the shell of
crustaceans, insects, and marine invertebrates [1,3]. Worldwide, the production of cultured
crustaceans reaches 11%, which corresponds to 9.4 million tons (Figure 1) [4]. In this sense,
this industry originates large amounts of wastes containing chitin, therefore, representing
an important source of CS from waste that could be used. Meanwhile, starch is a biopoly-
mer that can be obtained from plants and plant wastes such as tuber wastes. The worldwide
production of products containing starch is huge, generating around 2000 million tons
(Figure 2) [5]; thus, the wastes produced when obtaining starch can be a formidable source
of this biopolymer. Its cheap and abundant qualities make it an attractive material to both
academia and industry.
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Figure 1. Main species cultivated worldwide in 2018 [4].

Figure 2. Starch-containing food products produced in 2019 [5].

Regarding the chemical structure of chitosan and starch, due to their nature as polysac-
charides, both present –OH groups, and CS has –NH2 groups. The presence of these
chemical groups is good since they allow chemical modifications. This characteristic gives
versatility to these biopolymers as it could improve several physical characteristics and
thereby extend the range of applications of these biopolymers. For instance, CS—modified
through the introduction of imine and pyridine groups—was used as bioadsorbent of Cr(IV)
and Cu(II) [6]. Meanwhile, when starch is treated with kaolin at high temperature, a starch
with improved biodegradability properties is obtained [2]. Some of their applications are
encapsulating agent [7–9], bio-adsorbent [10–18], foams [19–24], food packaging [25–33],
and medical applications [34–42] (Figure 3).

Currently, it is well known that chemical modifications provide different, new, and im-
proved materials. The blending between polymers, biopolymers, or composites is a cheap
alternative that allows obtaining the desired material through the interactions. In this way,
chitosan and starch have also been involved in several studies using this technique. These
studies include the combination of biopolymers [43–52] and/or the incorporation of fillers,
such as nanoparticles, fibers, and layers [47–71].

The antimicrobial capacity of CS, along with being biocompatible and non-toxic,
provides unique features to this biopolymer which has been studied in depth with the
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goal of being applied in various fields such as pharmaceutical [72], medicine [41], food
industry [73], etc. This review approaches some characterizations that describe and support
classic methods concerning the use of chitosan in the food packaging industry and starch
as pollutants remover. With this, it is expected to achieve a better understanding of the
physical properties of these biopolymers in these specific fields.

Figure 3. Some chitosan applications.

2. Chitosan (CS)

The focus on biopolymers such as CS has increased due to the shortage of the fossil fuel
reserve and the environmental impact induced by the accumulation of non-biodegradable
plastic-based traditional packaging materials. This serious problem affects not only marine
life but also humans, as microplastics can enter the food chain and eventually harm
health [74]. It has been predicted that the global turnover of bioplastic manufacturing
will increase 2.6 times from 2017 to 2022, reaching US $43.87 [75]. Currently, different
biopolymers are obtained from food waste, which contributes to reducing “waste and
at the same time diversifying food packaging materials. Thereby, CS is an alternative to
synthetic polymers and a raw material for new materials” [76]. It is a natural material
that has undergone widespread research in recent years. Most biopolymers, such as CS,
are inherently weak regarding their physical, mechanical, and thermal attributes when
compared to widely used petro-based polymers (i.e., polyethylene, polyvinyl alcohol,
polystyrene) [77]. In the specific case of chitosan-based compounds, they become relevant
because of their applications in food packaging and because they can be used in different
ways [78–80].

The use of biopolymers on a large scale is still limited, “due to its high cost and lower
performance based on poor barrier against water vapor; lower thermal, optical and mechan-
ical properties when compared to traditional petroleum-based plastics” [81]. The versatile
structural and magnificent characteristic of CS, as well as chemical modifications and
nanobiotechnology creativity, permit the development of a series of chitosan-based nano-
materials and composites with interesting properties [82]. Below are a series of analyses
used to characterize chitosan-based films, including their mechanical, physical, and thermal
properties, among others.

2.1. Mechanical Properties of CS

Investigating the mechanical properties in food packaging is very important since,
by knowing them, their adequate application is possible. The requirements concerning
the mechanical properties of packaging are good tensile strength, flexibility, necessary
elongation, and resistance to drilling, to generate a physical barrier and providing a longer
shelf life to the food [83]. To verify that a material possesses good characteristics for use
in food packaging, one or more of the reference parameters listed below can be used:
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maximum stress (tensile strength, TS) (MPa), Young’s modulus of elasticity (EM) (MPa)
from the stress-strain curves, and film extensibility (elongation at break, %EAB) from the
force–distance curves are determined using Equations (1)–(3), respectively.

TS(MPa) = Fmax/A0 (1)

EAB (%) = [∆l/l0]× 100 (2)

EM = L0 (F2 − F1)/A0 (δ2 − δ1) (3)

where Fmax is the maximum load for breaking the film (N), Ao is the initial specimen
cross-sectional area (T × W mm2), and ∆l is the change in length from the original length
(l0) of the specimen between the grips. The force (F1, F2) and displacement (δ1, δ2) values
were obtained using the linear portion of a plot of displacement against force [84].

CS film with various concentrations of green-synthesized silver nanoparticles (AgNP)
(100–400 µg) incorporated was developed by Mohamed and Madian [85] to obtain im-
proved mechanical and antimicrobial properties. The authors indicate that the mechanical
properties of the CS film with AgNp (300, 400 µg) showed improved mechanical properties
over the CS film, so the incorporation of a specific agent could improve the mechanical
properties of the neat CS. Traction tests—developed by Almeida et al. [86]—were car-
ried out for the mechanical characterization of the films tensile strength, elongation at
break, elastic modulus of films-based CS, sodium acetate (NaA), and galactomannan (Gal).
The values of the TS, EAB, and EM indicated that the films with Gal show lower values of
EAB regarding CS and CS-NaA films, meanwhile with the addition of NaA had a lower
EAB value (CS-Gal-NaA: 67.11 ± 0.89%), showing the statistical difference from the other
films with p < 0.05. They observed that the most resistant packaging is the least flexible,
showing lower EAB values. CS films exhibited the highest values of EAB and the lowest TS
values. When NaA compound was incorporated a decrease in the value of TS of CS films
(p > 0.05) was observed. The above “suggests that the incorporation of NaA compounds in
the CS films generate to a decline in the intermolecular interactions” of the films. In this
way, the crystallinity of the polymeric material is a parameter that must be taken into
account since, an increase in the crystallinity of films can be associated with elastic with
higher values of EAB and more breakable with lower values of TS films. Thus, the EM is
a signal of the stiffness of the material, therefore, the larger the modulus, the more rigid
the material.

Another analysis of mechanical properties carried out under the standard ASTM
(American Society for Testing and Materials) D882 method through a testing machine
shows that concerning the stress-strain curve of chitosan-based films with added gelatin
(ge) and Quercetin/starch (Q). In this study, the mechanical properties of CS-based films
were notoriously changed. TS value of the pure chitosan film was 10.54 ± 0.0565 MPa.
With the addition of ge and Q, TS increased to 16.10 ± 0.1414 and 17.11 ± 0.3464 MPa,
respectively. They found that higher TS in chitosan-based films could be due to better
affinity of mixed CS and ge/Q. The increase observe of TS could also be related with the
increased structural interaction between CS and Q. Besides, after the incorporation of ge/Q
into the CS film, the EAB of the chitosan films reduced notoriously. The EAB of pure CS film
was 11.04 ± 0.0565%, which decreased to 9.34 ± 0.4242 for CS-ge film and 5.100 ± 0.3162%
for CS-ge-Q film. This could be due to the increased stiffness of CS-based films, considering
that the formation of microspores and holes in the films because of the incorporation of
Q which is observed from the superficial analysis [87]. The results of the incorporation of
active agents, such as essential oils (e.g., eugenol (EU)), into the CS film on the mechanical
properties have been studied by Zheng et al. [88]. They investigated TS and EAB for CS,
CS-Acorn Starch (AS), and CS-AS-EU films. When CS-AS films were measured, they found
that the TS values were higher regarding CS film. This increase in TS values of the film
would be related to the intermolecular forces generated like hydrogen bonds between the
NH3

+ of CS and the OH− of AS, thus enhancing the density of the final material. The EAB
parameter value of the films were markedly changed due to incorporation of the AS. On the
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other hand, the EAB value partially decreased (68.5% to 60.4%) as the mass ratio of AS
to CS increased by 0.9, showing a marked decrease in EAB and a further increase in AS
contents.

Despite, the fact that different initiatives propose to develop biodegradable plastics,
the mechanical and/or transport properties of these materials are parameters that still need
to be improved to replace conventional plastic packaging materials and dispense with
them entirely [89].

2.2. Barrier Property

In general, the barrier properties are defined as a module used to study the perfor-
mance of films and/or packaging in food preservation. Among the barrier properties
are oxygen barrier, water vapor, and light barrier property, the first two being the most
relevant. The above are closely related to processes such as oxidation, microbial growth
and food spoilage [90].

2.2.1. Water Vapor Permeability (WVP)

The prevention of transfer moisture between food and the surrounding atmosphere
is one of the main goals of food packaging materials. In this sense, the water vapor
permeability (WVP) value must be very low [91]. Water vapor from the surrounding
atmosphere can transfer to packaged foods, threatening the shelf life of foods by affecting
quality and causing spoilage. The transfer of water either from or to the packaged food
can negatively affect food products, generating changes at the structural and/or sensory
level of these. WVP quantifies the amount of water that diffuses through the film per unit
area and time (g/s m Pa), depending on the thickness and the differential pressure of
the film [92]. WVP is calculated according to the combined Fick and Henry laws for gas
diffusion through films, using Equation (4):

WVP =
∆w·x

∆t·A·∆P
(4)

where ∆w/∆t (g/s) is the flux measured as weight loss of the cell per unit of time, x (m) is
the film thickness, A

(
m2) is the exposed area, and ∆P (Pa) is the water vapor-pressure

deficit. WVP values are obtained gravimetrically following the ASTM Standard Test
Method E96 [93].

Lyn et al. [94] elaborated CS films with the incorporation of graphene oxide (GO).
They observed that for neat CS films, WVP decreased slightly (p ≥ 0.05) with the increasing
heating temperature. This could be due to thermal crosslinking within the CS matrix,
which increases tortuosity in the CS matrix. In the films with GO incorporated to CS matrix
(CSGO) WVP decreased (p < 0.05). The researchers observed that temperature is a factor to
consider, since they subjected the CSGO films to a thermal sweep between 60 and 120 ◦C
and that the values obtained from WVP were significantly lower (p < 0.05) than when the
films they were heated to 30 ◦C. The authors indicate that the findings of other authors
have found similar results and attribute the decrease in WVP to a denser film matrix due
to intense structural collapse when the film was heated to a high temperature.

In another work, Lin et al. [92] showed that the moisture permeability of composite
films based on chitosan/okra powder/nano-silicon airgel compound increased slightly
with increasing content of CS and nano-silicon airgel, but with a low difference. Based on
its chemical structure, CS showed a better interaction with water molecules and aids in the
transport of water vapor molecules through the film. At the same time, they observed a
better desorption and adsorption of H2O molecules due to the incorporation of glycerol,
which acts as a plasticizer. Consequently, due to the increase in CS, the hydrophilicity of
the final material increased, which caused the dissolution of a significant part of the water
vapor in the film and, therefore, the increase of the WVP value.
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2.2.2. Oxygen Transmission Water (OTR)

Oxygen causes a change in the quality of food if it enters the inner package. Oxygen
permeability or oxygen transmission rate can measure the oxygen barrier characteristics
of films: where the permeability or transmission higher, the poorer oxygen barrier prop-
erty. Low oxygen transmission water (OTR) values indicates quite good oxygen barrier
properties. Regarding CS-based films, it has been found that these have similar oxygen
permeability values to the commercially available food packaging ethylene-vinyl alcohol
copolymer films or polyvinylidene chloride films [90]. Oxygen permeability (OP) of films
is determined using an automated oxygen permeability testing machine following the
standard method (ASTM D3985-05, 2005). One side of the film sample is oxygen, and the
other side is nitrogen. OTR and OP are calculated according to Equation (5):

OP = OTR × d
∆P∗ (5)

where d is film thickness (mm), and ∆P* is the partial pressure of oxygen [95].
Narasagoudr et al. [96] developed active packaging films based on CS, poly(vinyl

alcohol) (PVA), and boswellic acid (BA). They evaluated the effect of BA compound
on several properties of CS/PVA (CPBA) based active films. In this study, the OTR
values of the CS film was 1197, film poly(vinyl alcohol) (PVA) 480, and CS/PVA film was
691 cc/(m2·d·atm). The OTR of the CPBA films ranged from 219.70 to 245.53 cc/(m2·d·atm).
They observed that the incorporation of BA into the CS/PVA matrix significantly decreased
the OTR values of the CPBA active films. The described fact could be attributed to the
hydrogen bonds present in the final material. This study demonstrates that in the case of
CS-based films, the barrier properties can be improved with the incorporation of various
components chemically compatible with the CS polymer matrix.

2.3. Optical Properties

Among the optical properties, color and opacity are considered. Both are important
parameters in the appearance of packaged foods since they affect the degree of acceptance
by the consumer [97]. In the case of color, the luminosity values (L*) and chromatic
coordinates (a* and b*) of the film are evaluated by reflectance measurements. Here,
L* ranging from black to white, and the horizontal axes, indicated by a* and b*, ranging
from −a*: greenness, −b*: blueness, to +a*: redness, +b*: yellowness. The values of a* and
b* approach zero for neutral colors and increase as the color becomes more chromatic and
more saturated [86].

Color difference (∆E∗) is calculated by Equation (6):

∆E∗ =
√
(∆L∗)2 + (∆a∗ )2 + (∆b∗)2 (6)

where: ∆L* = Lstandard∗ − Lfilm∗; ∆a = astandard∗ − afilm∗; and ∆b∗ = bstandard∗ −
bfilm∗ [97].

In a study, a CS film based was developed, where zinc oxide (ZnO) particles (0, 1,
and 3% (W/V)) and Melissa essential oil (MEO) (0, 0.25, and 0.5% (W/V)) were used with
the aim of improving the biopolymer properties. The film color study using a colorimeter
showed that pure CS film has a clear, yellowish appearance. Meanwhile, the composite
films exhibited a great difference when compared with the pure CS films. With the in-
crease of the concentrations of Melissa essential oils and zinc oxide they observed that the
brightness parameter L* decreased. The researchers concluded that this result is due to the
phenolic compounds present in the films which have the spectroscopic characteristic that
can absorb light at low wavelengths. In a study that used the same EO in a mucilage film,
similar results were obtained. They observed that with increasing concentrations of MEO
and zinc oxide nanoparticles, the value of a* increases, and the color of the samples tends
to be red. The color of the films tends to yellow when the concentration of MEO increases.
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On the other hand, the films with high concentrations of zinc oxide results clouded. This
result can be due to the agglomeration of zinc oxide Np in the CS films [98].

Reflectance measurements are used to describe the opacity of a material. Besides,
opacity allows measuring light transmittance of the films, through an ultraviolet–visible
(UV–Vis) spectrometer in the wavelength range of 200–800 nm. Film opacity is determined
by measuring absorbance at 600 nm and calculated by the Equation (7):

Opacity =
A600

t
(7)

where A600 is the absorbance at 600 nm wavelength and t is the thickness of the film
(mm) [99].

Xu et al. [100] developed CS-gum arabic-based polyelectrolyte films complexed with
cinnamon essential oil (CEO) and clove essential oil (CLO). They analysed the opacity,
observing an increase from 0.71 to 2.53 when the CEO increased (0% to 15%) in the polymer
matrix. These results could be attributed to the increased intensity of light-scattering
induced by the increasing size of CEO and CLO droplets within the film matrix, therefore,
the changes in the opacity parameter are due to the increase in oil in the polymer matrix.
Regarding films containing CLO, they resulted in the most transparent. While the addition
of CEO increased the yellowish color of control films, which interfered in of Schiff-base
reaction between CS and CEO. They concluded that this organic reaction between CS and
CEO would help the chemical compatibility of the CS/CEO film. Base opacity of CS films
can increase or decrease depending on the active agent that is incorporated into the matrix
of the polymer and the greater or lesser affinity they have with it. Both color and opacity of
food containers are relevant factors for the choice of consumers. In addition, the opacity
parameter plays an important role in sensitive to light foods.

2.4. Antimicrobial Activity

CS is biopolymer that has outstanding antimicrobial activity against several mi-
croorganisms such as bacteria (Gram-negative and Gram-positive), filamentous fungi,
and yeast [101,102]. Many studies have investigated and demonstrated the antimicrobial
properties of CS, however, the mechanism of action is still diffuse [103]. In contrast, the an-
tibacterial activity is a complex process that most of presents differences in effectiveness
between Gram positive and Gram-negative bacteria due to the different characteristics of
the cell surface [104]. Rapa et al. [105] studied the effect of the biopolymer CS concentration
on the properties of films containing poly (lactic acid) (PLA) plasticized with tributyl
O-acetyl citrate (ATBC). The samples were arranged as films and sheets (PLA/CS and
PLA/ATBC and samples of neat PLA) to evaluate the changes in their properties and in the
antimicrobial activity of these, especially with respect to the antifungal and antibacterial
activity. The antifungal capacity was evaluated in Petri dishes with potato dextrose agar
(PDA), directly exposing the samples and evaluating inhibition halos and in the case of
antibacterial analyzes, they were carried out based on the ISO 22196 standard.

In the case of the antifungal analysis, they evaluated the inhibition of the growth of
different fungi such as Aspergillus brasiliensis, Fusarium graminearum and Penicillium cory-
lophilum against the samples. The results regarding the inhibition rate (% IR) at the contact
surface were expressed as a percentage. % IR against the fungus Aspergillus brasiliensis var-
ied between 99% and 100% in the contact surface for both samples composed of PLA/CS,
in the form of films and sheets, and they were compared with samples without CS. In all
the cases analyzed, the % IR values were higher for the sheets than for the film samples.
They observed that with the increase in the amount of CS in the films, the % IR values
increased from 99.91% to 100%.

On the other hand, % IR against the fungus Fusarium graminearum were between
84.16% and 100% at the contact surface. By increasing the amount of CS in the mixture
they observed that the value of % IR 84.16 increased to 99.41% and finally, for Penicil-
lium corylophilum they obtained IR between 94.5% and 100%. Based on the results obtained
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it is possible to specify that both the amount of CS present in the mixture, as well as
the form (film or sheet) influences the % IR against the microorganisms tested. In the
case of antibacterial analysis, they analyzed the effect of PLA samples with chitosan on
Staphylococcus aureus and Escherichia coli. Samples (films and sheets) containing 1% or 3%
CS showed a potent antibacterial effect, thus reducing approximately 2.7–2.8 log units
compared to control or untreated PLA. In this case, the effects were diminished to values
of 1 log unit when increasing the CS to 5%. The antimicrobial effect observed for E. coli
was greater than for S. aureus. All samples containing CS showed excellent antimicrobial
effect [106–109]. This study shows, on the one hand, that CS would be effective against
more than one type of microorganism, filamentous fungi, as well as bacteria, but in the
case of bacteria a greater activity against Gram-negative.

2.5. Heat Resistence

Commonly, thermal properties of polymers are studied through differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) [110]. In food packaging it is
very important to quantify these properties with the aim of knowing the thermal stabil-
ity of the materials that will be part of the food packaging system [111]. For thermal
analysis, integrated DSC and TGA equipment or independent equipment can be used.
Aguirre-Loredo et al. [112] studied glass transition temperature (Tg), related to the plas-
ticization in biopolymers, such as CS. Tg indicates the temperature region at which a
polymer changes from a solid state to a viscous state. In food packaging, changes in Tg is a
pretty important parameter that can affect the quality of the product. They found that the
glass transition temperature can change depending upon the composition and moisture
content of the material.

Meng et al. [113] analyzed the thermal properties of starch-chitosan based films
through DSC. First, a starch/chitosan film was observed showing the classic endothermic
peak (95.81 ◦C) due to loss of water. Then, in the case of starch/chitosan films with peanut
shell (in three different concentrations), for each of them they reported an endothermic
peak with a higher temperature area, whose values fluctuate between 108.33 ◦C, 140.90 ◦C
and 150.93 ◦C, respectively, as the concentration of the peanut shell in the starch/chitosan
matrix increased. This result indicates that films with incorporated peanut shell extract
are more thermally stable. However, different results were obtained when peanut skin
extracts were incorporated into starch/chitosan films. As the concentration of this extract
increased the endothermic peak decreased. The investigators indicated that this behavior
can be explained through hydrogen bonding which is destroyed in the film matrix due to
the high content of peanut skin.

Kizilkonka et al. [58] developed chitosan-based composite films with the incorporation
of cerium oxide nanoparticles (NPs). They studied the thermal behavior of the films through
TGA measures finding two main weight loss regions of the films. Thermal decomposition
was observed between 180.24 and 460.97 ◦C, and this was attributed to dehydration of the
saccharide rings, depolymerization, and decomposition of the acetylated and deacetylated
units of the CS.

In a study by Koc et al. [114], they used a mushroom extract from Tricholoma terreum
(edible mushrooms) to produce CS-based films. They studied a series of variables and
parameters between those jointly studied by DSC (Figure 4A) and TGA (Figure 4B). In the
DSC analysis, they observed the glass transition temperatures of both pure CS films and CS
films with antifungal extract. In Figure 4A, it is possible to observe endothermic peaks for
both films at 74 and 108 ◦C respectively. These thermal events could be attributed to the loss
of water from the films in the free state. Then other thermal events were observed linked
to the glass transition temperature of CS at approximately 150 ◦C, and in the case of the CS
film with antifungal extract this value was increased (195 ◦C). These variations could be
explained based on the increase in the number of hydroxyl groups forming intermolecular
hydrogen bonds. At the same time, it was possible to observe a crystallization phenomenon
of the films of pure CS and of CS with extract around 273 and 302 ◦C, respectively.
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Figure 4. (A) Differential scanning calorimetry (DSC) thermograms of (a) chitosan and (b) chitosan with extract fungi
incorporated in films; (B) (a) thermogravimetric analysis (TGA) and (b) DTGA (derivative thermogravimetric analysis) of
chitosan and chitosan with extract fungi incorporated in films. (Reprinted from ref. [114]. Copyright 2020 with permission
from Elsevier).

In the case of TGA (Figure 4B) for the same samples mentioned above, three mass
drops were observed for the pure CS film and four in the case of the film with extract.
In both cases the first degradation was associated with unbound water (30–100 ◦C), the sec-
ond drop in mass was associated with the degradation of the plasticizer used 157 ◦C and
199 ◦C respectively, a third degradation was associated with the decomposition of CS
(266 ◦C and 257 ◦C), a value that varies according to the source of CS and other factors
additional to its processing. A fourth mass loss was observed only in those films that
contained the extract (above 270 ◦C).

DSC and TGA were used to study the effect of agents on the stability of composites.
The thermal degradation of the films was changed to higher temperatures with the incor-
poration of components, this indicates that adding components (such as nanoparticles,
essential oils, other polymers, etc.) into the film matrix generates a thermal stabilization of
the final material [114,115].
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2.6. Biodegradation

Eco-friendly materials have become preferred alternatives both by the industry and
consumers as part of food packaging, reducing the use of materials derived from fossil
fuels. This is because it seeks to reduce the environmental impact of the tons of waste that
are generated in the world [116]. The biodegradation process can be in accordance with
ASTMD5338-15 [117]. Deshmukh et al. [99] prepared and characterized films based on CS,
plasticizer (glycerol), and defatted Chlorella biomass (DCB) in terms of biodegradability.

They observed that the films initial structural integrity was missing. The films showed
holes and loss of shape. The above indicates that the films react with the soil. The authors
confirmed the structural and morphological changes by scanning electron microscopy
(SEM) analysis. Surface degradation of pure chitosan film and CS/25% DCB film was
found before (0 days) and after 60 days of the test of being in contact with the soil. This
indicates that there was a degradation of the films caused by microbes in the soil. The total
weight loss of the samples is measured after the incubation period using Equation (8):

Weight Loss ( % ) =
W1− W0

W0
× 100 (8)

where W1 is the final weight of the specimens after incubation and W0 is the initial weight
of the specimens before incubation [118].

Zhu et al. [119] investigated the characteristics of polyelectrolyte complex (PEC) of
chitosan and sodium cellulose sulfate (NaCS), focusing on the biodegradeability of CS,
NaCS, and chitosan/NaCS PEC films with pepsin, trypsin, lipase, alpha-amylase, and cel-
lulase. The authors mention that previous studies on the degradation of chitosan indicate
that the lytic activity of CS and the kinetic parameters of enzymes from different sources
(even those of origin) change. For example, Aspergillus oryzae lipase, exhibited relatively
low chitosan lytic activity, but Aspergillus niger lipase showed chitosan lytic activity com-
parable to chitosanase. Therefore, the speed and effectiveness of the degradation process
will depend on the environment where it is carried out. Gan et al. [120] developed the
cross-linking of cellulose nanocrystals (CNC)/CS composite films with glutaraldehyde
(GA) as the cross-linking agent. To evaluate the biodegradation process, they used solid
state fermentation to determine the ability of fungal isolates (Ophiocordyceps heteropoda,
Enterobacter kobei and E. roggenkampii) in the degradation of the films. The filamentous
fungi were cultured on PDA agar for more than a week at 30 ◦C. When evaluating the
weight losses of the uncross linked and crosslinked CS 2composite films, an approximately
linear relationship with biodegradation time was observed. The greatest weight loss was
presented by the uncross linked pure CS film, and it was approximately 72% after 15 days
of being in the soil.

The study shows that the degradation rate decreases in the composite films that
containing CNC. Other authors also studied the biodegradation of CS samples but in
compost. After 7 days of incubation, the CS films show remarkable physical changes
such as swelling and were completely covered with the white mycelial growth of the
compost microorganisms. Over the next 15 days, the samples showed a rapid disintegration.
However, CS films were able to disintegrate only after five weeks [121].

3. Starch

For some time, starch has been highlighted as a great alternative [10,12,30,37]. The rea-
sons for the interest in using starch are its low cost, biocompatibility, non-toxicity, and easy
chemical modification. Clearly, among these characteristics, their chemical structure is one
of the most attractive, since offers a lot of possibilities to improve or incorporate certain
properties according to each particular application [20,21,31,32]. As was reviewed in Sec-
tion 1, starch has been used for different purposes, in many ways from blends to composites
(Figure 5). Nowadays, given complex environmental problems is necessary to open the
doors to the use of biopolymers and the properties of starch make it an excellent alternative.
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Figure 5. Use of starch as remover pollutant in different ways.

3.1. Starch as Pollutants Remover

Nowadays, the scarcity of water is a problem that many industries must face. Unfortu-
nately, industrial growth causes a huge discharge of polluted water, and much of this water
is not treated before disposal. Industrial water contains pesticides, heavy metals, toxic
dyes, organic and inorganic pollutants, and much more. In this context, heavy metals can
cause serious damage to living organisms, dramatically affecting the ecosystem of various
species. In animals and humans, they can produce the disruption of enzymatic functions
resulting in serious health consequences [122].

The use of adsorption as a method for removing pollutants is attractive due to its
low cost, high efficiency, and easy procedures. The use of starch—whether it is chemically
modified, blended, or in composites—as an alternative contaminant removal material
has been studied [123–127]. Various techniques are usually developed to characterize
this type of systems. Among them are adsorption studies, Fourier transform infrared
spectroscopy (FT-IR), X-ray diffraction (XRD), SEM, transmission electron microscopy
(TEM), and adsorption kinetics. These characterizations definitely help to understand
the performance of starch as an adsorbent agent. However, in recent years, there have
appeared other characterizations that could offer a larger understanding regarding the
physical properties of adsorbent agents. Below, we will review some of them.

3.2. Superficial Analysis
3.2.1. Energy-Dispersive Spectroscopy (EDS)

The energy-dispersive spectroscopy technique is an experimental method that allows
semi-quantitative measurement. This superficial technique is used as a complementary
characterization of SEM, coupled according to sample requirements. In the study by
Chen et al. [128], CaCO3 was added on the surface of starch-FBO (ferromanganese binary
oxide) to form Ca-starch-FBO, aiming to improve the adsorption capacity of Cd(II) and
the removal of As and Cd at specific pH conditions. The EDS results showed that the
distribution of Ca, As, and Cd was similar. Fe and Mn that were used during the treatment
also were recorded. The latter might affect the adsorption of the material of interest.
A ternary complex could be formed, which would affect the adsorption capacity due to
competition for active sites in the adsorbent material. FT-IR corroborates this assumption.

Cellulose nanofibers (CNFs) can be used as adsorbent material. Baghbadorani et al. [15]
treated cellulose nanofibers on starch-g-poly(acrylic acid) (St-g-PAA) for Cu2+ elimination
in an aqueous medium. This composite improved the adsorption of ions in the study.
Characteristic such as the negative charge of CNFs and their large surface area allowed the
composite to reach its goal. EDS characterization was performed to confirm Cu2+ removal.
They observed that there is 52.89 wt% on the surface of the composite prepared (Figure 6).

In another study about Cu removal (II) from aqueous media, Dai et al. [129] elaborated
a hydrogel containing sodium alginate and 2-hydroxy-3-isopropoxypropyl starch. Once the



Polymers 2021, 13, 1737 12 of 25

hydrogel and Cu(II) were in contact, they used EDS characterization to verify the presence
of Cu(II) in the hydrogel surface. The results of this technique showed that Cu(II) was
successfully adsorbed by the hydrogel prepared. They also observed that the hydrogel
maintained its signal after the adsorption of Cu(II). This indicates a good stability of the
hydrogel used. A novel material constituted by stable starch with loaded nano zero-valent
iron was developed by Yang et al. [130] to remove Cr(VI) from wastewater. They used the
EDS method for studying Fe distribution. In this sense, they observed that the distribution
of Fe onto stable starch was uniform.

3.2.2. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a compound analysis quantitative tech-
nique that measures surface elemental composition. XPS can be useful for adsorbent
characterizations as it might clarify the adsorption mechanisms involved. Mittal et al. [131]
developed a new magnetic adsorbent using Fe3O4 nanoparticles and starch as a carbon
source. The deposition of nanoparticles, Fe3O4, onto the surface of carbonized starch was
confirmed through XPS analysis. Hg2+ is a long-lasting toxic metal that causes serious
damage by accumulating both in the environment and in humans. Human activities in
industrial areas are responsible for this pollutant. In this regard, Naushad et al. [132]
developed starch/SnO2 nanocomposites for the removal of Hg2+ from aqueous media.
Through XPS characterization, they found that the adsorption of Hg2+ was carried out at
superficial level, meaning that Hg2+ was adsorbed onto the nanocomposites. They also
verified that Hg2+ did not change its oxidation state.

Figure 6. Energy-dispersive X-ray spectroscopy (EDX) elemental analysis of cellulose nanofiber (CNF)-treated hydrogel
after ion adsorption (initial Cu2+ concentration of 0.4 g/L, adsorbent dosage of 0.3 g/L, pH level of 5). (Reprinted from
ref. [15]. Copyright 2019 with permission from Elsevier).

On the other hand, mechanisms involved in adsorption can also be elucidated using
the XPS technique. In this way, Fu et al. [133] developed an adsorbent from a starch-based
polysulfide complex material with the aim of capturing Hg(II) and then converting the
absorbent material into a catalyst. Through XPS, they proposed a possible mechanism
of adsorption. Firstly, XPS showed that Hg(II) was successfully adsorbed. Then, they
observed that O, N, and S are involved in Hg adsorption. The researchers proposed
that several factors are involved in the adsorption of mercury such as metal chelation,
complexation, and electrostatic attraction. Figure 7 details the above.

The adsorption of gold becomes interesting since this element is a non-renewable
precious resource. This metal is used in several applications, mainly for electronic and
catalysis applications. In this sense, there is a large amount of electronic waste containing
gold that causes serious damage to the environment. Thus, Liu et al. [134] prepared a
composite through a crosslinking reaction between tannin acid and dialdehyde corn starch
to be used as bio-adsorbent and remove Au(III) from wastewater. The XPS technique was
used to try to elucidate the mechanism of Au adsorption (III) on starch-based composite.
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They found that when the adsorbent was added into the Au(III) solution, electrostatic
interactions were produced. Then, a redox reaction was carried out where hydroxyl
groups of adsorbent were oxidized to carbonyl groups, while Au(III) was reduced to Au(0).
The latter could be observed since gold particles were detected in the bio-adsorbent surface.

Xue et al. [135] developed a film consisting of CdS and carboxymethyl starch with the
aim of removing certain dyes from water. In this case, they used XPS to establish what type
of interaction was between CdS and modified starch (Figure 8). In this sense, they observed
that CdS interacts with carboxymethyl starch (CMS) through electrostatic interactions.
There is no chemical bonding involved. Based on this literature, it can be observed that
the use of the XPS technique is a great complement to both verify the adsorption of the
substance of interest and elucidate the adsorption mechanisms involved.

Figure 7. The adsorption mechanism of Hg(II) ions removed by polysulfide complex material starch
based. (Reprinted from ref. [134]. Copyright 2021 with permission from Elsevier).

3.2.3. BET (Brunauer–Emmett–Teller)

BET (Brunauer–Emmett–Teller) theory is a method used to study the adsorption phe-
nomena on solid surfaces. Although BET is not a new technique, its use as a complementary
technique for studying pollutant adsorbent materials has increased in recent years. It cer-
tainly is a technique that should be included in the characterization of this type of material
since, through this characterization, it is possible to know the porosity type of the adsor-
bent material and thus achieve an appropriate application. Mittal el al. [131] developed a
magnetic carbonaceous adsorbent from corn starch. BET studies showed wide distribution
of pore size generated in the adsorbent surface. In this study, it was observed that the
magnetization involved improved the porosity with a higher surface area. Pore volume
was improved too. Therefore, BET characterization allowed the observation that the porous
structure of corn starch was enhanced with the incorporation of Fe3O4 nanoparticles for the
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adsorption of cationic dye from wastewater. In another work, Stan et al. [136] modified the
starch surface with Fe3O4 magnetic nanoparticles prepared through an environmentally
friendly synthetic route. In this work, BET results showed a higher surface area in starch
with nanoparticles when compared to starch without nanoparticles. The type of porous
corresponded to mesopores and the average pore size radius was 12.55 nm.

Figure 8. (a) Typical X-ray photoelectron spectroscopy (XPS) wide scan spectra, (b) Cd 3d and (c) S 2p XPS spectra of CdS,
CMS, CdS/CMS-1, CdS/CMS-2, CdS/CMS-3, and CdS/CMS-4. (Reprinted from ref. [135]. Copyright 2020 with permission
from Elsevier).

Furthermore, Tao et al. [123] modified starch with ZnMgAl-LDHs (LDHs: Layered
double hydroxides) to improve the adsorption properties of starch. They observed that
the surface area had increased, however, the excess of starch generated a collapse in the
hydrotalcite structure resulting in the reduction of adsorption capacity of the material.
Priyanka and Saravanakumar [124] designed a novel starch-derived zinc-carbon foam-like
(Zn-CFst) material to adsorb different dyes. BET analysis indicated a highly mesoporous
surface with an average pore diameter of 31 Å. The adsorbent efficacy markedly improved
due to the pore diameter and mesoporous surface. These are both quite important for quick
and efficient dye adsorption.

3.3. Magnetic Properties

The use of magnetic material such as nanoparticles (for instance, Fe3O4) is steadily
increasing in the world of starch-based adsorbents. The purpose of this is to stabilize the
tendency to aggregation of nanoparticles through the development of biopolymer coatings.
In this sense, the vibrating sample magnetometer (VSM) method was used to measure
the electromagnetic properties of different materials containing magnetic structures. This
characterization can provide important information regarding the stability of the magnetic
properties of material incorporated into starch.

In the previous section, we reviewed the work by Stan et al., [136] who developed a
green remover to remove dyes using starch coated magnetic nanoparticles. Through VSM
measurements, they observed that the saturation magnetization values decreased regarding
non-stabilized Fe3O4. This result could be attributed to the starch coat. Meanwhile, lower
saturation magnetization values were observed after the adsorption of dye. Aiming for
water remediation, Perez et al. [137] developed a material based on manganese ferrite
(MnFe2O4) nanoparticles covered with starch. Magnetization measurements of the starch-
coated MnFe2O4 showed a decrease in saturation magnetization regarding MnFe2O4
nanoparticles, which could be due to functionalization with starch.

Starch-stabilized zero-valent iron nanoparticles were synthesized by Okuo et al. [138]
with the purpose of being used as potential synthetic immobilizing agents in the reme-
diation of soils contaminated with Pb, Cr, Ni, and Cd. VSM analysis showed that starch-
stabilized zero-valent iron nanoparticles were superparamagnetic. This characteristic
indicates the great stability of this material, both thermally and chemically.

Gong et al. [139] developed magnetite (Fe3O4) nanoparticles using starch as stabilizer
for the removal of aqueous perfluorooctanoic acid (PFOA). This acid is widely used in
manufacturing industry. Unfortunately, it is a species listed as persistent, being detected
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both in the environment and human beings. PFOA shows bioaccumulation, toxicity, and
resistance to typical environmental degradation processes. The magnetic properties of non-
stabilized and starch-stabilized magnetite were measured. The saturation magnetization
value was lower in starch-stabilized Fe3O4 than in non-stabilized Fe3O4. They attributed
this difference to the size effects. The surface/volume rate of starch-stabilized nanoparticles
is large, which could have structural effects resulting in magnetic differences between
starch-stabilized Fe3O4 and non-stabilized Fe3O4.

Another study worked with Fe3O4 nanoparticles using starch-salicylaldehyde based
nanocomposites and salicylaldehyde resin as stabilizer for their potential application as
Pb(II) and Cd(II) adsorbents in aqueous solutions [122]. VSM characterization showed,
as we have seen previously, that the saturation magnetization value in stabilized-Fe3O4
nanoparticles is lower than in non-stabilized-Fe3O4 nanoparticles. These results indicate
that the magnetic properties in stabilized-Fe3O4 nanoparticles nanocomposites are still
valid and can be removed from the matrix after the adsorption process. The use of mag-
netic adsorbents for the removal of aqueous pollutants has gained attention as it allows
for their easy separation through the application of a magnetic field. In general, in the
studies reviewed, it can be observed that the magnetic properties of the nanoparticles used
were maintained.

3.4. Molecular Dynamics (MD) Simulation

Molecular dynamics is a computational simulation technique developed through
approximations of known physics in which both atoms and molecules interact over a
period, giving a vision of the movement of the particles. These simulations are frequently
used in research related to proteins and biomolecules, as well as other materials studied
by science.

One of the investigations in this area is the work carried out by Mofradnia et al. [140],
who studied the efficacy of starch-modified zero-valence iron nanostructure for nitrate
removal. They simulated the effect of zero-valence iron/starch nanoparticles in contact
with Thiobacillus dinitrificans for the removal of nitrates, using materials study software,
based on thermodynamic principles and appropriate equations, through a simulation of
molecular dynamics.

For the optimization of the work, the structure of Thiobacillus denitrificans, they suggest
extracting it from the RCSB (Research Collaboratory for Structural Bioinformatics) database,
doi:10.2210/pdb3sb1/pdb. On the other hand, nitrate structures and starch molecules
they since from the PubChem molecular bank. Subsequently, they added starch molecules
to zero valence iron nanoparticles with the intention of increasing the stability of the
adsorbent and preventing the oxidation of the nanoparticles. With this they found that the
starch fulfils a membrane function for the surface of the iron nanoparticles, also protecting
the structure of the nanoparticles closest between the microorganism and the zero-valence
iron nanostructure. This caused the reactivity of the nanoparticles to increase when starch
molecules are added for the elimination of nitrates.

The structures designed them based on microorganisms in an aqueous medium, where
the accumulation of its components was carried out through a module of amorphous cells
tools and a compass force field at a constant pressure of 101.325 kPa and a temperature
of 298 K. On the other hand, the percentage ratio was 45.3% nitrate and 54.7% water.
In addition, they used the periodic boundary conditions (PBC) for the proper distribution
of the components in the box and the unwanted parameters were optimized to 10,000
energy units.

For the final investigation of molecular dynamics, they used the Forcite module with
the dynamic operating tool and the compass force field. To avoid computational interfer-
ence, they suggest that the system be neutralized early in the process. The calculations
were simulated at constant temperature using the NVT computational equation and the
Nosé–Hoover equation (NHL), where they selected an adequate temperature control based
on the presence of nanoparticles in the system. To condition the system to simulate the
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experimental conditions, they established that all parts of the system were at ambient
pressure. Each of the steps were performed at 5 ps and the calculations at 1 fs intervals.

To present the results of the predictions made in this research, they conducted studies
based on radial distribution (RDF), density, potential energy, and temperature. One of
these results showed the simultaneous increase in nitrate removal efficiency when the
zero-valence iron/starch nanoparticles and Thiobacillus dinitrificans were present, reaching
91%, compared to when there were no nanoparticles in the system, reaching only 44.44%,
verifying that the removal of nitrates increased considerably with the presence of nanopar-
ticles, also increasing the stability of the system. Then, the extracted results indicated that
the density reached 1.65 g/cm3 in the presence of the nanoparticle, much higher than that
calculated in the absence, reaching a value of 0.82 g/cm3.

Another work that used a molecular dynamics (MD) simulation was carried out by
Cui et al. [141], where they simulated the relationships between the mixtures of starch,
urea and water using GROMACS 5.1.4. They introduced a starch fragment containing 55
glucose residues, with structures similar to a helix, to simulate the real structure of starch
and represent its characteristics and properties, saving computational resources.

On the other hand, the glucose force field was modified from the OPLSAA (Optimized
Potentials for Liquid Simulations all atom) force field for carbohydrates, suitable for the
model molecule [142]. To carry out the study and have the appropriate coordinates, they
requested the molecular model and the force field from the Shanghai Institute of Technology
(Shanghai, China). As for the pdb (Protein Data Bank) file (Protein Data Bank), they use the
urea topology file they were generated through the LigParGen server with OPLSAA force
field [142–145], using the TIP4P (Transferable intermolecular potential with four points)
water model. In all simulations, the molecular model was incorporated in the center of a
9 × 9 × 9 nm3 cubic box with periodic boundary, where the system contained 0, 900, 1900,
2900 and 3900 urea molecules. They set the Lennard–Jones potential truncation radius to
1 nm, and constrained all link lengths using the LINCS (Linear Constraint Solver) algorithm.

Regarding the short-range electrostatic interaction, in addition to the van der Waals
interaction, these were handled at 1 nm, and to calculate the long-range interaction the
Ewald particle mesh method (PME) was adopted. Regarding the temperature, they set it at
300 K and the pressure at 1 atm using the Parrinello-Rahman barostat [146]. To observe the
positions, velocities and energies, a record was made every 10.0 ps.

The most important results of this research are the significant change experienced by
the structure and morphology, as well as the thermal property of starch in the presence of
urea, showing that it depends positively on the urea content of aqueous solutions.

Regarding the molecular dynamics’ simulations, the study focused on the interaction
of hydrogen bonds, in the distribution of starch, urea and water fragments, both at the
molecular and atomic level. Noting that the hydroxyl oxygen atoms in the glucose residue,
the nitrogen atoms in the urea molecule and as well as the oxygen atom present in the
water molecule are the main hydrogen bonding sites between the solute and the solvent.

On the other hand, they also observed that urea molecules replaced the place of
certain water molecules due to the formation of hydrogen bonds with the hydroxyl oxygen
atoms of the starch, altering the water network around the starch molecule. Therefore,
this study provided important information on the phase transitions of starch in aqueous
medium. They concluded that this simulation could potentially be used to design starch-
containing materials.

3.5. Electronic Structure

Another potential use of computational studies is through functional density theory
(DFT), which is applied to electronic systems. This an alternative variational procedure
to the solution of the Schrödinger equation, where the functionality of electronic energy
is minimized with respect to electronic density. This method is currently one of the
most widely used for work on quantum calculations of the electronic structure of matter,
especially in research on the physics of condensed matter, as well as quantum chemistry.
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One of the works that used this method was carried out by Bashir et al. [147], who syn-
thesized a polymer of potato starch phosphate (PSP) using ultrasound microwaves, which
they carried out by crosslinking the hydroxyl groups of native potato starch (NPS) and
using phosphoryl chloride as a crosslinking agent. In this theoretical-experimental investi-
gation, a study was carried out on the selectivity of metal ions, and the sorption mechanism.

To validate the experimental selectivity and further investigate the chemical inter-
actions between the Zn(II), Cd(II), Pb(II) and Hg(II) ions and the biosorbent PSP, DFT
incorporated in the Gaussian code set 03 [148]. To optimize the geometries of the molecules
they used Becke’s three-parameter hybrid model, using the Lee-Yang-Parr (B3LYP) and
LanL2DZ set of functional correlation bases [149,150]. To simulate chemical selectivity, they
used a cross-linked starch fragment as a model for computational details. The particularity
is that in the chosen fragment, there were abundant hydroxyl groups available for the
attachment of metal ions, including surface hydroxyls, glycosidic hydroxyls, and phos-
phate hydroxyls.

To perform the load study, these researchers performed a Mulliken load analysis,
which allows the measurement of elemental load. As a result, they observed that oxygen
phosphate atoms carry more negative partial charges than terminal oxygen or glycosidic
oxygen, suggesting that oxygen phosphate is a more favourable site for adsorption of
metal cations. The above allowed them to optimize the geometries of the PSP–M2+ cluster
models, where the cation, M2+ (M = Zn, Pb, Cd and Hg), binds to the oxygen phosphate
atoms in an optimized structure. On the other hand, the binding energy values (Ebd) were
calculated as Ebd, where the positive values obtained indicated that the adsorption was
favourable and the interaction was stable [151].

Another important step was the calculation that they made to the binding energy
values for the Zn(II), Cd(II), Pb(II) and Hg(II) ions. The DFT calculations showed that
PSP exhibits the strongest adsorption selectivity towards Zn(II) among all the heavy metal
ions tested. This result agreed with the paradigm of Pearson’s HSAB (Hard soft acids
bases) principle, where it is estimated that the border “cations Zn(II) and Pb(II) interact
more strongly with the hard anion (O−) and, consequently, the soft cations (Cd(II)) and
Hg(II)) interact less [149]. These quantum calculations using density functional theory
(DFT) supported experimental results of adsorption selectivity that Zn(II) > Pb(II) > Cd(II)
> Hg(II), in terms of bond energy measurements metal-oxygen.

3.6. Reusability

The recyclability of the adsorbent is quite an important factor for it to have feasible
applications. In this sense, the stability of the adsorbent is key to achieve this property, and
the total cost of the adsorbent will be an important advantage. Adsorbent reusability is
absolutely necessary in the recycling context. The fact that a material can be used more
than once causes a positive impact on the environment. On the subject of the physical
properties of adsorbents, this characterization can provide important information about
the conformation of the material and its stability.

Through reusability tests, Ahamad et al. [122] showed that their adsorbent could be
reused until 5 cycles regarding Pb(II) and Cd(II) adsorption (Figure 9). After seven cycles,
there was a slow decrease in the adsorption capacity of these metals. In the previous
section, we saw that they developed this adsorbent using starch-salicylaldehyde nanocom-
posites. Similarly, in 2020, Perez et al. [137] presented an adsorbent based on magnetite
nanoparticles (Fe3O4) stabilized with carboxymethylated starch. Reusability was observed
even after 4 cycles of Pb(II) removal.
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Figure 9. Reusability cycles of for the adsorption of Pb(II) and Cd(II) over starch-salicylaldehyde
nanocomposites (2 mg, in 25 mL volume, time 60 min and the initial concentration 50 ppm).
(Reprinted from ref. [122]. Copyright 2020 with permission from Elsevier).

Mittal et al. [131] introduced an adsorbent prepared with magnetized and starch-based
carbonaceous material. This material was used to study methyl blue removal. Herein,
the results of reusability tests showed that, throughout six cycles of adsorption-desorption,
there was good efficiency of above 90%. Figure 10 shows the reusability test performed by
Suo et al. [152]. They developed a mesoporous activated carbon adsorbent from starch to
remove pesticides from water. They found that, after five consecutive cycles of adsorption–
desorption, the adsorption efficiency of 11 pesticides was over 80%.

Figure 10. Adsorption efficiency of 11 pesticides by adsorbent mesoporous activated carbon from starch after various cycles
of regeneration. (Reprinted from ref. [152]. Copyright 2019 with permission from Elsevier).
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In general, an excellent adsorption efficiency is observed in starch-based materials.
This characterization indicates great chemical and physical stability, exhibiting high effi-
ciency in up to five cycles of adsorption.

4. Overview

The use of biopolymers in several areas, such as the replacement of conventional
polymers, is a challenge. Chitosan and starch present attractive physical and chemical
properties, which make them excellent alternatives for this change. The use of these
biopolymers, either through the mixing with other polymers, the formation of composites,
or the chemical modification, allows an improved material with the desired properties to
be obtained.

In the food packaging industry, chitosan is an excellent candidate to replace conven-
tional polymers because it exhibits a great capability to form films with suitable mechanical
properties such as stress-resistant, flexibility, and elasticity properties, and on the other
hand, antimicrobial activity. The packaging industry attaches great importance to pro-
tecting the food and making it attractive for customers. In this sense, advancements in
packaging ensure the quality of food products inside the packaging, regarding shelf life
and usability, to the customers. Meanwhile, in the field of aqueous pollutant removal,
starch is in high demand due to its characteristics, i.e., being biocompatible, affordable,
and chemically attractive. In this review, we have identified some highlighted characteriza-
tions concerning chitosan in the food packaging field and starch in the pollutant removal
field, such as mechanical, thermal, optical, barrier, biodegradability, reusability, molecu-
lar simulation electronic structure, superficial, and magnetic properties characterization.
All these characterizations give us necessary and complementary information to better
understand the properties of these biopolymers in the respective areas reviewed.
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98. Sani Karimi, I.; Pirsa, S.; Tağı, Ş. Preparation of chitosan/zinc oxide/Melissa officinalis essential oil nano-composite film and
evaluation of physical, mechanical and antimicrobial properties by response surface method. Polym. Test. 2019, 79, 106004–106013.
[CrossRef]

99. Deshmukh, A.R.; Aloui, H.; Khomlaem, C.; Negi, A.; Yun, J.H.; Kim, H.S.; Kim, B.S. Biodegradable films based on chitosan and
defatted Chlorella biomass: Functional and physical characterization. Food Chem. 2021, 337, 127777–127786. [CrossRef]

100. Xu, T.; Gao, C.; Feng, X.; Huang, M.; Yang, Y.; Shen, X.; Tang, X. Cinnamon and clove essential oils to improve physical, thermal
and antimicrobial properties of chitosan-gum arabic polyelectrolyte complexed films. Carbohydr. Polym. 2019, 217, 116–125.
[CrossRef]

101. Ahmad, N.; Wee, C.E.; Wai, L.K.; Zin, N.M.; Azmi, F. Biomimetic amphiphilic chitosan nanoparticles: Synthesis, characterization
and antimicrobial activity. Carbohydr. Polym. 2021, 254, 117299–117306. [CrossRef] [PubMed]

102. Abd El-Hack, M.E.; El-Saadony, M.T.; Shafi, M.E.; Zabermawi, N.M.; Arif, M.; Batiha, G.E.; Khafaga, A.F.; Abd El-Hakim, Y.M.;
Al-Sagheer, A.A. Antimicrobial and antioxidant properties of chitosan and its derivatives and their applications: A review. Int. J.
Biol. Macromol. 2020, 164, 2726–2744. [CrossRef]

103. Kumar, S.; Mukherjee, A.; Dutta, J. Chitosan based nanocomposite films and coatings: Emerging antimicrobial food packaging
alternatives. Trends Food Sci. Technol. 2020, 97, 196–209. [CrossRef]

104. Kong, M.; Chen, X.G.; Xing, K.; Park, H.J. Antimicrobial properties of chitosan and mode of action: A state of the art review. Int. J.
Food Microbiol. 2010, 144, 51–63. [CrossRef]
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Influence of chitosan on mechanical, thermal, barrier and antimicrobial properties of PLA-biocomposites for food packaging.
Compos. Part B Eng. 2016, 102, 112–121. [CrossRef]

http://doi.org/10.3390/polym12020417
http://doi.org/10.1016/j.promfg.2020.03.093
http://doi.org/10.1016/j.foodhyd.2018.08.006
http://doi.org/10.1016/j.mtcomm.2020.101372
http://doi.org/10.1016/j.fufo.2021.100028
http://doi.org/10.1016/j.carbpol.2019.115348
http://www.ncbi.nlm.nih.gov/pubmed/31590881
http://doi.org/10.1016/j.ijbiomac.2019.05.151
http://www.ncbi.nlm.nih.gov/pubmed/31128187
http://doi.org/10.1038/s41467-019-11525-x
http://doi.org/10.1016/j.fbio.2020.100871
http://doi.org/10.1007/s41783-020-00092-y
http://doi.org/10.1016/j.carbpol.2020.116842
http://www.ncbi.nlm.nih.gov/pubmed/33049811
http://doi.org/10.1016/j.carbpol.2019.03.093
http://doi.org/10.1016/j.foodhyd.2020.106337
http://doi.org/10.1016/j.ijbiomac.2020.03.073
http://www.ncbi.nlm.nih.gov/pubmed/32173434
http://doi.org/10.1016/j.ijbiomac.2020.03.048
http://www.ncbi.nlm.nih.gov/pubmed/32165201
http://doi.org/10.1016/j.polymertesting.2019.106004
http://doi.org/10.1016/j.foodchem.2020.127777
http://doi.org/10.1016/j.carbpol.2019.03.084
http://doi.org/10.1016/j.carbpol.2020.117299
http://www.ncbi.nlm.nih.gov/pubmed/33357867
http://doi.org/10.1016/j.ijbiomac.2020.08.153
http://doi.org/10.1016/j.tifs.2020.01.002
http://doi.org/10.1016/j.ijfoodmicro.2010.09.012
http://doi.org/10.1016/j.compositesb.2016.07.016


Polymers 2021, 13, 1737 24 of 25

106. Moeini, A.; Mallardo, S.; Cimmino, A.; Dal Poggetto, G.; Masi, M.; Di Biase, M.; van Reenen, A.; Lavermicocca, P.; Valerio,
F.; Evidente, A.; et al. Thermoplastic starch and bioactive chitosan sub-microparticle biocomposites: Antifungal and chemico-
physical properties of the films. Carbohydr. Polym. 2020, 230, 115627–115635. [CrossRef] [PubMed]

107. Virgili, A.H.; Laranja, D.C.; Malheiros, P.S.; Pereira, M.B.; Costa, T.M.H.; de Menezes, E.W. Nanocomposite film with antimicrobial
activity based on gold nanoparticles, chitosan and aminopropylsilane. Surf. Coat. Technol. 2021, 415, 127086–127092. [CrossRef]

108. Yao, X.; Hu, H.; Qin, Y.; Liu, J. Development of antioxidant, antimicrobial and ammonia-sensitive films based on quaternary
ammonium chitosan, polyvinyl alcohol and betalains-rich cactus pears (Opuntia ficus-indica) extract. Food Hydrocoll. 2020, 106,
105896–105904. [CrossRef]

109. Fang, Y.; Xing, C.; Liu, J.; Zhang, Y.; Li, M.; Han, Q. Supermolecular film crosslinked by polyoxometalate and chitosan with
superior antimicrobial effect. Int. J. Biol. Macromol. 2020, 154, 732–738. [CrossRef]

110. Souza, V.G.L.; Pires, J.R.A.; Rodrigues, C.; Rodrigues, P.F.; Lopes, A.; Silva, R.J.; Caldeira, J.; Duarte, M.P.; Fernandes, F.B.;
Coelhoso, I.M.; et al. Physical and morphological characterization of chitosan/montmorillonite films incorporated with ginger
essential oil. Coatings 2019, 9, 700. [CrossRef]

111. Hasan, M.; Rusman, R.; Khaldun, I.; Ardana, L.; Mudatsir, M.; Fansuri, H. Active edible sugar palm starch-chitosan films carrying
extra virgin olive oil: Barrier, thermo-mechanical, antioxidant, and antimicrobial properties. Int. J. Biol. Macromol. 2020, 163,
766–775. [CrossRef]

112. Aguirre-Loredo, R.Y.; Rodríguez-Hernández, A.I.; Morales-Sánchez, E.; Gómez-Aldapa, C.A.; Velazquez, G. Effect of equilibrium
moisture content on barrier, mechanical and thermal properties of chitosan films. Food Chem. 2016, 196, 560–566. [CrossRef]

113. Zhang, R.; Wang, X.; Cheng, M. Preparation and characterization of potato starch film with various size of Nano-SiO2. Polymers
2018, 10, 1172. [CrossRef]

114. Koc, B.; Lalehan, A.; Cakmak Selim, Y.; Sargin, I.; Salaberria, A.M.; Labidi, J.; Ilk, S.; Cekic Ozlem, F.; Akata, I.; Kaya, M. Production
and characterization of chitosan-fungal extract films. Food Biosci. 2020, 35, 100545–100553. [CrossRef]

115. Costa, S.M.; Ferreira, D.P.; Teixeira, P.; Ballesteros, L.F.; Teixeira, J.A.; Fangueiro, R. Active natural-based films for food packaging
applications: The combined effect of chitosan and nanocellulose. Int. J. Biol. Macromol. 2021, 177, 241–251. [CrossRef] [PubMed]

116. Gaspar, M.C.; Leocádio, J.; Mendes, C.V.T.; Cardeira, M.; Fernández, N.; Matias, A.; Carvalho, M.G.V.S.; Braga, M.E.M. Biodegrad-
able film production from agroforestry and fishery residues with active compounds. Food Packag. Shelf Life 2021, 28, 100661–100674.
[CrossRef]

117. Kalita, N.K.; Nagar, M.K.; Mudenur, C.; Kalamdhad, A.; Katiyar, V. Biodegradation of modified Poly(lactic acid) based biocom-
posite films under thermophilic composting conditions. Polym. Test. 2019, 76, 522–536. [CrossRef]

118. Chinaglia, S.; Tosin, M.; Degli-Innocenti, F. Biodegradation rate of biodegradable plastics at molecular level. Polym. Degrad. Stab.
2018, 147, 237–244. [CrossRef]

119. Zhu, L.-Y.; Lin, D.-Q.; Yao, S.-J. Biodegradation of polyelectrolyte complex films composed of chitosan and sodium cellulose
sulfate as the controllable release carrier. Carbohydr. Polym. 2010, 82, 323–328. [CrossRef]

120. Gie Gan, P.; Sung Ting, S.; Abdullah, M.F.; Omar Firdaus, M.; Tan Kian, W. Water resistance and biodegradation properties of
conventionally-heated and microwave-cured cross-linked cellulose nanocrystal/chitosan composite films. Polym. Degrad. Stab.
2021, 188, 109563–109574. [CrossRef]

121. Dean, K.; Sangwan, P.; Way, C.; Zhang, X.; Martino, V.P.; Xie, F.; Halley, P.J.; Pollet, E.; Avérous, L. Glycerol plasticised chitosan:
A study of biodegradation via carbon dioxide evolution and nuclear magnetic resonance. Polym. Degrad. Stab. 2013, 98, 1236–1246.
[CrossRef]

122. Ahamad, T.; Naushad, M.; Mousa, R.H.; Alshehri, S.M. Fabrication of starch-salicylaldehyde based polymer nanocomposite
(PNC) for the removal of pollutants from contaminated water. Int. J. Biol. Macromol. 2020, 165, 2731–2738. [CrossRef]

123. Tao, X.; Liu, D.; Cong, W.; Huang, L. Controllable synthesis of starch-modified ZnMgAl-LDHs for adsorption property improve-
ment. Appl. Surf. Sci. 2018, 457, 572–579. [CrossRef]

124. Priyanka, M.; Saravanakumar, M.P. Ultrahigh adsorption capacity of starch derived zinc based carbon foam for adsorption of
toxic dyes and its preliminary investigation on oil-water separation. J. Clean. Prod. 2018, 197, 511–524. [CrossRef]

125. Stan, M.; Lung, I.; Soran, M.L.; Leostean, C.; Popa, A.; Stefan, M.; Lazar, M.D.; Opris, O.; Silipas, T.D.; Porav, A.S. Removal of
antibiotics from aqueous solutions by green synthesized magnetite nanoparticles with selected agro-waste extracts. Process Saf.
Environ. Prot. 2017, 107, 357–372. [CrossRef]

126. Muzaffar, S.; Tahir, H. Enhanced synthesis of silver nanoparticles by combination of plants extract and starch for the removal of
cationic dye from simulated waste water using response surface methodology. J. Mol. Liq. 2018, 252, 368–382. [CrossRef]

127. Alvarado, N.; Abarca, R.L.; Urdaneta, J.; Romero, J.; Galotto, M.J.; Guarda, A. Cassava starch: Structural modification for
development of a bio-adsorber for aqueous pollutants. Characterization and adsorption studies on methylene blue. Polym. Bull.
2021, 78, 1087–1107. [CrossRef]

128. Xu, F.; Chen, H.; Dai, Y.; Wu, S.; Tang, X. Arsenic adsorption and removal by a new starch stabilized ferromanganese binary oxide
in water. J. Environ. Manag. 2019, 245, 160–167. [CrossRef] [PubMed]

129. Dai, M.; Liu, Y.; Ju, B.; Tian, Y. Preparation of thermoresponsive alginate/starch ether composite hydrogel and its application to
the removal of Cu(II) from aqueous solution. Bioresour. Technol. 2019, 294, 122192–122199. [CrossRef]

130. Yang, C.; Ge, C.; Li, X.; Li, L.; Wang, B.; Lin, A.; Yang, W. Does soluble starch improve the removal of Cr(VI) by nZVI loaded on
biochar? Ecotoxicol. Environ. Saf. 2021, 208, 111552–111560. [CrossRef]

http://doi.org/10.1016/j.carbpol.2019.115627
http://www.ncbi.nlm.nih.gov/pubmed/31887941
http://doi.org/10.1016/j.surfcoat.2021.127086
http://doi.org/10.1016/j.foodhyd.2020.105896
http://doi.org/10.1016/j.ijbiomac.2020.03.139
http://doi.org/10.3390/coatings9110700
http://doi.org/10.1016/j.ijbiomac.2020.07.076
http://doi.org/10.1016/j.foodchem.2015.09.065
http://doi.org/10.3390/polym10101172
http://doi.org/10.1016/j.fbio.2020.100545
http://doi.org/10.1016/j.ijbiomac.2021.02.105
http://www.ncbi.nlm.nih.gov/pubmed/33631258
http://doi.org/10.1016/j.fpsl.2021.100661
http://doi.org/10.1016/j.polymertesting.2019.02.021
http://doi.org/10.1016/j.polymdegradstab.2017.12.011
http://doi.org/10.1016/j.carbpol.2010.04.062
http://doi.org/10.1016/j.polymdegradstab.2021.109563
http://doi.org/10.1016/j.polymdegradstab.2013.03.004
http://doi.org/10.1016/j.ijbiomac.2020.10.170
http://doi.org/10.1016/j.apsusc.2018.06.264
http://doi.org/10.1016/j.jclepro.2018.06.197
http://doi.org/10.1016/j.psep.2017.03.003
http://doi.org/10.1016/j.molliq.2018.01.007
http://doi.org/10.1007/s00289-020-03149-9
http://doi.org/10.1016/j.jenvman.2019.05.071
http://www.ncbi.nlm.nih.gov/pubmed/31150907
http://doi.org/10.1016/j.biortech.2019.122192
http://doi.org/10.1016/j.ecoenv.2020.111552


Polymers 2021, 13, 1737 25 of 25

131. Mittal, H.; Alhassan, S.M.; Ray, S.S. Efficient organic dye removal from wastewater by magnetic carbonaceous adsorbent prepared
from corn starch. J. Environ. Chem. Eng. 2018, 6, 7119–7131. [CrossRef]

132. Naushad, M.; Ahamad, T.; Sharma, G.; Al-Muhtaseb, A.H.; Albadarin, A.B.; Alam, M.M.; ALOthman, Z.A.; Alshehri, S.M.;
Ghfar, A.A. Synthesis and characterization of a new starch/SnO2 nanocomposite for efficient adsorption of toxic Hg2+ metal ion.
Chem. Eng. J. 2016, 300, 306–316. [CrossRef]

133. Fu, Y.; Yang, C.; Zheng, Y.; Jiang, J.; Sun, Y.; Chen, F.; Hu, J. Sulfur crosslinked poly(m-aminothiophenol)/potato starch
on mesoporous silica for efficient Hg(II) removal and reutilization of waste adsorbent as a catalyst. J. Mol. Liq. 2021, 328,
115420–115431. [CrossRef]

134. Liu, F.; Peng, G.; Li, T.; Yu, G.; Deng, S. Au(III) adsorption and reduction to gold particles on cost-effective tannin acid immobilized
dialdehyde corn starch. Chem. Eng. J. 2019, 370, 228–236. [CrossRef]

135. Xue, Y.; Chang, Q.; Hu, X.; Cai, J.; Yang, H. A simple strategy for selective photocatalysis degradation of organic dyes through
selective adsorption enrichment by using a complex film of CdS and carboxylmethyl starch. J. Environ. Manag. 2020, 274,
111184–111194. [CrossRef]

136. Stan, M.; Lung, I.; Soran, M.L.; Opris, O.; Leostean, C.; Popa, A.; Copaciu, F.; Lazar, M.D.; Kacso, I.; Silipas, T.D.; et al. Starch-
coated green synthesized magnetite nanoparticles for removal of textile dye Optilan Blue from aqueous media. J. Taiwan Inst.
Chem. Eng. 2019, 100, 65–73. [CrossRef]

137. Perez, T.; Pasquini, D.; De Faria Lima, A.; Rosa, E.V.; Sousa, M.H.; Cerqueira, D.A.; De Morais, L.C. Efficient removal of lead ions
from water by magnetic nanosorbents based on manganese ferrite nanoparticles capped with thin layers of modified biopolymers.
J. Environ. Chem. Eng. 2019, 7, 102892–1028104. [CrossRef]

138. Okuo, J.; Emina, A.; Omorogbe, S.; Anegbe, B. Synthesis, characterization and application of starch stabilized zerovalent iron
nanoparticles in the remediation of Pb-acid battery soil. Environ. Nanotechnol. Monit. Manag. 2018, 9, 12–17. [CrossRef]

139. Gong, Y.; Wang, L.; Liu, J.; Tang, J.; Zhao, D. Science of the Total Environment Removal of aqueous per fl uorooctanoic acid
(PFOA) using starch-stabilized magnetite nanoparticles. Sci. Total Environ. 2016, 562, 191–200. [CrossRef]

140. Mofradnia, S.R.; Ashouri, R.; Tavakoli, Z.; Shahmoradi, F.; Rashedi, H.; Yazdian, F. Effect of zero-valent iron/starch nanoparticle
on nitrate removal using MD simulation. Int. J. Biol. Macromol. 2019, 121, 727–733. [CrossRef]

141. Cui, F.; Zi, H.; Liu, H.; Zhang, S.; Yuan, B. A study of starch-urea-water mixtures with a combination of molecular dynamics
simulation and traditional characterization methods. Int. J. Biol. Macromol. 2020, 148, 121–128. [CrossRef]

142. Bhopatkar, D.; Feng, T.; Chen, F.; Zhang, G.; Carignano, M.; Park, S.H.; Zhuang, H.; Campanella, O.H.; Hamaker, B.R. Self-
assembled nanoparticle of common food constituents that carries a sparingly soluble small molecule. J. Agric. Food Chem. 2015,
63, 4312–4319. [CrossRef]

143. Dodda, L.S.; Vilseck, J.Z.; Tirado-Rives, J.; Jorgensen, W.L. 1.14∗CM1A-LBCC: Localized Bond-Charge Corrected CM1A Charges
for Condensed-Phase Simulations. J. Phys. Chem. B 2017, 121, 3864–3870. [CrossRef]

144. Dodda, L.S.; De Vaca, I.C.; Tirado-Rives, J.; Jorgensen, W.L. LigParGen web server: An automatic OPLS-AA parameter generator
for organic ligands. Nucleic Acids Res. 2017, 45, W331–W336. [CrossRef]

145. Jorgensen, W.L.; Tirado-Rives, J. Potential energy functions for atomic-level simulations of water and organic and biomolecular
systems. Proc. Natl. Acad. Sci. USA 2005, 102, 6665–6670. [CrossRef] [PubMed]

146. Parrinello, M.; Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 1981, 52,
7182–7190. [CrossRef]

147. Bashir, A.; Manzoor, T.; Malik, L.A.; Qureashi, A.; Pandith, A.H. Enhanced and Selective Adsorption of Zn(II), Pb(II), Cd(II),
and Hg(II) Ions by a Dumbbell- And Flower-Shaped Potato Starch Phosphate Polymer: A Combined Experimental and DFT
Calculation Study. ACS Omega 2020, 5, 4853–4867. [CrossRef] [PubMed]

148. Zarei, S.; Niad, M.; Raanaei, H. The removal of mercury ion pollution by using Fe3O4-nanocellulose: Synthesis, characterizations
and DFT studies. J. Hazard. Mater. 2018, 344, 258–273. [CrossRef]

149. Li, X.; Wang, S.; Liu, Y.; Jiang, L.; Song, B.; Li, M.; Zeng, G.; Tan, X.; Cai, X.; Ding, Y. Adsorption of Cu(II), Pb(II), and Cd(II) ions
from acidic aqueous solutions by diethylenetriaminepentaacetic acid-modified magnetic graphene oxide. J. Chem. Eng. Data 2017,
62, 407–416. [CrossRef]

150. Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648–5652. [CrossRef]
151. Wang, L.; Xu, W.H.; Yang, R.; Zhou, T.; Hou, D.; Zheng, X.; Liu, J.H.; Huang, X.J. Electrochemical and density functional theory

investigation on high selectivity and sensitivity of exfoliated nano-zirconium phosphate toward lead(II). Anal. Chem. 2013, 85,
3984–3990. [CrossRef]

152. Suo, F.; Liu, X.; Li, C.; Yuan, M.; Zhang, B.; Wang, J.; Ma, Y.; Lai, Z.; Ji, M. Mesoporous activated carbon from starch for superior
rapid pesticides removal. Int. J. Biol. Macromol. 2019, 121, 806–813. [CrossRef]

http://doi.org/10.1016/j.jece.2018.11.010
http://doi.org/10.1016/j.cej.2016.04.084
http://doi.org/10.1016/j.molliq.2021.115420
http://doi.org/10.1016/j.cej.2019.03.208
http://doi.org/10.1016/j.jenvman.2020.111184
http://doi.org/10.1016/j.jtice.2019.04.006
http://doi.org/10.1016/j.jece.2019.102892
http://doi.org/10.1016/j.enmm.2017.11.004
http://doi.org/10.1016/j.scitotenv.2016.03.100
http://doi.org/10.1016/j.ijbiomac.2018.09.183
http://doi.org/10.1016/j.ijbiomac.2019.12.268
http://doi.org/10.1021/acs.jafc.5b00037
http://doi.org/10.1021/acs.jpcb.7b00272
http://doi.org/10.1093/nar/gkx312
http://doi.org/10.1073/pnas.0408037102
http://www.ncbi.nlm.nih.gov/pubmed/15870211
http://doi.org/10.1063/1.328693
http://doi.org/10.1021/acsomega.9b03607
http://www.ncbi.nlm.nih.gov/pubmed/32201771
http://doi.org/10.1016/j.jhazmat.2017.10.009
http://doi.org/10.1021/acs.jced.6b00746
http://doi.org/10.1063/1.464913
http://doi.org/10.1021/ac3037014
http://doi.org/10.1016/j.ijbiomac.2018.10.132

	Introduction 
	Chitosan (CS) 
	Mechanical Properties of CS 
	Barrier Property 
	Water Vapor Permeability (WVP) 
	Oxygen Transmission Water (OTR) 

	Optical Properties 
	Antimicrobial Activity 
	Heat Resistence 
	Biodegradation 

	Starch 
	Starch as Pollutants Remover 
	Superficial Analysis 
	Energy-Dispersive Spectroscopy (EDS) 
	X-ray Photoelectron Spectroscopy (XPS) 
	BET (Brunauer–Emmett–Teller) 

	Magnetic Properties 
	Molecular Dynamics (MD) Simulation 
	Electronic Structure 
	Reusability 

	Overview 
	References

