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Abstract

Polysaccharide films are alternative sources to replace fossil-based compounds.
This study aimed to use rice starch modified by gelatinization and oxidation
processes. Different properties were observed after blending it with chitosan
and polyols, as evaluated on the film-forming solutions by rheology. The inter-
action between chitosan and oxidized starch appeared higher, as the plasti-
cizers exhibited a low effect on the rheological behavior. Polyols played an
essential role in chitosan/gelatinized associations, driven by the number of OH
groups. Films were evaluated by thermogravimetry (TGA), differential scan-
ning calorimetry (DSC), water vapor permeability (WVP), water solubility, and
tensile tests. The effect of the plasticizer type on chitosan/gelatinized starch
was related to an increase in the temperature of the endothermic peak
observed by DSC, confirming the role of hydroxyl groups of polyols in the
polymer-polymer chain associations. The WVP and solubility decreased with
starch oxidation due to increased chitosan-starch interactions. The decrease in
tensile strength with adding polyols was correlated to reduced direct interac-
tions between chitosan and starch chains. A drop of about 77% in elongation
at break was observed in chitosan/oxidized starch film. On the other hand,
elongation at break increased by around 14% in films with sorbitol (SO).

Highlights

« Starch oxidation reduces the viscosity of film-forming solutions.

« The number of OH groups influences the gelation point measured by rheology.
« The WVP is reduced in oxidized starch/chitosan associations.

« Plasticizers enhanced the elongation at break of polysaccharide films.
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1 | INTRODUCTION

Research focusing on developing biodegradable films
from renewable sources has been growing in the last
decades due to environmental concerns. Biodegradable
films based on natural polymers can be produced at a
low cost and on a large scale and are a favorable alter-
native to current materials derived from nonrenewable
fossil sources." Due to the variety of natural polymers
available and the different processing methods, biode-
gradable films are classified as biodegradable, compost-
able, and even edible, which opens new application
possibilities.2 Therefore, a criterion evaluation of the
components and manufacturing processes is essential
in designing new biopolymeric materials. Among all
biopolymers, polysaccharides play an essential role in
developing films as alternatives to synthetic polymer
materials due to their renewable and recyclable
nature.’

Starch has been extensively used in the preparation of
films due to its inexpensiveness, renewability, and biode-
gradability.* Starch is the reserve polysaccharide in plants
and is widely used in the food, paper, pharmaceutical
industries, and others.” When native starch does not
exhibit a required property that limits its application, sev-
eral methods can be applied to overcome that restriction.
The most known method is blending biodegradable poly-
mers to achieve specific properties. Martins et al.’
described the addition of rice and potato starch nanocrys-
tals (SNCs) to a low-density polyethylene (LDPE) matrix
with an increase in elongation at break of around 250%
when compared with the standard LDPE film. In another
study, low-density polyethylene/high-density polyethyl-
ene/thermoplastic starch (LDPE/HDPE/TS) blends were
prepared at different ratios showing an influence of the
polysaccharide in the rheological properties.” In our
study, we focused on blending starch with another biode-
gradable polymer. Vdsconez et al.® proposed the blending
with chitosan to change the physical and functional prop-
erties of starch, like reducing water affinity and improv-
ing its mechanical properties due to the formation of
intermolecular hydrogen bonds between amino and
hydroxyl groups of chitosan and hydroxyl groups of
starch.

Chitosan is the main derivative of chitin, found in the
exoskeletons of arthropods, cell walls of fungi, and shells
of crabs, squid, and shrimp.” It is the only alkali polysac-
charide found in nature, and the amino groups present in
its backbone can be easily protonated at a pH below
4. This characteristic allows chitosan to interact with
other acids or neutral polysaccharides, like starch."’

Even though the simple blending approach is com-
monly found in the literature, molecular structure

modification of starch can also be considered using physi-
cal, chemical, or enzymatic methods. In general, chemi-
cal treatments are the most exploited to bring new
functionalities to starch and access new properties.'' The
oxidation process provides unique functional properties
such as low viscosity, high stability, and excellent film-
forming characteristics.”> Periodic acid is a selective
oxidizing agent responsible for cleaving the C-2-C-3 link-
ages of glucose units and producing dialdehyde groups'?
in the starch backbone, as shown in Figure 1.

Thus, evaluating how the chemical modification of
starch affects the final properties of the chitosan/starch
association is one of the objectives of this study. Never-
theless, due to the interaction between the components,
polymeric films are often brittle and stiff, which limits
their mechanical properties and applications."? The inser-
tion of plasticizes in the polymeric system reduces
polymer-polymer interactions resulting in a soft and flex-
ible film. Common plasticizers described in the literature
include monosaccharides, lipids, and polyols. Different
behavior in properties is obtained depending on the type
of plasticizer used."*

Polyols are low molecular weight molecules contain-
ing multiple hydroxyl groups often used in polymeric sys-
tems. Incorporating polyols facilitates the processability
and workability of polymers, such as enhancing flexibil-
ity and reducing the rigidity of the films."> Glycerol
(GL) is the most used plasticizer due to its availability
and plasticization efficiency. Liu and coworkers described
that GL facilitates the interaction between chitosan and
starch by hydrogen bonds as Fourier-transform infrared
spectroscopy (FTIR) bands related to GL-free have shifted
to higher wavenumbers after the polyol addition.'® Nev-
ertheless, other small alcohol molecules are less explored,
even though can provide enhanced mechanical and phys-
icochemical properties to biopolymer films.

Then, the objective of this study was to assess both
the effect of starch oxidation and evaluate the influence
of plasticizer agents (GL, sorbitol [SO], and ethylene gly-
col [EG]) on the rheological, thermal, mechanical, and
water vapor permeability (WVP) properties of chitosan/
rice starch blends.

OR OR
Ho HIO,
OH / oﬁ

R = H, (a-Glc),

FIGURE 1 Dialdehyde starch oxidation.
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2 | EXPERIMENTAL

2.1 | Materials

Chitosan was extracted from squid pens (Loligo sp.). Rice
starch containing approximately 75% amylopectin and
25% amylose was supplied by Sigma-Aldrich. Analytical
grade GL with a molar mass of 92 g mol " was supplied
by Aldrich. Sorbitol (SO) with a molar mass of
182 g mol ' and EG with a molar mass of 62 g mol™’
were purchased by Merck. All other chemicals were ana-
lytical grade.

2.2 | Chitosan extraction and
characterization

Chitosan was obtained and characterized (molecular
weight 403 kDa; degree of acetylation 9%) as previously
described.!”'® In short, the raw material was immersed
in a 0.55 mol L™ HCI solution at room temperature for
2 h to remove inorganic materials. Next, the precipitate
solid was immersed in a 0.3 mol L' NaOH solution at
80°C for 1 h to eliminate proteins. The last step consisted
of alkaline deacetylation of f-chitin in a 40% (w/w)
NaOH solution for 3 h at 80°C, followed by water wash-
ings and drying at 40°C for 5 days. One gram of the
extracted chitosan was dissolved in 1% (w/w) acetic acid
using a constant overnight stirring.

2.3 | Starch gelatinization

Starch powder and 50 mL of deionized water were added
to a three-neck flask with a stirrer, thermometer, and
nitrogen flow. The mixture was mechanically stirred,
gelatinized at 90°C for 30 min, and cooled at room tem-
perature, leading to a 2% (w/w) homogeneous solution."’
During the heating process, the excess water breaks the
crystalline structure of the starch molecules, exposing
their hydroxyl groups and increasing the swell ability and
solubility of the starch.

24 | Starch oxidation

The starch powder was oxidized with 5% (w/w) periodic
acid (HsIOg) for 24 h at 25°C under stirring following an
adapted method described by Hoffmann et al.** The
obtained material was dialyzed against deionized water
for 72 h and then lyophilized. A 2% (w/w) solution was
prepared by dissolving the oxidized rice starch in deio-
nized water under constant magnetic stirring.

PROFEssIONALS AND SCIENCE

2.5 | Fourier-transform infrared
spectroscopy (FTIR)

FTIR analysis was employed to analyze the characteristic
bands of the chitosan extracted from the squid pens
waste source. Additionally, the spectroscopic technique
was applied to investigate the effectiveness of the oxida-
tion process on the starch backbone. FTIR spectra were
obtained using a Bomem Michelson Series at a 400 to

4000 cm ™! interval with a resolution of 4 cm™*.

2.6 | Film-forming solution

Each plasticizer was first dispersed in the 2% (w/w)
starch solution (gelatinized or oxidized) under vigorous
stirring. In sequence, the mixture was added to the 1%
(w/w) chitosan solution resulting in a 2:1:1 (w/w/w) ratio
blend. Samples were denominated as CSge or CSox,
representing the starch form used (gelatinized or oxi-
dized), followed by the capital letters (EG, GL, or SO)
identifying the plasticizer agent used, EG, GL, and SO,
respectively. The blends were immediately subjected to
rheological measurements. For the blends without plasti-
cizers, a proper amount of solvent was added to avoid
dilution effects.

2.6.1 | Rheology measurements

The rheological properties were determined in a tension-
controlled rheometer AR1000N from TA Instruments. A
cone geometry (60 mm in diameter and angle of 0.5°)
was employed as a measuring system using a gap of
15 pm. Initially, the viscoelastic region was determined
using a constant frequency of 1 Hz and temperature of
25°C, which allows the measurement of the G’ and G” as
a function of strain. The frequency sweep test was carried
out within the viscoelastic region (strain of 10%), using a
frequency range from 0.1 to 100 rad s at 25°C. The tem-
perature dependence behavior was accessed by varying
the temperature from 25 to 75°C, applying a heating rate
of 5°C min~' and strain of 10%. Flow properties were
evaluated as a function of shear rate from 0.01 to 100 s~
at a temperature of 25°C.

2.7 | Films preparation

Films of starch/chitosan/plasticizers were prepared by
casting in Teflon® molds the film-forming solutions at
room temperature for 24 h and relative humidity of 50%.
After the solvent evaporation, films were peeled and
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stored in a humidity-controlled chamber (65%). A o WVRRL o

constant amount of 6 g of total solution was cast onto
16.5 cm” of the tray area, which allows the comparison of
the thickness depending on the type of starch and the
presence of the plasticizer agent.

2.8 | Characterization of the films

2.8.1 | Thermal analysis

DSC experiments were recorded on a DSC-2010
(TA Instruments). Samples (6 mg) were heated at the rate
of 10°C min~" from 25 to 450°C under a dynamic syn-
thetic air atmosphere. A thermogravimetric analyzer
(TGA-2050 TA Instruments) was employed to measure
the weight loss of films under heating. Samples (10 mg)
were heated between 25 and 800°C at 10°C min ' in a
synthetic air atmosphere.

2.8.2 | Film thickness

Film thickness was measured using a micrometer (Model
M110-25, Mitutoyo MFG. Co. Ltd., Japan). Thickness
measurements were taken at 10 different points along the
film, and the mean values were used to calculate film
tensile strength and WVP.

2.8.3 | Water vapor permeability

The WVP of the films was calculated using ASTM
E96, as described by Garcia et al.,>' with some modifi-
cations. Each film sample was fixed in a 0.007 m?
circular hole containing anhydrous calcium chloride
(0%). The cups were weighed and placed in a humidity
chamber at 75% relative humidity (NaCl saturated
solution) and 25°C. The cups were weighed six
times throughout 9 h. The water vapor transferred
through the films at different time intervals was deter-
mined from the weight gain of the cups. A plotted
curve of changes in weight (g) over time (min) was
obtained to determine the slope, used to calculate the
water vapor transmission rate (WVPR), as shown in
Equation (1):

WVPR =

m
t

1)

)=

where m/t is the slope of the curve (g over min), and A is
the permeation area of the sample (m?). Thus, WVP in
the films was determined using Equation 2:

Sp(RHl — RHZ)

where ¢ is the film thickness (mm), sp is the water vapor
pressure at 25°C (3119 Pa), RH; is the relative humidity
inside the chamber (75%), and RH, is the relative humid-
ity inside the cup (0%).

2.8.4 | Solubility

Films were previously dried overnight in an oven set up at
50°C. Pieces of known weight were swollen in 50 mL of
deionized water at 25°C for 1 h. The swollen films were
removed from the solution and dried at 60°C until constant
weight. The percentage of total soluble material of the chit-
osan/starch films was calculated as shown in Equation (3).
Films were analyzed at minimum in triplicate.

(Initial dry weight) — (Final dry weight)

Solubility = Initial dry weight

x 100
(3)

2.8.5 | Mechanical properties

Mechanical properties were measured at 25°C in a DMA
2980 (TA Instruments) operating with the tension clamp,
using a force rate of 1 N min " and a distance between
clamps of 10 mm. The films (15 mm long®x°6.3 mm
wide) were stored in controlled humidity (65%), and tests
were replicated five times for each type of film.

3 | RESULTS AND DISCUSSION

The film-forming solutions were, in all cases, homoge-
neous transparent solutions without the presence of
precipitates or undissolved materials. The films were
prepared by casting through solvent evaporation and
easily peeled from the Teflon trays. In general, brittle
films were obtained in the absence of plasticizers.
Nevertheless, all maintained the shape of the mold
used for preparation. Additionally, films prepared with
oxidized starch appeared yellowish compared to those
with gelatinized starch.

31 | FTIR

The FTIR spectra of chitosan, gelatinized rice starch, and
oxidized rice starch are shown in Figure 2.
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FIGURE 2 FTIR spectra of (A) chitosan; (B) gelatinized rice
starch, and (C) oxidized rice starch.

Characteristic bands for chitosan (Figure 2A) were
observed: 1654 cm™'—carbonyl stretching of amide T;
1560 cm '—due to N—H in-plane bending vibrations and
C—N stretching of amide II; 1323 cm '—CO—N group;
1070—1030 cm ' C—O stretching; 3450 cm ™~ O—H stretch-
ing. The main bands detected in the chitosan spectrum
agree with other studies,”>* which indicate a successful
extraction from a waste raw material, such as squid pens.

The spectrum of starch (Figure 2B) depicted characteristic
absorption bands at 3450 cm ™' corresponding to OH stretch-
ing; 2927 cm™! referring to C—H stretching; and 1649 cm ™'
assigned to the deformation of OH bending of water. The
C—O bond stretching is related to the 765 and 1120 cm ™
bands. Changes in the chemical structure of oxidized starch
were also examined by FTIR. The presence of an additional
band at 1732 cm ™! (Figure 2C) confirms the oxidation process
in the starch molecule.”* This band is attributed to the C=0
valence vibration of the aldehyde group generated by the
ring-opening of the glucose units. The aldehyde groups of oxi-
dized starch are essential to the formation of a network
between the amino groups of chitosan.

3.2 | Rheological characterization

The viscous and elastic properties of the film-forming solu-
tions were evaluated by rheological studies. The linear

PROFEssIONALS AND SCIENCE

viscoelastic region (LVE) was initially determined by an
amplitude sweep measurement. The viscoelastic properties,
defined by the elastic modulus (G') and viscous modulus
(G"), were measured as a function of strain and provided
the range in which further tests could be carried out with-
out destroying the structure of the samples. The diagram of
moduli against strain indicates the LVE region, character-
ized by a constant moduli value. Then, a strain value (10%)
within this plateau range was chosen for the subsequent
oscillatory measurements.

The interactions between chitosan and starch were
studied in relation to the frequency sweep properties of a
wide range of systems (Figures 3 and 4). The rheological
behavior of chitosan/gelatinized starch association (CSge)
denotes a typical gel-like nature, in which G’ was always
higher than G” over the whole frequency range. When plas-
ticizers were added to the CSge sample, differences were
observed between the distinct agents, suggesting different
physical associations between the components (Figure 3).

EG was the plasticizer that showed less effect in. the
chitosan/gelatinized starch interaction, as at low-
frequency G’ was below G” and after around 1rad s ’,
the contribution of the elastic and viscous moduli was
barely the same. On the other hand, the addition of GL
led to the CSgeGL sample exhibiting a rheological behav-
ior typical of a viscoelastic solution, whereby G” > G’ at
low frequency, but G’ is higher than G” at high frequency
values (above 10 rad s™'). This is commonly related to
flow associated with chain disentanglement. Addition-
ally, a crossover in the moduli was observed at
0.8 rad s~ %, implying a high relaxation time of the poly-
meric chains.”® The CSgeSO sample displayed the G”
higher than G’ all over the frequency studied range. Even
though a crossover of moduli was not obtained in the
measurement interval, it is observed that it will probably
occur at a frequency value up to 100 rad s~ '. The fre-
quency tests indicate that GL and SO are the plasticizers
that affect the polymeric association. Furthermore, GL
induced an entanglement density between the
components,” reflecting a high plasticization effect due
to the crossover observance at a low frequency compared
to the CSgeSO sample.

The samples prepared by mixing chitosan and oxi-
dized starch solutions exhibited a different behavior than
when gelatinized starch was used (Figure 4). In general,
G’ values were at least 10 times lower in the sample pre-
pared with oxidized starch. The elastic modulus is a
prompt indication of the strong characteristic of poly-
meric associations. Indeed, a high G’ modulus implies
that a high association network was formed.

For all the samples, G” was higher than G’ in all the
frequency interval exhibiting a predominant viscous
behavior. In the studied range, no crossover of the moduli

85UB01 7 SUOLILLIOD AR 3[dfed! dde U Aq pauenob ae il VO ‘8sN JO 3N o} Akeiq 18Ul UO AS]IA LIO (SUONIPUOD-PUE-SWLBIALID" A3 | IM Afe.d 18U [Uo//ScY) SUORIPUOD Pue S | 8U1 39S *[£202/0T/€0] Uo ArelqiTauliuo A|IM ‘|izeig - Ofted 0es Jo Alun Aq £T592 USd/Z00T OT/I0p/L0d" A 1M Ale.d 1 jpu[UO'SUO 1edl |qndedsty//SAny WoJj papeo|umod ‘0 ‘ve9zersT



HORN ET AL.

POLYMER
¢ | WILEY-$T iz tontns
PROFESSIONALS AND SCIENCE

1000 1000 FIGURE 3 G and G” moduli as a
yaumiEEEEE .E function of angular frequency for
Jpuiffoooooonoes CSge m G, n G";CSgeGL & G,
100 mROY aA 100 A~ G";CSgeEG o G, o G" and
|
AAARZ CSgeSO -+ G, —+ G".
aC ﬁﬁﬁﬁﬁﬁﬁﬁﬁgggg%
AAA g8Ylx
10 moAAA 889 % 10
géA 88888 *x* _
© -'5 o gg xx ¥ P
o el LR009Y % e
- 1{gn~n ad® « * 1 -
N 8&&@ w ¥ b
o o} *
A AK **
Aﬁi x X
014 4% WX 0.1
A »
A**
0.01 * 0.01
0.001 = —— —— —— 0.001
0.1 1 10 100
angular frequency (rad s™)
100 100 FIGURE 4 G and G" moduli as a
function of angular frequency for CSox
] —m—G,—o— G"; CSoxGL —a— G,
02 R
10 %%%é §§ 10 A G";CSOXEG e G, o G’ and
%% | | CSoxSO —«— G, »G".
e He
9§§ w¥at
L HY
= BAR ii * s
QER giige o
= gg@@ **iz‘ N
o xR *ll. o
0.1 D§§@ jie® 0.1
Dﬁ *‘E..
ﬁ *.‘.
i
2
0.01 *i’ 0.01
g {
a®
.A
0.001 -4 2 ———rrT — 0.001
0.1 1 10 100

angular frequency (rad s'1)

was detected, which probably occurs at frequencies higher
than 100 rad s~ ', and samples can be classified as diluted
solutions.*® The moduli dependence is intrinsically related
to the chitosan concentration. In a study by Serrero et al.,”
chitosan concentrations of 1.9% and 2.3% associated with
oxidized starch led to a crossover in moduli (at 4 rad s %)
and the observance of G’ higher than G”, respectively. In
fact, in our study, a distinct behavior was displayed, proba-
bly related to a chitosan concentration of 1%. Furthermore,
in a previous study, we observed a weaker interaction
between the blend components wherein oxidized corn

starch was associated with chitosan.”” Regardless of the
slight changes after plasticizer addition, their effect is less
evident. At low frequencies, the weak action of EG as a
plasticizer agent is distinguishable.

The temperature sweep tests were carried out to
determine the sol-gel transition of the samples
(Figures S1 and S2). Depending on the composition, it
was possible to observe the gelation behavior when sam-
ples were subjected to temperature ramping.

The moduli displayed a temperature-dependent pro-
file in which a progressive increase in their values was
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observed in the analyzed temperature range. It was noted
that no gelation occurred between chitosan and gelati-
nized starch in the studied range. In fact, for CSge, G’ is
higher than G, which implies the gelation point
appeared below 25°C. Including plasticizers altered the
gelation temperature of the samples, confirming that
these additives are involved in the polymer chains associ-
ation (Table 1).

The active hydroxyl groups of the alcohol molecules
make them an effective plasticizer for polymers rich in
—OH and —NH groups. As both polysaccharides possess
these functional groups in their structures, the plasti-
cizers used in this study can increase the free volume
between the polymeric chains, reflecting high chain
mobility. Even though the same molar amount of EG,
GL, and SO were used in the composition of the samples,
their effect is particularly related to the number of OH
groups. EG, GL, and SO exhibit two, three, or six OH in
their structure, respectively. As the plasticizer effect is
associated with those interactions between OH groups,
the polysaccharide chains are relatively more affected by
SO molecules when components are in solution. Then,
the increase in gelation temperature observed for
CSgeEG, CSgeGL, and CSgeSO is closely related to the
OH associations in the blends.

The sample prepared with oxidized starch (CSox) dis-
played the gelation temperature in the analyzed range, at
52.2°C. Additionally, the temperature where G' = G” are
higher for all the samples prepared with oxidized starch
than those containing the gelatinized polysaccharide.
This indicates that polyols play an essential role in
increasing gel strength. The addition of plasticizers
increased the gelation temperature, although their action
is less pronounced. This meant that higher interaction
occurred between chitosan and oxidized starch, and the
plasticizers had less effect on occupying and increasing
the space between the polymeric chains. These results
agreed with the frequency sweep measurements, wherein
plasticizers were effectively active in chitosan/gelatinized

TABLE 1 Gelation temperature of the samples.

Sample Temperature (°C)
CSge -

CSgeEG 43.7

CSgeGL 48.0

CSgeSO 52.8

CSox 52.2

CSoxEG 52.8

CSoxGL 56.7

CSoxSO 58.1

PROFEssIONALS AND SCIENCE

starch associations, and less interference was observed
for chitosan/oxidized starch samples.

Steady shear behavior reflected the structure of chito-
san/starch film forming associations. It was performed to
study their structure and properties after plasticizer addi-
tion and when oxidized starch was used in the composi-
tion. Also, the relationship between viscosity properties
and chitosan/starch interactions can provide information
about their processability, as flow characteristics are
directly related to the thickness spreadability and unifor-
mity of the blend film.

All the samples displayed a shear-thinning behavior,
wherein the viscosity reduces with the increase of the
shear rate. This behavior is typically found in polymers
and their associations due to molecule entanglements
observed at low shear rates. With the increase in shear
rate, these entanglements are destroyed, and a reduction
in viscosity is observed.

Many models have represented the flow behavior
of non-Newtonian fluids, and the Power Law model satis-
factorily fitted experimental data obtained by flow mea-
surements (R*> 0.9935). For this model, the
mathematical interpretation of the relationship between
the shear stress and the shear rate is described by
Equation (4):

c=Ky", (4)

where K is the flow consistency index, ¢ is the shear
stress, y is the shear rate, and n is the flow behavior index
(dimensionless). The flow curves for the blends are pre-
sented in the Figures S3 and S4. The parameters obtained
by power law fitted curves are detailed in Table 2.

The K parameter is directly related to the viscosity
characteristic of the samples. Values decrease with plasti-
cizer addition for all blends. It is evident that the reduc-
tion in viscosity values is related to changes in
entanglement networks due to the plasticizers action.
This occurs as plasticizers can form strong bonding

TABLE 2 Fitted parameters to power law model.

Blends K (s) n r

CSge 4.25 0.45 0.9962
CSgeEG 291 0.49 0.9935
CSgeGL 1.77 0.53 0.9951
CSgeSO 3.32 0.48 0.9960
CSox 1.66 0.59 0.9946
CSoxEG 1.39 0.55 0.9943
CSoxGL 1.41 0.55 0.9939
CSoxSO 1.50 0.54 0.9935
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interactions with starch and chitosan and weaken the
interaction between the biopolymers, facilitating chain
movement.

Depending on the plasticizer type, changes in the
polymer—polymer associations are noticed when gelatinized
starch is used in the sample preparation. For chitosan/
oxidized rice starch film-forming solutions, the difference in
K values after plasticizer addition was less evident, suggest-
ing the weak influence of polyols in the polymer-polymer
system. Additionally, the oxidation of starch molecules
influences their chain interaction with chitosan. Indeed,
CSge showed a higher value of K (4.25s) than CSox
(1.66 s). This low value can be attributed to an increase in
the alignment of oxidized rice starch and chitosan mole-
cules due to a higher interaction, favoring the flow of this
blend.

The film-forming solution with small viscosity is com-
monly related to a high spreadability property,*® facilitat-
ing the processability of the blend. That makes the
addition of a plasticizer advantageous in the film-forming
solution.

The n values were lower than 1, indicating the shear-
thinning (pseudoplastic) behavior, as Newtonian fluids
have n equal to 1. The CSge showed the lower n value
and polyol addition promotes an increase in pseudoplas-
ticity, probably to a decrease in inter and intramolecular
interactions of chitosan and starch in the blends.

On the other hand, CSox displayed the highest flow
index, a behavior attributed to an increase in interactions
between polymers (amino groups of chitosan and aldehyde
groups of oxidized starch). The n values decreased when
polyol was incorporated. However, no remarkable differ-
ences were observed between CSoxEG, CSoxGL, and
CSoxSO film-forming solutions. It suggested the weak influ-
ence of polyols in the polymer-polymer system when oxi-
dized rice starch was used in sample preparation.

3.3 | Film characterization

All films were homogeneous, transparent, thin, flexible,
and easily removed from the casting plate. Chitosan/
oxidized rice starch films were slightly yellow in appear-
ance (Figure S5).

3.3.1 | Thermal analysis

Thermogravimetric analysis is a simple and accurate
method for studying the decomposition pattern and the
thermal stability of polymers. Thermogravimetric curves
(Figures S6 and S7) characterize the thermal decomposi-
tion in synthetic air of chitosan/rice starch films. The

weight loss occurs in three stages: the first refers to
the loss of structural water (25-200°C); the second
(200-400°C) is a complex process involving the dehy-
dration of the saccharide rings, depolymerization, and
decomposition of the acetylated and deacetylated poly-
mer units;** and the third stage (400-750°C) corre-
sponds to the carbonization of polymeric materials.
The close similarity of TG curves for films prepared
with gelatinized starch indicated that the thermal
decomposition processes have a similar pattern.

For chitosan/oxidized starch films, the same weight
loss events were observed: one stage referring to the
dehydration and two stages related to the decomposition.
Starch oxidation increases the amount of water observed
in the first stage (Table 3). This is related to the fact that
the dialdehyde groups are more hydrophilic than native
starch, as already observed by Yu et al.*°

Table 3 reports the Tyuse; point, which corresponds
to the initial decomposition temperature of the films.
Starch oxidation decreases the decomposition tempera-
ture from 266.3°C (CSge) to 204.8°C (CSox). This
behavior occurs due to the breaking of the starch rings
during the oxidation reaction, thus reducing their ther-
mal stability.>’ In addition, the presence of polyols
decreases Tynse¢ Values for both forms of starch. Polyol
addition reduces the attractive intermolecular forces of
polymer chains, reducing the energy required for deg-
radation and consequently decreasing the decomposi-
tion temperature.?! For films prepared with gelatinized
starch, there seems to be a relation between the num-
ber of OH groups in the plasticizer molecules and deg-
radation stability, as CSgeSO exhibited the lowest
value (250.7°C).

A decrease in degradation temperature was observed
for the chitosan/oxidized starch films. Nevertheless, the
plasticizer type showed no effect on the T,.s values
(CSoxEG and CSoxSO) or a slight decrease for CSoxGL.

DSC curves of chitosan/gelatinized films and chito-
san/oxidized films (Figures S8 and S9) exhibit an endo-
thermic peak (around 100°C) attributed to the water
evaporation that was not removed completely when the
films were dried. Polysaccharides exhibit a strong affinity
to water, and due to the arrangements that macromole-
cule chains assume in the solid state, their structures can
be easily hydrated. Depending on how ionic or hydrogen
interactions exist and how strong they are among the
components, distinct peak areas and position of peak
temperature of endotherm thermal events are observed.
Indeed, these differences can be associated with the
water-holding capacity of polysaccharides associations*
or in the presence of an additive, like plasticizers.
This behavior is frequently observed in many polysaccha-
rides, such as cellulose and chitin derivatives.>*>°
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TABLE 3 % Weight loss and T,y values of chitosan/rice starch (gelatinized or oxidized) films.
Film 1 stage (25-200°C) 2 stage (200-400°C) 3 stage (400-750°C) Tonset (CC)
CSge 11.1 49.3 37.5 266.3
CSgeEG 9.4 49.6 38.4 264.1
CSgeGL 9.6 54.5 34.2 261.5
CSgeSO 11.6 56.1 31.7 250.7
CSox 16.0 42.3 40.3 204.8
CSoxEG 13.2 44.5 40.6 192.6
CSoxGL 16.8 44.9 36.9 177.0
CSoxSO 14.8 45.7 38.9 192.4
TABLE 4 Temperature of endothermic peak and enthalpy

values of chitosan/rice starch films.

Films Temperature (°C) AH (kJ mol ™)
CSge 105.7 3144
CSgeEG 109.2 270.6
CSgeGL 110.1 224.1
CSgeSO 120.4 194.2
CSox 110.7 407.1
CSoxEG 110.3 311.6
CSoxGL 116.0 396.4
CSoxSO 109.7 265.9

The temperature values of the endothermic peaks
obtained by DSC are listed in Table 4.

The starch oxidation process shifted the temperature
of the endothermic peak from 105.7°C (CSge) to 110.7°C
(CSox) and increased the AH value, which is related to
the heat required to remove the water from the films.
This result indicates an increase in water when oxidized
starch was used, which is coherent with the thermogravi-
metric results. Supare et al.’® described that an increase
in chitosan-starch interactions shifts the endothermic
peak to a high temperature.

The effect of the plasticizer type on -chitosan/
gelatinized starch is related to an increase in the tempera-
ture of the endothermic peak, confirming the role of
hydroxyl groups of polyols in the polymer-polymer chain
associations. Nevertheless, the enthalpy involved in this
thermal event is lower than CSge, suggesting that the
water molecules are connected less strongly, and less
energy is required to vaporize the water in films.

Starch oxidation also influenced both the endother-
mic peak and AH values of plasticized films. Neverthe-
less, the observed temperature is compared to each other,
confirming the behavior noticed in the rheological mea-
surements and the weak effect of the plasticizers due to a
high interaction between both polysaccharides.

3.3.2 | Water vapor permeability

Both biodegradability and good gas barrier properties are
the main features of polysaccharide-based films. Plasti-
cizers, such as polyols, are often added to modify the
mechanical properties of films, and these may cause sig-
nificant changes to the barrier properties (e.g., WVP).'°

Figure 5 shows the influence of the different stud-
ied formulations on the WVP values for all films. The
values are also listed in Table 5. WVP values of chito-
san films prepared with gelatinized starch showed
higher WVP values (7.82x 10 ®gm 's'Pa™),
while those with oxidized starch showed lower WVP
values (1.23 x 10 ®*gm ™' s™' Pa™'). This change in
values is related to increased interactions between
chitosan and oxidized rice starch, hindering the diffu-
sion of water molecules through the film. A similar
result was described by Pranoto et al.,>” wherein an increase
in ionic interactions between gellan and gelation reduced
the WVP of the films.

The increased molecular interaction resulted in films
with compact structures, and low WVP values was
detected by adding plasticizers in chitosan/gelatinized
starch. Notably, the WVP decreased with the addition of
polyols with high hygroscopic characteristics, and there
was a sharp reduction of around 77% in the film contain-
ing sorbitol (CSgeSO). This behavior is closely related to
improving the interaction between OH groups of polyols
and NH, and OH from the polysaccharides. An increase
in interactions restricts the mobility of polysaccharide
chains, which leads to a long and tortuous path for water
molecules through the film, reducing the diffusion and,
consequently, the WVP.*®

CSox showed the lowest WVP value due to an
increase in chitosan-starch interactions that reduce the
diffusion of water molecules through the film. The addi-
tion of polyols as plasticizers agents promoted an increase
in the values due to the higher interaction between the
polyol hydroxyl groups and water molecules. In a study
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FIGURE 5 Effect of different polyols on the water vapor

permeability (WVP) values of chitosan/rice starch films.

comparing SO and GL as plasticizers for starch/gelatin
films, Al-Hassan and Norziah®® found high WVP values
when SO was used in the composition of the film.

Low WVP values suggest these films can be used par-
ticularly in highly humid conditions. Thus, the properties
of films prepared with chitosan and starch may vary,
depending on the starch form (gelatinized or oxidized)
and the presence and structure of the plasticizer.

3.3.3 | Thickness and solubility

Table 5 shows the thickness and solubility values for all
films at 25°C. Thickness was influenced by polyol addi-
tion since lower values were observed in the presence of
the plasticizer. Moreover, the starch oxidation process
increased the thickness values from 0.059 mm (CSge) to
0.217 mm (CSox), indicating that the reduction of direct
associations between chitosan and starch restrains the gel
retraction and consequently increases film thickness.

The thickness for chitosan/gelatinized starch was
comparable, ranging from 0.059 mm (CSge) to 0.047 mm
(CSgeEG). On the other hand, chitosan/oxidized starch
films exhibited a broad range of values.

In general, due to polymer chain hindrance, an exten-
sion in the route for water molecules occurs, reflecting an
improvement in the water resistance in films.*’ The solu-
bility values of the films can indicate integrity in an aque-
ous system since higher solubility is due to lower
resistance to dissolution in water.*' The solubility values
of the films can indicate integrity in an aqueous system.

Solubility was reduced by 40% in CSox compared to
the film prepared with the unmodified starch form

TABLE 5 Thickness, solubility, and WVP values of chitosan/
rice starch films.

Films Solubility (%) Thickness (mm)
CSge 16.15 + 0.34 0.059 + 0.003
CSgeEG 41.15 + 0.82 0.047 + 0.002
CSgeGL 51.98 + 0.16 0.051 + 0.003
CSgeSO 32.88 +1.91 0.051 + 0.001
CSox 10.13 +1.10 0.217 + 0.004
CSoxEG 21.96 + 0.60 0.108 + 0.002
CSoxGL 40.43 + 0.43 0.117 + 0.002
CSoxSO 15.75 + 0.71 0.135 + 0.002

(CSge). It is apparent that the presence of plasticizers
controls solubility. Films prepared with both types of
starch (gelatinized or oxidized) showed a rise in the
values. Nevertheless, solubility values were found for
chitosan/gelatinized rice starch films. In general, the
polyols exhibited a lower influence in the chitosan/
oxidized starch, probably due to the weak interaction of
the plasticizers in the polymer—polymer association.

Film solubility can be modified by changes to the
starch form and plasticizer type, allowing a wide range of
possible applications. In some applications, films with
low solubility that maintain structural integrity and
with higher water resistance are required. However, in
other cases, higher solubility is necessary, and solubility
in water might be beneficial.*!

3.34 | Dynamic mechanical analysis

Tensile strength is defined as the maximum tensile stress
that a film can sustain. Elongation at break is the maxi-
mum change in length of the test specimen before break-
ing.** Figure 6 shows the effect of starch oxidation on
elongation at the break and tension at the break for all
films tested. The values are listed in the Table S1.

The tensile strength (TS) of CSge was 45.42 MPa,
showing that the chitosan/starch mixture produces a brit-
tle material that must be handled carefully. As films were
produced by casting, the higher tensile strength of CSge
was attributed to a high formation of intermolecular
hydrogen bonds between NH;' of chitosan backbone
and OH™ of gelatinized rice starch. The amino groups
(NH,) of chitosan were protonated to NH;" due to disso-
lution in acetic acid solution. In contrast, the gelatiniza-
tion process destroyed the ordered crystalline structure of
starch, exposing OH™ groups that readily form hydrogen
bonds with the protonated amino group. For the CSox
film, electrostatic interaction occurs within aldehyde
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groups of oxidized starch and chitosan-protonated amino
groups. This higher interaction between NH;" and OH™
or the dialdehyde group of starch is responsible for a
reduction in the brightness of the material.

Plasticizer insertion was generally associated with
decreased tensile strength behavior and increased elonga-
tion at break. Based on these results, there was a reduc-
tion in the intermolecular forces between the chains of
adjacent macromolecules, increasing the free volume and
reducing mechanical resistance.* Thus, the decrease in
tensile strength with the addition of polyols is due to a
decrease in intermolecular interaction between chitosan
and starch.

A decrease in tensile strength in chitosan/gelatinized
starch films was noticed after polyol was incorporated
into the network, thanks to reduced direct interactions
between chitosan and starch chains. Therefore, the ease
of chain movement decreases the tensile forces. In addi-
tion, the oxidation process decreases the tensile strength
values in CSox compared to CSge, indicating a loss of
resistance in the films when oxidized starch was used for
film preparation.

The values of elongation at break were affected by the
addition of polyol as plasticizers enhance film flexibility
due to the interference in polymer—polymer associations
and reduce the rigidity of the network, increasing the
capacity for polymer chain movements.**

Changes in elongation at break were observed when
oxidized starch was used to prepare the films, with values
of 2.21% and 0.51% for CSge and CSox, respectively. It is
possible to conclude that film elasticity decreases when
oxidized starch is used.

Nevertheless, the SO seems to increase elongation at
break values, independently of the starch form used to
produce the films. The values found were 14.84% for
CSgeSO and 13.20% for CSoxSO, showing that this polyol
highly affects the elasticity property, probably due to its
structure with six OH groups. Similar behavior was previ-
ously observed in starch/gelatin films.*

4 | CONCLUSION

Starch was oxidized to produce aldehyde groups in the
polysaccharide chain. The chemical modification was
compared with the traditional gelatinization process con-
ducted in starch. Additionally, the insertion of different
plasticizer types was evaluated in this study. It seems dis-
tinct interactions are involved between the components
in the range of formulations studied. An increase in poly-
saccharide interaction between chitosan and oxidized
starch was observed. As detected by rheological measure-
ments, polyols could not interfere with these polymer-
polymer associations. On the other hand, in chitosan/
gelatinized blends, adding polyols induced an entangle-
ment density between the components, mainly driven by
the OH groups. The oxidation of starch changes the prop-
erties of chitosan/starch films, decreasing the WVP
values due to the higher interactions between the amino
groups of chitosan and dialdehyde groups of oxidized
starch. In addition, the chemical modification to the
starch structure influences the amount of water in
the films. Stress-strain results showed a decrease in per-
centage elongation at break when oxidized starch was
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used for preparing the films, reducing their flexibility and
handling. On the other hand, adding plasticizers
improves mechanical properties, especially elongation at
break, resulting in increased film flexibility.
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