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In this study, we investigated the effect of sodium dodecyl sulfate (SDS) content on the structure and
properties of chitosan films. It is found that the binding of SDS to chitosan was realized through the
interactions between -SO4~ and —NHz*, forming an ionically cross-linked film. Structural analysis
revealed that the crystallization was greatly hindered by introducing SDS. With an increase of SDS
content, the glass transition temperatures (Tg) of chitosan films increased due to the formation of

. 49t N ber 2021 crosslinks. Compared to pure chitosan film, the composite films had lower content of moisture and
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Accepted 24th January 2022 possessed better thermal stability. In addition, the mechanical properties of the as-obtained composite
films were closely related to the content of SDS, and were significantly improved in the biopolymer films

DOI: 10.1039/d1ra08218c with moderate SDS content. These results indicate that the microstructure as well as properties of the
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1. Introduction

Chitosan is one of the most important cationic biopolymers
produced from the partial or complete deacetylation of chitin. It
has many potential applications in the food industry,
cosmetics, medicine and environmental protection.' In addi-
tion, chitosan is particularly suitable to be used as a packaging
material because of its good film-forming properties.> However,
this biopolymer film is relatively brittle and fragile, and its
application is limited due to the poor mechanical properties as
well as high hygroscopicity.®

To overcome this issue, modification studies have been
conducted to improve the properties of chitosan films.*
Compared to covalent modification, non-covalent modification
of chitosan is extremely attractive due to avoiding of the tedious
synthesis and potentially environmental issues. Generally, the
flexibility of chitosan film can be improved by the addition of
plasticizers because of the disruption of the hydrogen bonding
between biopolymer molecules. Nevertheless, the mechanical
strength of biopolymer film was generally weakened due to an
increase in the chain flexibility.> Therefore, how to simulta-
neously improve both strength and flexibility of biopolymer film
still remains a critical challenge.

In addition to hydrogen bonds, electrostatic and hydro-
phobic interactions also exist in chitosan system.®® It is ex-
pected that changes in these interactions will directly or
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chitosan films can be regulated by adding SDS.

indirectly interfere in structure formation and result in the
variation of biopolymer properties. As a cationic polyelectrolyte,
chitosan is prone to interact with anionic surfactants through
electrostatic attraction as well as hydrophobic interaction.® It
has been demonstrated that many of the properties of chitosan
depend on its ability to interact with anionic surfactant mole-
cules." As sodium dodecyl sulfate (SDS) is a well characterized
anionic surfactant, and chitosan/SDS system has been studied
extensively as a model polyelectrolyte-surfactant system that
exhibits different physiochemical properties. For instance,
Chatterjee and co-workers reported that the dye adsorption
properties of chitosan-based hydrogel capsules were closely
related to the content of SDS." Moreover, it showed that the
adsorption capacity of Cr(vi) on chitosan-SDS beads varied with
initial concentrations of SDS."” Similar results were also
observed for the adsorption of malachite green and congo red
on chitosan-SDS beads."'* Very recently, Bandforuzi and
Hadjmohammadi prepared a special kind of SDS-coated
magnetic chitosan nanoparticles, and found that these nano-
particles had a high adsorption capacity of organophosphorus
pesticides due to the strong interactions between sorbent and
target analytes.” In addition, the presence of SDS could
significantly increase the hydrophobicity and interfacial activity
of chitosan, and endow chitosan-SDS complexes with
a remarkably emulsifying ability.*®

Many applications of chitosan depend on the interactions
between polyelectrolyte and oppositely charged surfactant.’”
The binding behaviors of SDS to chitosan in solutions have
been studied widely.>*>'® It was generally observed that SDS
bound strongly to chitosan through electrostatic interactions
evidenced by a distinct exothermic valley at low surfactant
concentration, whereas a broad endothermic plateau appeared
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at high SDS content, indicating that some weak hydrophobic
interaction occurred between polymer and surfactant.’*?*° In
addition, the chitosan-SDS interactions at a solid-liquid inter-
face was investigated and it was found that the binding
behaviors in bulk and at solid-liquid interfaces were rather
different.”>** Due to its gel-forming properties, chitosan-based
system is generally used in solid state, especially in film state.
So the study of the interaction of chitosan with SDS in films is
important and urgent. Unfortunately, few work has been done
on the chitosan-SDS interactions in biopolymer films. He and
co-workers*»?** observed that the chitosan interacted electro-
statically with SDS micelles, which acted as network junctions
and endowed the chitosan hydrogel films with high mechanical
strength. Additionally, it was stated that SDS could bind to the
cross-linked chitosan films, and this cooperative binding
resulted in the collapse of the polymer gels.”” So far, however,
there still lacks of systematic research on the influence of SDS
on the structure and properties of chitosan films.

In this work, the effect of SDS content on the structure and
properties of chitosan films was investigated in detail. Impor-
tantly, the interactions between chitosan and SDS in the
biopolymer films were explored. The aim of this study is to
provide a better understanding of the interactions between
polyelectrolyte and oppositely charged surfactant. Furthermore,
the knowledge of the structure-property relationship of
composite films is beneficial for the design and development of
biopolymer/surfactant-based  products  with  desirable
properties.

2. Experimental
2.1 Materials

Chitosan (degree of deacetylation: 88.7, the viscosity-average
molecular weight is about 2.6 x10°, and is determined by the
viscosity method, viscosity 100-150 mPa s), glacial acetic acid
and sodium dodecyl sulfate were purchased from Sinopharm
Chemical Reagent Co., Ltd, China. All aqueous solutions are
prepared with ultrapure water (18.25 M), and all the chemical
reagents were of analytical grade.

2.2 Preparation of chitosan films

In this work, chitosan films were prepared by solution casting
method. First, a certain amount of chitosan powder was dis-
solved in a 0.2 mol L™' CH;COOH aqueous solution, stirred
overnight to obtain a chitosan solution of 2 wt%. Then, the
chitosan solutions were filtered using a PTFE membrane with
a pore size of 0.22 pum to remove insoluble impurities. Then,
30 mL of the chitosan solution was cast into a PTFE mold and
dried at room temperature for 72 hours. Finally, the obtained
chitosan films were placed in a vacuum oven for 24 hours at
70 °C, yielding dry film samples.

2.3 Preparation of chitosan/SDS composite films and
conditioning

First, a certain amount of sodium dodecyl sulfate (SDS) powder
was dissolved in ultrapure water to prepare a solution with
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a mass concentration of 0.5, 1, 2, 4, 8, 12, 16, 18, 20 and 25 wt%,
respectively. Then, the dried chitosan films were cut into
uniform small pieces, and were immersed in SDS solutions with
different concentrations at a constant temperature of 25 °C for
24 hours to complete the cross-linking process. Afterwards, the
cross-linked films were taken out, rinsed with distilled water to
neutrality and dried in a vacuum oven for 24 hours at 70 °C. The
obtained dry composite films were conditioned at room
temperature (25 °C) in desiccators for at least two weeks at
68.9% relative humidity for further analysis. In this work, the
relative humidity is controlled by the saturated aqueous solu-
tion of KI. It has been verified that the humidity of the air above
the liquid level of the saturated aqueous solution of KI in
a closed container is about 68.9%.

2.4 Methods

2.4.1 Scanning electron microscopy (SEM). The surface
morphology of the composite films was studied by Geminisem
500 scanning electron microscopy (Carl Zeiss Microscopy
GmbH, Germany). The samples were sprayed with gold layer to
improve their conductivity and fixed on the sample stub by
double-sided tape. The acceleration voltage used in the test is 3
kv.

2.4.2 Fourier-transform infrared (FTIR) spectroscopy. FTIR
data for the composite films was obtained by using a Nicolet
iS10 spectrometer (Thermo Fisher Scientific Inc., Waltham, MA,
USA), equipped with an attenuated total reflection (ATR)
accessory. The FTIR spectra were recorded from 400 to
4000 cm ™" with a resolution of 4 cm™" and 16 scans. The data
were analyzed with an Omnic software.

2.4.3 X-ray diffraction (XRD). XRD patterns of composite
films were recorded by an X-ray diffractometer (Bruker DS,
Germany) equipped with a multichannel detector by use of a Cu
Koy (A = 0.1542 nm) monochromatic X-ray beam. All the spec-
imens were determined in the scattering range of (26) 3-50°
with a scan rate of 5°min .

2.4.4 X-ray photoelectron spectroscopy (XPS) and element
analyzer (EA). X-ray photoelectron spectroscopy (ESCALAB
250Xi, USA) was used to characterize the changes in surface
elements of chitosan films after introduction of SDS. In addi-
tion, an element analyzer (Vario EL cube, Germany) was used to
measure the content of each element in the composite films,
and the SDS content was determined by the ratio of N/S
elements.

2.4.5 Differential scanning calorimetry (DSC). DSC experi-
ments were performed on a Q 2000 DSC (TA Instrument, New
Castle, USA) equipped with a cooling accessory RCS90. All the
composite films with mass of ~10 mg were sealed in the Tzero
hermetic pans with lids and heated from 20 to 120 °C at
a heating rate of 10 °C min~"'. All measurements were con-
ducted under nitrogen flow of 50 mL min~". The experimental
data were determined at least by triplicate on each film
sample.

2.4.6 Thermogravimetric analysis (TGA). TGA measure-
ments were carried out on a TGA-1 (Mettler Toledo Instrument,
Zurich, Switzerland) from 45 to 800 °C under nitrogen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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atmosphere at a heating rate of 10 °C min". In addition, TGA
was also applied to accurately determine the water content of
the composite films, and the results were shown in Fig. S1. The
conditioned films were first heated to 110 °C with a heating rate
of 10 °C min !, and then equilibrated at this temperature for
60 min. The water content was determined from the weight loss
at the end of the experiment.

2.4.7 Mechanical properties. The mechanical properties of
chitosan/SDS composite films were measured using a Universal
testing machine (WDL-005, Jinan Xinshiji Experimental
Instrument Co., China). The standard method used for
measuring the mechanical properties is ASTM D882-18-
Standard Test Method for Tensile Properties of Thin Plastic
Sheeting. Test strip dimensions were 50 mm x 10 mm (length
x width). The tensile experiments were performed at room
temperature (25 °C and 50 + 5% relative humidity) with
a constant deformation rate of 20 mm min ' (the strain rate is
40%). The measurements were run three times for each sample
and took the average value as the results.

2.4.8 Physicochemical properties

2.4.8.1 Thickness. The films thickness (mm) was measured,
using a digital vernier caliper (Deli, China), at three different
positions in each sample to the nearest 0.01 mm.

2.4.8.2 Water vapor transmission (WVT) and water vapor
permeability (WVP). The water vapor transmission (WVT) and
water vapor permeability (WVP) of films was determined by
procedure for water method, using a modified ASTM E96/E96M-
16-Standard Test Methods for Water Vapor Transmission of
Materials. The obtained dry composite films were covered on
the mouth of the cup and sealed by waterproof tape. The cup
was filled with more than half of ultrapure water in order to
generate 100% RH. Finally, the cup was placed in a desiccator
filled with silica gel desiccant in order to provide 0% RH. The
weight change of the cup was recorded every 12 hours, at room
temperature (25 °C). Measure at least three times each time and
take the average value to reduce errors. The water vapor
permeability was calculated as follows:

Am x X
WVT(gm= h™ =— 1
(gm b mm) = 27 (1
WVT Am x X 1
P(gm™ h™' Pa’' = = 5
WVP (gm almm) = = P(R, —R,) 2
(2)

where: Am = the weight loss over time (g), X = the thickness of
sample (mm), A = the test area or cup mouth area (m?), ¢ = the
time (h), AP = the partial vapor pressure difference of the
atmosphere with silica gel and pure water (Pa), P = the satu-
ration vapor pressure at test temperature (3.169 x 10° Pa, 25
°C), R, = the relative humidity at test cup (100% RH), R, = the
relative humidity at desiccator (0% RH).

2.4.8.3 Water vapor adsorption capacity and water resistance.
The obtained dry composite films were conditioned at room
temperature (25 °C) in desiccators for at least two weeks at
68.9% relative humidity for further analysis. The relative
humidity is controlled by the saturated aqueous solution of KI.
It has been verified that the humidity of the air above the liquid
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level of the saturated aqueous solution of KI in a closed
container is about 68.9%. The water vapor adsorption capacity
was test after the samples reached equilibrium state.

Moreover, the obtained dry composite films were immersed
in ultrapure water for 12 hours. The water resistance was
measured by characterizing its swelling behavior.

3. Results and discussion
3.1 Scanning electron microscopy (SEM)

The surface morphology of composite films with various SDS
concentrations was shown in Fig. S2.f It is seen that the
chitosan/SDS composite films are still able to maintain a flat
and homogeneous microstructure, at a magnification of 5000x.
All the films show no cracks, holes or other defects and have
a similar surface appearance. This result suggests the presence
of strong intermolecular interactions and superior compati-
bility between chitosan and SDS molecules.”® We will further
elaborate the mechanism of these interactions in the subse-
quent study.

3.2 Water vapor permeability (WVP)

Water vapor permeability (WVP) is an important parameter
for food packaging materials, which can regulate the water
vapor transmission effect between the food and the environ-
ment, and thus plays a role in preservation of food.*®*” The
WVP curves of samples were displayed in Fig. 1, and the result
was shown in Table 1. The WVP of pure chitosan film was
1.7702 gm > h™" Pa~" mm x 10~°. And after cross-linked, the
WVP of composite films was gradually reduced. This may be
due to the intermolecular interactions of pure chitosan are
dominated by hydrogen bonds, which are not tight, and the
amount of water vapor allowed to pass through is relatively
large. At the same time, the existence of hydrophilic groups
(amino and hydroxyl groups) also contributes to the high
WVP. For the composite films, the decrease of WVP is attrib-
uted to the presence of electrostatic interactions between
chitosan and SDS, which reduces the amount of free hydro-
philic groups on the polymer chains and makes the film
structure more compact, resulting in low WVP.

3.3 Water vapor adsorption capacity and water resistance

The water vapor adsorption capacity of samples were deter-
mined and the result was shown in Table 1. It is seen that the
pure chitosan film has the highest water content of about 18%.
This result was well consistent with the early report by Agrawal
that the moisture content was 19% for the hydrated chitosan
film conditioned at relative humidity of 50%.>® With the intro-
duction of SDS, the water vapor adsorption capacity of
composite films decreased gradually with the increase of the
SDS concentration. For example, the water content of the
composite film decreased from 15% to 12% when the SDS
concentration increased from 1% to 12%. With further
increasing SDS concentration, the water content leveled off and
reached an equilibrium. When the SDS concentration is low, the
binding sites formed by electrostatic interaction of -SO,~ with

RSC Adv, 2022, 12, 3969-3978 | 3971
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Fig. 1 The water vapor permeability curves of composite films with
various SDS concentrations.

-NH;" are very few due to low content of head groups. As the
concentration of SDS increased, the binding sites of -SO,~ with
-NH;" gradually increased, and the number of hydrophilic
groups (-NH;") decreased, resulting in a low water vapor
absorption capacity. When the SDS concentration reached
a certain range, this binding was saturated, and the content of
hydrophilic groups would not be further reduced.”® Conse-
quently, the water vapor absorption capacity of the composite
films reached an equilibrium.

Generally, the chitosan film regenerated with acid solution
can dissolve in water, and its water resistance is very poor.®
Based on the results of water content of chitosan/SDS composite
films, it is conjectured that the introduction of SDS may over-
come this shortcoming. In order to further explore the effect of
SDS on the water resistance of chitosan films, the swelling
behavior of composite films were investigated, and the results
were displayed in Fig. 2. Obviously, the cross-linking of chitosan
films by SDS can significantly improve their water resistance.

As shown in the inset of Fig. 2, the composite films will not
dissolve in water, and only swelled to a certain extent. Similar
results have also been observed in other cross-linked chitosan
film systems.* In this study, the ionic cross-linking neutralized
the positive charges on the chitosan chains, leading to the fall of
hydrophilic property.” In addition, with an increase in SDS
concentration, the degree of swelling decreased and leveled off
at 70%. This reduction of the swelling degree by ionic cross-
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Fig. 2 Effect of SDS concentration on the swelling degree of
composite films. The inset shows the photograph of composite films
with various SDS concentrations swelled in water.

linking has also been reported in chitosan/CaCl, system.** We
attribute the decrease in the degree of swelling to the cross-
linking between the -SO,” anion and the -NH;' ion. The
degree of swelling decreases as the ionic cross-linking interac-
tion increases. When all free -NH;" groups are occupied, this
anti-swelling effect reaches an equilibrium with the solubiliza-
tion effect of water on chitosan. The degree of swelling does not
decrease further. These findings indicate that the ionic cross-
linking of chitosan by SDS can significantly enhance the
hydrophobic properties, and improve the water resistance of
biopolymer.

3.4 The interactions between chitosan and SDS

Fourier transform infrared spectroscopy (FTIR) was employed
to study the interaction between chitosan and SDS and the
results were shown in Fig. 3. For all samples, the broad
absorption band at 3000-3600 cm ™" is caused by the superpo-
sition of the stretching vibration of the absorption peaks of
-NH, and -OH, which can also be attributed to the large
number of hydrogen bonds between chitosan molecules.** After
being modified by SDS, this absorption peak became narrowed,
and the intensity of the peak was also slightly reduced, indi-
cating that the hydrogen bond between chitosan molecules was
destroyed after cross-linked by SDS.** Additionally, it was stated
that the decrease of the intensity of this peak corresponded to

Table1 The WVT, WVP and water vapor adsorption capacity of various samples

Sample Water vapor adsorption
name Thickness (mm) WVT (gm > h™' mm) WVP (gm >h™ ' Pa ' mm x 107%) capacity (%)

Blank 0.15 + 0.01 5.6098 1.7702 18

4% 0.16 + 0.01 5.0691 1.5996 14

8% 0.16 + 0.01 4.5960 1.4503 12.5

16% 0.17 +£ 0.01 4.4698 1.4105 12
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Fig. 3 FTIR spectra of composite films with various SDS

concentrations.

the reduction of the hydrophilicity.*® The peaks appeared at
2900 cm ™" and 2850 cm ™" belong to the stretching vibration peak
of CH,, respectively. The reason is that after SDS addition, more
CH, groups presented in the system, so the intensity of the two
peaks was enhanced. The peaks at 1640 cm™ " and 1545 cm™ "
were assigned to the stretching vibration peak of C=0 (amide I)
and the bending vibration peak of N-H (amide II), respectively.>*
The peaks at 1465 and 1370 cm ™" (the asymmetrical stretching
vibrations of -C-0-S), 1220 cm ' (S=O stretching vibration),
835 cm ' and 761 cm " (the symmetric stretching vibration
peaks of -S-O) were the characteristic signals of SDS,""** which
indicated the combination of SDS with chitosan.

Compared with the standard N-H bending vibration peak at
1582 cm ™', this N-H peak (amide II) has shifted to the low wave
number region at 1545 cm ™. This is because the -NH, group in
chitosan is protonated by H' into -NHj;", and the bending vibra-
tion of N-H is weakened.* In the chitosan/SDS composite films,
this peak shifted from 1545 to 1525 cm ™', The reason was that the
free protonated -NH;" could bind to -SO,~ anions through elec-
trostatic interaction and form a neutral ion pairs, which shielded
the original electrostatic repulsion between the chitosan chains.
Similar result was observed in other chitosan/SDS systems.>***

Based on the analysis of FTIR spectra, it was concluded that
the addition of SDS weakened both the hydrogen bond and
electrostatic interaction between chitosan molecules. Further-
more, it also induced a hydrophobic effect. Chitosan could be
ionically cross-linked with SDS.

3.5 Crystalline structure of Chitosan/SDS composite films

In order to study the effect of SDS on the crystalline structure of
chitosan films, the wide-angle X-ray diffraction patterns of
composite films with different SDS concentrations were
compared, and the results were shown in Fig. 4. It shows that
three main diffraction peaks locate at 26 = 8.6°, 11.5° and 18.3°
for pure chitosan film. It is consistent with the diffraction
spectrum of the hydration crystallization behavior of chitosan.*®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of composite films with various

However, this result is different from previous study on the
crystallization properties of acetic acid regenerated chitosan
film.*” It has been demonstrated that the crystallinity of chito-
san film is closely related to the water content of polymer film,
and the variation in the water content of the samples leads to
the divergence of the results.?

For the composite films, only a broad scattering peak appears
at 26 = 21°, which indicates that the composite films have become
the amorphous substance and the biopolymer chains were in
amorphous state.* The reason may be that the addition of SDS
anions destroys the ordered structure of the chitosan molecular
chains due to the presence of interactions between SDS and
biopolymer. The presence of this interaction can be confirmed by
the shift in the position of the N-H peak (amide II) in the FTIR
results (Fig. 3). Similar phenomenon has been reported by He
et al.,** Furthermore, as the concentration of SDS increases, the
intensity of the amorphous peak at 26 = 21° gradually decreases.

3.6 Energy spectrum and elemental analysis of chitosan/SDS
composite films

To further confirm the combination of SDS with protonated
chitosan, X-ray photoelectron spectroscopy (XPS) measurement
was performed, and the results were shown in Fig. 5. The high
resolution XPS spectra of S element for composite films is
shown in Fig. S3 and S4.7 It is seen that the characteristic signal
of S 2p (168.3 eV) appears in the composite films, which
confirms the existence of -SO,~ ion in the composite system
after ion cross-linking. This result is in accordance with that of
other studies.”* In addition, the characteristic signal at 398.8 eV
is attributed to -NH;" ions (protonated amine) in the chitosan
film,**** and this signal has a red shift and the value moves to
400.9 eV in 6% composite film."”” Furthermore, the signal
intensity is also weakened after the introduction of SDS. In
addition, the binding energy of N 1s is increased® and the
number of protonated amines is decreased. The reason is that
-NH;" and -SO,  in the system are combined through

RSC Adv, 2022, 12, 3969-3978 | 3973
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Fig. 5 XPS spectra of composite films with various SDS concentrations.

electrostatic interactions and become electrically neutral ion
pairs. Accordingly, this characteristic signal is further reduced
and disappears in 12% composite film. In this sample, all
—-NH,;" on the chitosan molecular chains and -SO,~ formed the
neutral ion pairs, and the binding was saturated. These obser-
vations indicate that the binding of SDS to chitosan is through
the interaction between -NH;" and -SO,~, forming the ionic
cross-linking in the composite films. Similar result was also
reported in the SDS-chitosan hydrogel system.>*

Fig. 6 displays the elemental analysis (EA) results. The pure
chitosan sample contains approximately 3.6% of the N element
and no S element. The composite films contain S element,
which increases with increasing SDS concentration. When the
SDS concentration is increased to 12 wt%, the content of S

3974 | RSC Adv, 2022, 12, 3969-3978

element no longer increases and reaches a stable level of 5.5%.
In this study, the average molecular weight of chitosan sample
is about 2.6 x 10°7 and we can quantitatively analyze the
interaction between -NH," (chitosan) and -SO,~ (SDS) through
the ratio of N element to S element. It indicates that the molar
ratio of -NH," cations to -SO,~ anions is about 1.5 : 1 in the
chitosan/SDS composite film with saturated cross-linking. This
ratio is different from previous result,” which can be attributed
to the difference in the concentration of the solvent acid and the
preparation process of chitosan films.

3.7 Thermal properties of chitosan/SDS composite films

In order to study the effect of SDS on the thermal properties of
chitosan films, differential scanning calorimetry (DSC) tests

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 EA results of composite films with various SDS concentrations.

were performed and the results were shown in Fig. 7. It is seen
that the glass transition temperature (7,) of the pure chitosan
film is about 75 °C, which is different from the T, values of
chitosan reported in the literature.*® However, the melting point
of the pure chitosan film appears at about 105 °C, which is
consistent with the conclusions has been reported by Qiao
et al.*® This difference may be due to the different water content
of chitosan samples. It has been demonstrated that the T, of
chitosan depends on its moisture content due to the plasti-
cizing effect of water molecules.*® For the composite films, the
T, tends to increase with the increase of the SDS concentration,
and finally reach about 107 °C for the 16% composite films. This

blank 4% 8%

Heat Flow (w/g) Exo Up

60 65 70 75 80 85 90 95 100 105 110 115
Temperature (°C)

Fig. 7 DSC thermograms of composite films with various SDS
concentrations.

© 2022 The Author(s). Published by the Royal Society of Chemistry

is because SDS can cross-link the chitosan chains, and hinder
the movement of the polymer chains, resulting in an increase of
the glass transition temperature. Similar results have also been
reported in the other cross-linked chitosan systems.>*** In
addition, the elevation of Ty is also related to the reduction of
the water content of the composite system, as confirmed by the
TGA result (Fig. S17). It has been generally accepted that the T,
of chitosan increased with the decrease of moisture content.*®

Interestingly, an endothermic peak appeared in pure chito-
san film, which can be attributed to the melting peak of the
crystalline region of the chitosan film. This result is in good
agreement with the XRD analysis that the crystalline regions
exist in the chitosan film (Fig. 4). However, there is no endo-
thermic peak in all the composite films, suggesting the chitosan
chains are in amorphous state. In addition, there is only one
transition process in the composite films, indicating that the
ionic cross-link effect endows the SDS and chitosan with better
cooperativity. This phenomenon of enhanced cooperativity was
also observed in chitosan/SDS solutions.'®*

The TGA curves of composite films with different SDS
concentrations were shown in Fig. S5, and the corresponding
DTG thermograms were shown in Fig S6.1 Generally, biological
macromolecules have certain hygroscopicity. It can be seen
from the TGA curves that the chitosan film has a relatively
obvious weight loss stage before 150 °C, which corresponds to
the removal of water. The introduction of SDS reduces the water
content of the composite system, evidenced by the gentle weight
loss platform for films with high SDS content. The weight loss
stage between 200 to 400 °C corresponds to the decomposition
of chitosan. This region corresponds to the decomposition of
acetylated and deacetylated groups in chitosan.** Compared
with the pure chitosan sample, the composite films have
a notable weight loss at 260-400 °C. The high initial

RSC Adv, 2022, 12, 3969-3978 | 3975
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Table 2 The mechanical properties of composite films with various
SDS concentrations

Mechanical

parameters Strength (MPa) Elongation (%) E (MPa)
Blank 26.2 £ 0.10 3.5+ 0.04 20.2 £ 0.01
0.5% 18.1 £ 0.18 1.7 £ 0.02 10.3 £ 0.04
1% 20.5 £ 0.08 3.2 £ 0.06 11.4 + 0.06
2% 26.5 + 0.04 2.2 £ 0.04 12.6 £+ 0.12
4% 28.5 £ 0.24 9.8 + 0.06 17.8 £ 0.08
8% 32.8 £ 0.12 16.1 £+ 0.12 23.9 + 0.05
12% 39.9 £ 0.08 15.2 + 0.10 32.6 £0.18
16% 38.1 £ 0.16 8.0 £ 0.08 32.3 £ 0.09
20% 39.1 £ 0.32 6.2 + 0.12 27.2 £0.34

—— >
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decomposition temperature is due to the formation of cross-
link interactions between the SDS anions and the chitosan
molecular chains, which inhibits the decomposition of chito-
san.*® The weight loss of various samples at different tempera-
ture stages was shown in Table S1.1 These results show that the
introduction of SDS improves the thermal stability of chitosan
films at medium to high temperature.

3.8 Mechanical properties of chitosan/SDS composite films

Fig. 8 showed the stress-strain curves of composite films with
different SDS concentrations at room temperature, and the
result was shown in Table 2. It can be found that the pure
chitosan film has poor mechanical properties with low elonga-
tion at break. It is known that there are a large number of
hydrogen bonds in chitosan system and the polymer chain is
rigid. Furthermore, the presence of crystalline regions also
endows biopolymer with poor toughness.

SDS has a significant impact on the mechanical properties of
the polymer films. When the concentration of SDS is low (~2%),
the mechanical properties of the composite films became poor.
At low SDS concentration, the cross-linking between -SO, ™~ ions
and -NH;" ions seldom occurred (Scheme 1). More important,
a large number of free hydrophilic -NH;" ions can interact with
water, and tend to dissolve part of the film during the soaking of
polymer film, which damages its mechanical properties.

With further increase of SDS concentration, both the
strength and toughness were significantly enhanced,* and the
best mechanical properties was achieved for 12% composite
film with tensile strength of 40 MPa and elongation at break of
15%. These results indicate that a stable cross-linking network
is formed by chitosan and SDS (Scheme 1), which can effectively
inhibit the slip between chitosan chains when subjected to
tension.*?

SDS anions

Crosslink

Z = NH.,t << < > > > "H;NY ENH;>_ <“THN
= W 3 } }US08 g0 P
ey NH S>> << OS.Q.SO 7>>><<<+H N

< > 3 4 4 3 e 4_40§ O4->7\7 -

777 o
Q tuy, % NH;* << < > > > *H,NY ENH;"" “H;N
“4

""" "4 SDS low concentration SDS medium concentration SDS high concentration
No SDS Un-crosslinked Partially crosslinked Fully crosslinked

P ikttt

I SN  Chitosan molecular chain Il Crystalline region mum  Hydrogen bond :

I

1 4OS-@-SO, SDS micelles >>><<< Electrostatic interaction &%~ Hydration :

\

Schemel The chitosan film regenerated from acetic acid has a certain crystallinity and hydration, which are weakened by the cross-link effect of
SDS. This effect gradually increases with SDS concentration, until it is saturated.
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However, when the SDS concentration is above 12%, the
elongation at break of films decreases. At such high SDS
concentration, the cross-linking of SDS will take a dominant
position and produce an excessive cross-link effect.*® This effect
makes the rigidity of the chitosan chains become high,
endowing the composite films hard and brittle, thereby
impairing their mechanical properties. Similar results have
been reported by,**** who stated that the excessive number of
cross-link points endowed the interaction between the polymer
chains too strong and made the polymer with poor toughness.

In summary, the mechanical properties of composite films
depend on SDS concentration. At low SDS content, few SDS
micelles are embedded in chitosan chains and the cross-linking
seldom occurs, resulting in poor mechanical properties. At
moderate SDS content, a stable cross-linking system is formed
and the mechanical properties are significantly improved. At
high SDS content, the toughness is decreased due to the high
degree of cross-linking.

4. Conclusions

SDS could bind strongly to chitosan through the interactions
between -SO,~ and -NH;" and formed an ionically cross-linked
chitosan film. With an increase in SDS content, the moisture
content of composite films decreased, and the crystallization of
chitosan was seriously hindered and the biopolymer chains
were in amorphous state. Due to the cross-linked effect the glass
transition temperature of composite films increased. A melting
peak appeared in the DSC traces for the chitosan film, whereas
it was absent in composite films. Compared to pure chitosan
film, the composite films possessed good thermal stability. In
addition, the mechanical properties of composite films were
closely related to the content of SDS. At low SDS content, the
mechanical properties were poor. At moderate SDS content,
both the tensile strength and toughness were significantly
improved, while the toughness is decreased at high SDS
content.
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