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Abstract Cellulose—chitosan films were prepared
using a physical method in which cellulose and
chitosan were separately dissolved via freeze thawing
in LiOH/urea and mixed in different proportions, the
resulting films being cast and regenerated in water/
ethanol. X-ray diffraction and Fourier transform
infrared spectroscopy (FT-IR) spectroscopy verified
the composition changes in the nanocomposites due to
different mixing ratios between the polymers. Tensile
stress—strain measurements indicated that the mechan-
ical performance of the cellulose—chitosan nanocom-
posites slightly worsened with increasing chitosan
content compared with that of films comprising
cellulose alone. Field emission scanning electron
microscopy revealed the spontaneous formation of
nanofibers in the films; these nanofibers were subse-
quently ordered into lamellar structures. Water uptake
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and microscopy analysis of film thickness changes
indicated that the swelling dramatically increased at
lower pH and with increasing chitosan content, this
being ascribed to the Gibbs—Donnan effect. Slow
material loss appeared at acidic pH, as indicated by a
loss of weight, and quantitative FT-IR analysis
confirmed that chitosan was the main component
released. A sample containing 75% chitosan reached a
maximum swelling ratio and weight loss of 1500%
and 55 wt%, respectively, after 12 h at pH 3. The
study presents a novel way of preparing pH-responsive
cellulose—chitosan nanocomposites with slow-release
characteristics using an environmentally friendly
procedure and without any chemical reactions.
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Graphical abstract

(a): with 25 wt% chitosan; (b): with 50 wt% chitosan; (c): with 75 wt% chitosan.
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Introduction

Ecological awareness has driven the search for
substituents and new materials derived from renew-
able resources using environmentally friendly pro-
cessing routes. Cellulose and chitin, the most abundant
biopolymers on Earth (Hadwiger 2013; Klemm et al.
2005), have attracted great attention for designing new
materials and products due to their renewability,
biodegradability, and low cost. Cellulose and chitin
are polysaccharides that support organisms in the plant
and animal kingdoms, respectively. Their chemistries
are relatively similar, having B-1,4 bonds between
repeating sugar units and complex networks of
hydrogen bonding and hydrophobic interactions main-
taining the polymer chain structures (Medronho and
Lindman 2014; Yang et al. 2016).

Cellulose and chitosan (easily derived from chitin),
biopolymers known since the 19th century, both play
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substantial roles in various composite applications,
such as textiles and packaging (Qiu and Hu 2013),
waste water purification (Zargar et al. 2015), tissue
engineering (Sowjanya et al. 2013), wound healing
(Xiao et al. 2013), and other biomedical applications
(Kim et al. 2011; Szymanska and Winnicka 2015).
Besides cellulose and chitosan composites, efforts
have also been made to form functionalized composite
materials, such as chitosan—cellulose nanofibers (Fer-
nandes et al. 2011), chitosan—cellulose nanowhiskers
(Li et al. 2009), and chitosan—cellulose multi-compo-
nent composites (Tang and Alavi 2011). These
composite materials can be given anti-microbial or
wound-healing properties, pH sensitivity, or other
functionalities. In some cases, metallic nanoparticles
or other components are applied to achieve the desired
functionality (Li et al. 2010). Having cellulose and
chitosan in a common solvent would greatly facilitate
the manufacture of such composites. A common
method for preparing cellulose—chitosan composites
is mixing derivatized polymers in common solvents.
The derivatization of either cellulose or chitosan
would render polymers with different properties, but
may lower the biocompatibility of the composite,
increasing both environmental concerns and
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processing complexity. Hence, dissolving and prepar-
ing cellulose—chitosan composites in a compatible
solvent without previous derivatization would be
advantageous.

Various solvents have been investigated for dis-
solving cellulose and chitosan, solvents such as ionic
liquids, acidic solvents, and alkaline solvents. Using
ionic liquids to directly dissolve cellulose has been
studied since 2002 (Swatloski et al. 2002), revealing
that ionic liquids can dissolve chitosan and other
polysaccharides (Kuzmina et al. 2012). However, the
mechanism behind the dissolution of polysaccharides
is not well understood. Apparently, the dissolution is
mainly governed by the interaction between the anions
and the polysaccharide molecules, yet the particular
combinations of cations and anions significantly affect
the dissolution power of the ionic liquids (Pinkert et al.
2009). As well as deficient knowledge of the disso-
lution mechanism, their high viscosity, high produc-
tion cost, moisture sensitivity, and poorly developed
purification processes have made it difficult to use
ionic liquids at industrial scale (Alexandridis et al.
2018; Li et al. 2018).

Regarding water-based systems, acidic solvents are
generally more efficient than alkaline ones. However,
in acidic cellulose dissolution, hydrolysis of the B-1,4
glycosidic bonds in the polymer chain occurs over
time, reducing molecular mass, promoting dissolution,
and yielding regenerated material with inferior prop-
erties. Protonation of the hydroxyl groups via the fast
diffusion of protons in acidic solvents contributes to
the fast dissolution of cellulose. Both the amorphous
and crystalline regions of cellulose are quickly disas-
sembled and can be easily protonated (Lindman et al.
2010; Zhang et al. 2006). Unlike cellulose, chitosan is
readily soluble even in weakly acidic solvents because
the primary amine group in chitosan has a pK, value of
6.5. Therefore, at a lower pH, the amine groups are
protonated and positively charged, making chitosan a
cationic polyelectrolyte (Zargar et al. 2015). The
electrostatic repulsion between the molecular chains
in terms of the counterion entropy thus favors the
dissolution of chitosan in acidic solvents (Szymanska
and Winnicka 2015). As discussed above, dissolution
in strongly acidic media is typically accompanied by
the chemical degradation of cellulose and chitosan,
which can jeopardize the properties of the regenerated
products (Liebert 2010; Nguyen et al. 2008).

Regarding the use of aqueous alkaline solvents to
dissolve cellulose or chitosan, recent developments
have concerned use of different additives and freeze-
thawing at — 12 °C or lower (Cai and Zhang 2005;
Zhang and Xia 2014). Some hydroxyl groups are
deprotonated at extreme pH (Alves et al. 2016; Bialik
et al. 2016), and the polymer networks become highly
swollen (Isogai 1997; Lindman et al. 2017; Saric and
Schofield 1946). Additionally, some authors argue that
ice expansion at lower temperatures further opens up
the structure (Cai and Zhang 2005; Zhang and Xia
2014), and that more favorable water—polymer inter-
actions also play a role (Lindman et al. 2010). The
hypothesis that cellulose is an amphiphilic polymer
has received increased acceptance (Glasser et al. 2012;
Lindman et al. 2010). This explains why, to better
dissolve cellulose or chitosan in alkaline solutions, it is
helpful to have additives, such as urea or thiourea, that
decrease the hydrophobic interactions (Cousins and
Brown 1995; Lindman et al. 2010; Medronho and
Lindman 2014).

Whereas different approaches have been developed
over the years to dissolve cellulose and chitosan in the
same solvent to create a composite, most of the
approaches are inappropriate for industrial production
or unacceptable due to increasing environmental
concerns (Liebert 2010; Niroomand et al. 2016).
However, cellulose or chitosan dissolution in a non-
toxic, low-cost, and environmentally friendly aqueous
solvent merits further investigation, particularly in
relation to the preparation and design of nanocom-
posites with properties tunable for specific applica-
tions and functions. One notable functionality of
cellulose—chitosan nanocomposites is pH responsive-
ness, which gives these nanocomposites pH—depen-
dent swelling properties (Duan et al. 2017; Omidi et al.
2017). The nanocomposite pH response is driven by
the Gibbs—Donnan equilibrium, based on the differ-
ence in osmotic pressure caused by the difference in
counterion concentration between the inner gel phase
and the outer solution (Grignon and Scallan 1980).
This responsive behavior is a key feature of advanced
artificial materials and devices widely used in the
medical, pharmaceutical, and agricultural fields (Si-
dorenko et al. 2007).

In this study, pH-responsive cellulose—chitosan
nanocomposite films with slow release of chitosan
were prepared and characterized. The pH responsive-
ness is an important feature for various applications,
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especially wound dressing, in which various pH-
responsive materials are applied as a simple method to
monitor pH during healing (Srinivasan and Mahade-
van 2010). In addition to pH responsiveness, the slow
release of chitosan makes the nanocomposite both a
wound dressing candidate and a drug delivery system
for carrying active substances that promote wound
healing (Liu et al. 2018). Cellulose and chitosan are
adequate candidates for preparing nanocomposite
films with pH responsiveness because both renewable
polymers are biocompatible and biodegradable. Addi-
tionally, the osmotic pressure change that occurs with
the protonation of the primary amine groups in
chitosan suggests that a cellulose—chitosan nanocom-
posite would respond well to changes in pH, indicating
the potential for tuning the pH response of the
composite material. The objectives of this work were
accordingly to prepare cellulose—chitosan nanocom-
posite films at different polymer mixing ratios and to
investigate their chemical and mechanical properties
and pH-responsive functionality.

Materials and methods
Chemicals and reagents
The cellulose used was a commercial-sulfite-dis-
solved pulp with a weight average molecular weight

(M,) of 3.2 x 10° g mol ™" and a polydispersity index
of 10.3, provided by Domsjo Fabriker Aditya Birla

1300 rpm

4 wt%
chitosan
solution

—
N—
<

>~
» cellulose-
chitosan
mixtures

-20°C, 1h

4 wt%
cellulose
solution

Scheme 1 Route for preparing cellulose—chitosan nanocom-
posite films. Aqueous alkaline solutions of cellulose and
chitosan were mixed in different ratios, and the mixtures were
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degassing

(Ornskoldsvik, Sweden). Commercial grade chitosan
from shrimp shells with weight average molecular
weight (M,,) of 3.6 x 10° g mol™' and degree of
deacetylation of 89%, was supplied by Regal Biology
Ltd. (Shanghai, China) (Duan et al. 2015). The other
chemicals, i.e., lithium hydroxide (LiOH), potassium
hydroxide (KOH), urea, and ethanol, were of analyt-
ical grade and supplied by VWR Prolabo Chemicals
(Stockholm, Sweden).

Dissolution of cellulose and chitosan

The cellulose and chitosan dissolution was achieved in
different aqueous solvents. For cellulose, an aqueous
solvent comprising LiOH/urea/water (4.6:15:80.4 w/
w) was prepared and frozen for the dissolution. Then,
4 g of cellulose was dispersed with extensive stirring
in 96 g of thawed LiOH/urea solvent. For chitosan, 4 g
of chitosan was dispersed and frozen in 96 g of a
LiOH/KOH/urea/water solvent (4.6:7:8:80.4 w/w).
KOH was used to promote the dissolution of chitosan
(Fang et al. 2017). Both the cellulose and chitosan
solutions were then kept at — 35 °C until completely
frozen. Next, the solutions were thawed at room
temperature and stirred at 1300 rpm for 2 min. The
freezing—thawing—stirring cycle was repeated twice
more until the cellulose and chitosan were fully
dissolved. A 4 wt% transparent cellulose—chitosan
solution was obtained after the air bubbles were
removed by centrifuging the sample at 8000 rpm and
0 °C for 10 min (Beckman Culter, Avanti J-25 with

regenerating
_
washing/drying

Film casting on

20 cm x 20 cm glass
plate, thickness 1 mm

degassed, cast, and regenerated in water/ethanol. After washing
in water and drying at 95 °C in Rapid K&then for 10 min under
vacuum, the films were characterized and tested
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JLA-16.250 Fixed Angle Rotor, Indianapolis, United
States).

Preparation of cellulose—chitosan composite films

Pure cellulose and chitosan reference films were
prepared by directly casting the stock solutions on
20 cm x 20 cm glass plate with a thickness of 1 mm.
Then, the glass plates with the cast solutions were then
carefully immersed in a water/ethanol bath for regen-
eration. A solution mixture ratio of 4:6 water/ethanol
was found to give films with low stickiness and film
shrinkage. The cellulose—chitosan nanocomposite
films with different cellulose/chitosan ratios were
prepared as illustrated in Scheme 1. The stock solu-
tions of cellulose and chitosan were premixed at
different weight ratios before the casting and regen-
eration. The films were dried in Rapid K&then (PTI,
Laakirchen, Austria) at 95 °C under vacuum for
10 min. The nanocomposite films were prepared with
different chitosan contents: 25% chitosan and 75%
cellulose (C25), 50% chitosan and 50% cellulose
(C50), and 75% chitosan and 25% cellulose (C75).

Physical and chemical characterizations

The morphologies of the prepared films were charac-
terized using field emission scanning electron micro-
scopy (FE-SEM) (TESCAN MAIA3 SEM; Oxford
Instruments, Abingdon, UK) at an accelerating voltage
of 15 kV; the films were given a 5-nm iridium coating
using a turbomolecular pumped coater (Q150 T ES;
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Quorum Technologies, Lewes, UK). The surface
structures of the films were further characterized using
a Fourier transform infrared spectroscope (Nicolet
6700; Thermo Scientific, Waltham, MA, USA) in
attenuated total reflectance mode, and all samples
were examined using a4 cm ™' resolution and 64 scans
in the range of 4004000 cm™'. The diffraction
patterns of the prepared films were obtained using an
X-ray diffractometer (XRD) instrument (D Phaser;
Bruker, Billerica, MA, USA) with Cu Ko radiation of
1.54 A at 30 kV and 10 mA, and the patterns were
recorded in the 20 region from 5° to 45° at a scanning
rate of 0.01° s~'. The mechanical properties were
determined using a universal material testing machine
equipped with a 100 N load cell (MTS Systems, Eden
Prairie, MN, USA). Five 50 x 5-mm specimens were
tested at a cross-head speed of 1.5 mm min~'. The
film thickness before and after swelling was measured
using a micrometer (Uninor, Stockholm, Sweden)
with a precision of 1 pm, and the thickness after
swelling was monitored using a light microscope
(Observer Z1; Carl Zeiss, Oberkochen, Germany).
The density of film was calculated as:

L ><V;/)1 X t (1)
where Wy, L, D, and t are the weight, length, width, and
thickness of the dry film, respectively. Three 10 x 10-
mm specimens were used to gravimetrically investi-
gate the swelling in aqueous solutions at different pHs.
The swelling ratio (SR) was calculated as:

o
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Chitosan content, wt%

Fig. 1 Swelling ratios (a) of the films after immersing in water at pH 3, 5, 7,9 and 11 for 12 h; observed thicknesses (b) of the films
before immersion and after immersion at pH 3 for 12 h. The 100 wt% chitosan films at pH 3 and 5 were dissolved after 12 h
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sk =22 W 1009 (2)
Wi
where W is the weight of the dry film and W, is the
weight of the swollen film. A 1% acetic acid and a
0.1 M NaOH solution were used to adjust the pH. The
samples’ weight losses before and after swelling at pH
3, 5 and 7 were also compared. The swollen samples
were dried at 105 °C for 2 h, and the weight loss was
calculated as:
W, — W

3
2= 100 3
< 100% (3)

Weight loss =

where W, and W; are the weights of the dried film
before and after the swelling test, respectively.

Results and discussion
Film swelling and porosity

The effect of the cellulose—chitosan mixing ratios on
the pH response of the cellulose—chitosan nanocom-
posite films was investigated. The nanocomposite
samples were immersed in aqueous solutions at pH 3,
5,7,9, and 11 at 25 °C for 6, 12, 24, 48, and 72 h,
respectively. The weights and thicknesses of the

samples were recorded after they were removed from
the solution and carefully wiped to remove the surface
water. In the swelling test the weight of the swollen
samples have reached equilibrium after 12 h, and
prolong the immersing time did not further increase
the weight of the swollen films. The values within the
interval of the first 12 h were thus reported. As
illustrated in Fig. la, b, the samples with different
cellulose—chitosan mixing ratios displayed very dif-
ferent responses over the investigated pH range. The
samples containing chitosan displayed excellent
responses at pH 3 and 5, and they reached maximum
swelling at pH 3. These responses are attributable to
the difference in osmotic pressure between the gel
phase of the composite film and the solution phase
caused by the protonation of chitosan, giving a
difference in counterion concentration described by
the Gibbs—Donnan membrane equilibrium (Bolton
etal. 2011). When immersing the nanocomposite films
in water at a pH below 6.5, the protonation of the
amine groups in chitosan became significant (Wang
et al. 2006). The charges of the protonated chitosan
inside the gel phase was neutralized by counterions
exerting an osmotic pressure, causing changes in the
pH response, for example, increases in the thicknesses
and weights of the different nanocomposite films. This
is why swelling ratios and thicknesses increased when

Fig. 2 Light microscope and SEM images of swollen cellu-
lose—chitosan nanocomposite samples at pH 3 after 12 h: (a) and
(a*) C25, with 75 wt% cellulose and 25 wt% chitosan; (b) and
(b*) C50, with 50 wt% cellulose and 50 wt% chitosan; (¢) and
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(c*) C75, with 25 wt% cellulose and 75 wt% chitosan. C75,
which has the highest chitosan content, swells the most, and
displays the largest pores in its structure
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increasing the chitosan content of the nanocomposites.
As the amount of chitosan in the nanocomposite
increased from 0 to 75 wt%, the nanocomposite
sample reached maximum swelling at pH 3, with the
swelling ratios and thickness of C75 increasing nearly
1500 wt% and 22 times, respectively. The film of
100 wt% chitosan dissolved at pH 3 and 5 after 12 h.
The 100 wt% cellulose film displayed limited and
comparatively low swelling within the tested pH
range. Because the deprotonation or protonation of
hydroxyl groups in cellulose requires either an
extremely high or an extremely low pH, most of the
swelling is attributed to the ionization of a small
number of carboxylic acid groups as well as to
capillary water uptake by the pores in the film. The
films of C75 and of pure chitosan displayed slightly
higher swelling at pH 7 than at pH 9 and 11, due to the
partially protonated chitosan at the neutral pH. The
response at pH 9 and 11 for the films was similar to
that of the 100 wt% cellulose film and was constant.
This result clearly indicated that without the protona-
tion of the amine groups in the chitosan, the film—
water interactions were weak and only a limited pH
response was observed. The moderate swelling of the
composite films at high pHs was likely induced by the
ionization of carboxylic acid groups and by the
association between water molecules and the hydroxyl
groups in the cellulose and chitosan polymer chains.
To further illustrate the structural changes in the
cellulose—chitosan nanocomposites after swelling at
different pH values, the swollen samples were ana-
lyzed using light microscopy and FE-SEM. Fig-
ure 2a—c show that the nanocomposite samples
responded very differently at pH 3 depending on their
chitosan content. The thicknesses before and after

Table 1 Weight losses of the samples after 12 h at pH 3, 5

and 7
Sample Weight loss, wt%

pH 3 pH S pH 7
Cellulose 0 0 0
C25 4.0+ 1.0 2.8 £ 1.1 1.2 4+05
C50 27.0 £ 2.6 184 £+ 1.9 254+09
C75 55.1 £ 2.1 457 £ 3.6 6.1 £ 1.1
Chitosan -8 - 10.2 £ 0.8

“The chitosan sample dissolved after 12 h

swelling, given in Fig. 1, also indicate that the
chitosan content significantly influenced the swelling.
The thickness of C75, the most swollen nanocompos-
ite film, was 475 pum, more than three times the
thickness of the swollen C25 film (154 um) and
approximately 22 times that of the film before the test.
This result directly proves that tuning the chitosan
content resulted in different pH responses in the
nanocomposite films. The FE-SEM micrographs of
the films after water exposure, i.e., Fig. 2a*—c*, clearly
show an increase in pore size in the microstructures,
correlated with the pH response, as the chitosan
content increased in the nanocomposite film. C75
clearly has larger pores than the other samples. The
increased pore size was related to the protonation of
chitosan and a greater osmotic pressure, but the acidic
pH also favored dissolution of chitosan. It is therefore
important to investigate the chitosan release of the
swollen samples at acidic pH.

Chitosan release: weight loss and FT-IR
characterization

Chitosan has a pKa value of 6.5, so the changes in its
protonation state over the tested pH range are relevant
for applications of the composite films. Protonation
has two consequences, increased solubility and
osmotic swelling, both caused by the entropy of the
mobile counterions. Cellulose, in contrast, is only
ionized at extreme pH values and thus is uncharged
and insoluble under relevant application conditions.

60

a0 °

Weight loss, wt%
8
H@H

®pH3

OpH5

00 e . . .

3 6 9 12
Time, h

Fig. 3 Time dependence of the weight loss for films with
75 wt% chitosan at pH 3 and 5
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Fig. 4 FT-IR spectra of the films (A) and observed linear
regression between the absorption peak intensity of amide II and
the chitosan content (B). Samples in (A): (a) 100 wt%
regenerated cellulose; (b) C25, with 75 wt% cellulose and
25 wt% chitosan; (c) C50, with 50 wt% cellulose and 50 wt%

As an important aim of the present work is to
develop films that can release chitosan in a controlled
way, the release of chitosan was studied for different
chitosan/cellulose ratios in the films, taking account of
the time dependence of the release over a wide pH
range. Studies of the weight loss of the films were
complemented by FT-IR investigations to characterize
the nature of the released material. An interesting
question is to what extent entanglement between the
different polysaccharide molecules and co-crystalliza-
tion affect the release.

The measurements of chitosan release were per-
formed by immersing the nanocomposite samples in
the aqueous solutions with pH of 3, 5 and 7. The dry
weight of the swollen samples was recorded after 1, 3,
6,9 and 12 h. As mentioned above, the swelling ratios
reached equilibrium after the first 12 h, therefore the
weight loss within the first 12 h was monitored.

Table 2 Comparison of chitosan contents of the residues of
C75 after 12 h swelling test

Chitosan content, wt%

pH 3 pH S
Determined via FT-IR 47 52
Estimated from weight loss 44 54

@ Springer

Chitosan content, wt%

chitosan; (d) C75, with 25 wt% cellulose and 75 wt% chitosan,
and (e) 100 wt% regenerated chitosan. Spectra (b), (c), (d) and
(e) show the characteristic bands of the amide groups at
1646 cm™' and 1570 cm™'

Table 1 shows the weight loss of the prepared samples
after 12 h at pH 3, 5 and 7; this indicates that chitosan
was released into the testing medium. The nanocom-
posite samples with higher chitosan content lost more
weight; this agrees with the swelling ratios and
thickness changes of the samples, with higher chitosan
contents at low pH leading to increased osmotic
pressure and chitosan protonation. The highest weight
loss, 55%, occurred with C75 at pH 3. However, the
C75 was not disintegrated, which is most probably due
to physical entanglement and interlocking by the
insoluble cellulose polymer chains. The lower weight
loss in C75 at pH 5 than at pH 3 was mostly due to the
lower degree of protonation of chitosan. Comparing
C25 with C75, the former sample lost much less
weight and had smaller porous structures. The lower
the chitosan content of the nanocomposite, the lower
the osmotic pressure, leading to less swelling and less
chitosan release. The data in Table 1 apparently
indicate that the cellulose molecules in the composite
matrix strongly decreased the release of chitosan.

The weight loss at pH 7 is dramatically lower than
at the lower pH values investigated, consistent with a
low degree of protonation. Again comparing this with
the pure chitosan, which has a weight loss of 10 wt%
at pH 7, we infer a very important effect of the mixing
with cellulose in the films.
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Fig. 5 X-ray diffraction profiles of the regenerated cellulose
(a), three co-regenerated nanocomposite samples, C25, C50 and
C75,i.e., (b), (c), and (d), and the regenerated chitosan (e). Both
the regenerated cellulose and chitosan display characteristic
diffraction peaks. The nanocomposite samples display weaker
diffraction peak intensities, indicating that the nanocomposite
samples are more amorphous

For the 75% chitosan films, the weight loss was
monitored as a function of time at pH 3 and 5.
Important features of the data reported in Fig. 3 are
that there is an initial lag period before the release
speeds up and that the release slows with time. Since
protonation can be assumed to be fast, we attribute the
initial slow release to slow chain disentanglement. We
note that not all chitosan was released even after a
relatively long time, attributing this to the entangle-
ment and co-crystallization effects. Lowering the pH
from 5 to 3 had a minor effect, explainable by a high
degree of protonation even at the higher pH.

FT-IR identifies the amide functional groups in the
samples and enables quantitative analysis of the
chitosan content. Figure 4A shows the spectra iden-
tifying chitosan in the samples. Within the
1900-500 cm ™" spectral window, the characteristic

absorption bands of chitosan were observed, including
the C=0 stretching from amide I at 1646 cm™"' and N—
H bending from amide II at 1570 cm™"' (Sowjanya
et al. 2013). The band at approximately 1637 cm ™"
represents the bending mode of the adsorbed water (Li
et al. 2010). Compared with the spectrum of the
cellulose sample, the absorption of the -NH bending
increased when the nanocomposites contained more
chitosan.

Figure 4B shows a regression analysis based on the
FT-IR spectra in Fig. 4A. The absorption peak inten-
sity of amide IT at 1570 cm™" is normalized according
to the intensities of the common peaks at 1020 cm ™"
and 1900 cm™' (Wibowo et al. 2005). The analysis
finds a reliable linear regression with a coefficient of
determination of 0.95, indicating that the chitosan
content is correlated to the amide II absorption peak
intensity from chitosan. The residues from C75 at pH 3
and 5 after 12 h were dried and scanned with FT-IR
and the chitosan content was back-calculated from the
linear regression. The chitosan contents of the C75
residues were also calculated from the weight loss
after 12 h, assuming that the cellulose was not
dissolved during the tests. Table 2 shows that the
chitosan contents calculated from FT-IR quantifica-
tion deviated slightly from the ones estimated from
weight loss at both pH 3 and 5, implying that the FT-IR
is a feasible method for quantification purposes and
can provide reliable results. The deviation is within the
statistical margin of error.

Co-crystallization of cellulose and chitosan

Since the co-crystallization of cellulose and chitosan
would affect the structural features of the nanocom-
posite films, we studied the crystallinity using X-ray
diffraction (XRD). The XRD patterns of the regener-
ated cellulose, regenerated chitosan and the nanocom-
posite films are shown in Fig. 5. The regenerated
cellulose exhibits cellulose II peaks at 20 of 12.2° and
20.3°, which represent the crystallites with Miller
indices of (1-10) and a combination of (110) and (020)
at 20 of 19.9° and 21.9°, respectively (French and
Santiago Cintrén 2013; French 2014). The overlap-
ping of the two peaks could possibly originate from the
formation of smaller cellulose crystallites and fewer
ordered domains in the regenerated cellulose II. The
regenerated chitosan sample exhibits main diffraction
peaks of (100) and (002) at 26 of 10.4° and 20.8°,
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Fig. 6 SEM images of the fractured cross-section of the
nanocomposite films at different magnifications: a regenerated
cellulose with a parallel-lamellar structure and 20-nm-wide
nanofibrils; b C25, with 75 wt% cellulose and 25 wt% chitosan;
¢ C50, with 50 wt% cellulose and 50 wt% chitosan; and d C75,

respectively (Clark and Smith 1935; Sakurai et al.
1985). The XRD patterns of the C25, C50, and C75
samples, which represent the co-regeneration of the
nanocomposites with different cellulose—chitosan
mixing ratios, show diffraction patterns similar to
those of cellulose or chitosan but with different
intensities and slightly shifted diffraction angles.
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Fig. 7 The uniaxial tensile stress—strain curves of pure
cellulose, C25, C50, C75 and pure chitosan. The pure cellulose
film displays the best stress—strain properties. Increased
additions of chitosan slightly worsen the stress—strain properties
of the nanocomposite samples
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with 25 wt% cellulose and 75 wt% chitosan. All three films
displayed less aligned and loosely packed microstructures,
while e shows the tightly packed microstructure of regenerated
chitosan

Compared with the pattern of cellulose alone, the
diffraction peaks for nanocomposite samples C25 and
C50 are of clearly lower intensity and broader peaks
are obesrved at both 12.2° and 20.3° 20. These results
indicate that adding chitosan to the nanocomposite not
only hindered the normal crystallization of cellulose
into cellulose II, but also decreased the crystallites size
and interfered with the preferred orientation of the
crystallites in the composite films (Hasegawa et al.
1992; Nam et al. 2016). In the C50 nanocomposite,
this observation is more pronounced, and the intensi-
ties of the diffraction peaks in C50 are the lowest
among the samples. This suggests that the mixing
cellulose and chitosan would interfere with the
crystallization and result in a more amorphous
nanocomposite with smaller crystallites (Nam et al.
2016).

Similarly, adding cellulose to chitosan does not
favor the crystallization of chitosan. The C75 sample,
containing 25 wt% cellulose, clearly displays a
decreased diffraction peak intensity at 260 of 10.4°
and 20.8° compared with that of the 100 wt% chitosan
film. This is attributed to the interferences from the co-
crystallization of cellulose and chitosan, which render
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Table 3 Mechanical Sample Tensile stress Tensile strain Elastic modulus Density

pr(?perties of cellulose, (MPa) (%) (GPa) (kg m3)

chitosan and the

nanocomposite films Cellulose 82 + 4.8 4.0 £ 0.7 6.6 £ 04 1520 + 30
C25 74 £5.0 3.6 £0.5 6.0+ 04 1480 + 20
C50 71 £ 3.5 28 £0.5 5.6 £03 1420 + 40
C75 69 £+ 6.7 26 £04 52+03 1400 £ 30
Chitosan 60 £ 5.9 20+£04 47 £ 04 1350 £+ 20

a less ordered structure in the composite (Hasegawa
et al. 1992).

Morphology of the cellulose—chitosan
nanocomposite films

As discussed above, different pH responses and
diffraction patterns were exhibited by the nanocom-
posites as the cellulose—chitosan mixing ratio was
varied. It was deemed of interest to correlate these
findings with the morphologies of the different films.
Figure 6 shows the cross-sections of the fractured
films. Figure 6a shows that the regenerated cellulose
film has a parallel lamella-like structure. The micro-
graph further shows that nanofibrils, approximately
20 nm in cross-section, are aligned in a thin layer and
stacked into a lamellar form. Others have also verified
similar structural features in regenerated cellulose
(Chen et al. 2007; Duchemin et al. 2009). Both XRD
and molecular dynamic simulations have confirmed
that cellulose regeneration begins with the hydropho-
bic stacking of cellulose molecules into molecular
sheets and is followed by progressive bonding via
hydrogen bonds (Cousins and Brown 1995; Miyamoto
et al. 2009). Compared with pure cellulose, the
nanocomposite samples in Fig. 6b—d clearly display
lower-order microstructures, i.e., less aligned and
more loosely packed. This correlates well with the
changes in crystallinity deduced from XRD diffraction
peaks. During the association of cellulosic lamellae,
chitosan may move between the lamellae to render a
less ordered structure (Hasegawa et al. 1992). In the
nanocomposite samples, nanofibrils approximately
20 nm in cross-section were also observed. Further-
more, the morphology appearing in the fractured
cross-section of the regenerated chitosan in Fig. 6e
indicates tightly packed microstructures aligned in the
domains. Based on the observed changes in the
microstructures discussed above, we suggest an

explanation for the weakened diffraction intensities
in the XRD analysis.

Mechanical properties of the cellulose—chitosan
nanocomposite films

Uniaxial tensile stress—strain tests were performed on
the different samples to determine their mechanical
properties. Figure 7 shows the tensile stress—strain
curves of cellulose, chitosan, and nanocomposite
films, while the results of the tensile testing are
presented in Table 3. The 100 wt% cellulose film
exhibited the best stress—strain properties, with tensile
stress and strain values of 82 MPa and 4.0%, respec-
tively. As listed in Table 3, the cellulose film had the
highest density, 1520 kg m >, of the tested samples,
indicating that there were stronger intermolecular
interactions between the polymer chains in pure
cellulose than in the prepared nanocomposites. Fur-
thermore, the cellulose film also displayed better
aligned microstructures than did the cellulose—chi-
tosan nanocomposites, as discussed in the previous
section. This implies that its densely packed and
aligned microstructure contributes to the higher tensile
stress—strain performance of the pure cellulose film.
Compared with the pure cellulose film, the tensile
stress and strain of the nanocomposite films decreased
as more chitosan was incorporated. Table 3 presents
the density and tensile stress—strain properties at
different chitosan ratios in the nanocomposites: the
densities dropped from 1480 kg m™> in C25 to
1400 kg m~ in C75, while the tensile stress and
strain decreased from 74 MPa and 3.6%, respectively,
in C25, to 69 MPa and 2.6% in C75. The elastic
modulus of the nanocomposite films also decreased,
from 6.0 GPa in C25 to 5.2 GPa in C75. These results
agree with the observations from the XRD and SEM
analyses and suggest that increased chitosan content
leads to a less aligned and more loosely packed
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microstructure in the nanocomposite, resulting in
nanocomposite samples with worsened mechanical
properties. Other studies have confirmed that
increased chitosan content decreases the domain size
of cellulose, inducing lower mechanical strength in
composite films (Hasegawa et al. 1992).

The 100 wt% chitosan film had inferior tensile
stress—strain properties, agreeing with the results of
other investigations (Butler et al. 1996). The tensile
stress and strain of the chitosan film were 60 MPa and
2.0%, respectively. In the present work, the chitosan
used to make the nanocomposite films had a DD of
89%. The remaining amide groups from the chitin
affect the brittleness of the film sample, impairing its
tensile stress—strain properties (Nunthanid et al. 2001).

Conclusions

In this work, cellulose—chitosan nanocomposite films
with tunable pH response and slow release of chitosan
were successfully prepared. The nanocomposite films
displayed high swelling at pH 3 and 5, due to the
osmotic effects of the difference in mobile counterion
concentration between the gel and solution phases, as
described by Gibbs—Donnan theory. Adjusting the
chitosan content of the nanocomposites allowed the
pH response of the film and the slow release of
chitosan at different pH values to be tuned. The FT-IR
quantification determined chitosan residues after slow
release agrees with the estimated values derived from
the weight loss of the nanocomposite film. The pH-
responsive nanocomposite films exhibited finely
assembled microstructures, which other studies have
attributed to hydrophobic interactions. The FE-SEM
study verified that the addition of chitosan disrupted
the fine structure of the parallel lamellae, worsening
the mechanical performance of the nanocomposite
samples. These pH-responsive cellulose—chitosan
nanocomposite films are non-toxic, biocompatible,
biodegradable, and offer an alternative for construct-
ing cellulose—chitosan nanocomposites with slow-
release characteristics.
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