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In this paper, we examine the significance of treatment with NaOH on chitosan (CH) film structure to
obtain biodegradable materials for several applications. In order to determine the structure of the films,
an analysis based on SEM, FTIR spectroscopy and X-ray diffraction data was performed. In addition, the
consequences of this treatment were evaluated by swelling index measurements and mechanical testing.
As result of FTIR and X-ray analysis, three effects were identified: the deprotonation and phosphate
extraction, which allowed new hydrogen bonds to form, and a higher CH deacetylation. These studies also

Iéﬁ{ggi& revealed that two hydrated and anhydrous polymorphs were present in the CH-NaOH films. Moreover,
Polymorphs the new hydrogen bond and the reduction of N-acetyl groups produced films with a more compact
Deacetylation and disordered structure, reducing their swelling characteristics and increasing their brittleness. The

Deprotonation introduction of a mild NaOH treatment is a versatile tool to obtain chitosan films with interesting and

tunable properties.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan (CH) is a linear copolysaccharide 3-(1 — 4)-2-amine-
2-deoxy-d-glucose (GlcNac) and B-(1 — 4)-2-acetamine-2-deoxy-
d-glucose (GlcN). It is biodegradable, non-toxic, bio-compatible,
and renewable (Croisier & Jérome, 2013; Sevel, Ikinci, & Kas, 2000;
Kaminski & Modrzejewska, 1997). Also, it can be easily modified
and has a noticeable ability to form many complexes with metal
ions and enzymes (Schmuhl, Krieg, & Keizer 2001; Khor, 1997).
In addition to its many uses in food and agricultural applications,
CH exhibits the ability to form films. CH is obtained from chitin,
which is mainly extracted from crustacean exoskeletons (Kurita,
2006; Muzzarelli, 1973). The solubility of polymers in aqueous
acidic media solutions has been used to distinguish chitin from CH.
The word chitosan has been used for soluble polymers obtained
from the deacetylation of chitin. Incomplete deacetylation reac-
tion allow for the aleatory distribution of GlcNac and GlcN residues
(Abdou, Nagy, & Elsabee, 2008; Chang, Tsai, Lee, & Fu, 1997; Knaul,
Kasaai, Bui, & Creber, 1998; Tolaimatea et al., 2000). The degree
of deacetylation (DD) determines some of the characteristics of
CH, such as solubility, biodegradability, and aggregation properties
(Cho, Jang, Park, & Ko, 2000; Kubota & Eguchi, 1997; Kristiansen,
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Varum, & Grasdalen, 1998; Liu et al., 2003; Schatz, Pichot, Delair,
Viton, & Domard, A. 2003). DD below 40-50% yields soluble poly-
mers (Wang et al., 2008, 2006). Extensively solubility studies have
been carried out and confirmed that the solubility decreases as DD
decreases. The results obtained by Franca, Freitas, and Lins (2011)
using molecular dynamics simulations support the hypothesis that
the solubility of CH is controlled mainly by electrostatics interac-
tions and water molecules mediate polymer aggregation. The water
molecules interact with the acetyl and/or protonated amino groups.
Hydrolysis of CH affects the crystalline structure of this biopoly-
mer, and the resulting crystallites can be used as fillers in attractive
composite materials (Gopalan & Dufresne, 2003; Paillet & Dufresne,
2001; Morin & Dufresne, 2002; Phongying, Aiba, & Chirachanchai,
2007; Struszczyk, 2006). In 1936, Clark and Smith (Yui et al., 1994)
reported the first X-ray diffraction pattern of CH. In 1997, Okuyama
(Okuyama, Noguchi, Miyazawa, Yui, & Ogawa, 1997) described the
CH structure as a two-fold helix in a zigzag. These chains extend
along to axis c (fibre axis) and are arranged in an antiparallel fash-
ion. The unit cell dimensions were a=8.95,b=16.97,and c=10.34 A,
and it was stabilised by O3eee05 hydrogen bonds. There are also
eight water molecules in the unit cell, which is why it is called
a hydrated tendon polymorph. When hydrated CH is annealed at
200 °C other polymorph appears, which results from the loss bound
water, and is called an anhydrous polymorph (Yui, Ogasawara,
& Ogawa, 1995; Okuyama, Noguchi, Hanafusa, Osawa, & Ogawa
1999; Okuyama et al., 1997). Like the hydrated form, the anhydrous
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polymorph has a two-fold helix in a zigzag structure arranged in an
antiparallel fashion. However, due to the loss of bound water, new
interchain hydrogen bonds are formed. The removal of bound water
and the formation of hydrogen bonds is an irreversible process
(Ogawa, Yuib, & Okuyamac, 2004) that involves strong O3eee05
and weak O3eeeO6 hydrogen bonds within the unit cell. It has
been reported that anhydrous polymorphs present low biological
and chemical reactivity (Harish Prashanth, Kittur, & Tharanathan,
2002). Ogawa, Yui, and Miya (1992) and Saito, Tabeta, and Ogawa
(1987) confirmed that the crystalline structure of CH depends on
the preparation method used. Extensive research has been carried
out on acid hydrolysis of CH in solution and in a solid state (Osorio-
Madrazo et al., 2010). However, there are a few reports on the CH
polymorph structure after treatment with NaOH in a solid state.
In this paper, we examine the significance of NaOH treatment on
the CH film structure. In order to reveal the structure of films, an
approach based on FTIR spectroscopy and X-ray diffraction analysis
was performed. Water uptake, solvent solubility, and mechanical
properties of CH and CH-NaOH films were also determined.

2. Experimental
2.1. Materials

A commercial sample of CH powder of average viscometer
molecular weight (890kDa), with approximately 75% deacety-
lation, was supplied by Sigma-Aldrich. The following analytical
grade chemicals were also purchased from Sigma-Aldrich: NaOH
(98%), ortho-phosphoric acid (85%), glycerol, acetone, ethanol, N,N-
dimethylformamide, and chloroform. All solutions were prepared
with Milli-Q water (resistivity > 1.8 m£2).

2.2. Preparation of CH film

CH film was prepared by dissolution in 50 mL of 1% aqueous
phosphoric acid solution. CH was added to prepare 2% of biopoly-
mer solution and then glycerol was used as plasticiser (0.5%). The
films were cast in Petri dishes (14.5 cm internal diameter) and dried
in an oven at 40 °C for 48 h. To neutralise the matrix polymer and
remove the excess acid, the membrane was immersed in solutions
of NaOH. The concentration the NaOH and contact time was var-
ied between 0 and 1 M of NaOH and 24-72 h, respectively. Finally,
the films were washed with deionised water to neutrality. Film
preparation was carried out in triplicate.

2.3. Membrane characterisation

2.3.1. Scanning electronic microscopy (SEM)

Electron micrographs were obtained by a scanning electron
microscope LEO 1450VP. The membranes were fractured in lig-
uid nitrogen and mounted on sample holder previous coverage
with a conductive material. SEM imaging was examined using an
accelerating voltage of 10 kV.

2.3.2. X-ray diffractometry (XRD)

The crystalline structures of the membranes were characterised
with a Rigaku model D-Max Il C X-ray diffractometer with a 8 angu-
lar range from 5° to 60°, operated at 30kV (A =0.15418 nm), with
a CuK-A light and nickel filter. The relative intensity was taken at
room temperature with a step size of 0.02. The samples were cut
into rectangles of 7 x 12 mm and dried at 60°C for 48 h. From the
diffractograms, the d-spacing (dsp) of each synthesised film was
determined using Bragg’'s equation (Eq. (1)), taking the highest-
intense peak as reference (20 = 20°).

nA = 2d siné (1)

The crystallinity index (Crl) was determined according to the
method proposed for cellulose (Segal, Creely, Martin, & Conrad,
1959) and applied to CH (Struszczyk, 1987) by using the following
equation:

ICr (%) = % x 100 (2)

where I;1¢ is the maximum intensity of the reflection at 26 =20°
and I, is the minimum intensity of diffraction in the amorphous
region.

Peak broadening of the XRD reflection was used to calculate the
mean crystallite size (D) using the Scherrer formula (Azaroff, 1968),
which is given in the following equation:

0.9A
A (29) " Dcosf (3)
where A is the X-ray wavelength of the Cu Ka radiation (=1.54A),
B is the full-width at half-maximum of XRD peaks and 6 is the
diffraction angle.

2.3.3. Infrared spectroscopy

FTIR spectra were determined using an FTIR Varian 640 Spec-
trometer using ATR mode. The obtained spectrum had a resolution
of4cm~! and consisted of approximately 3500 points, and had inte-
gration times of 60s (1s per scan). The number of scans for each
sample was 64. The samples were dried at 60 °C for 48 h and made
into a homogeneous powder by milling.

To determine the degree of deacetylation in the films
(CH-NaOH), the original spectrum was analysed. The degree of
deacetylation (DD) was obtained from the Brugnerotto equation
(Brugnerotto et al., 2001):

DD(%)=1-— {31.92 (2—1) - 12.20} (4)
2
where A; is the area of the band located at 1316cm~! (charac-
teristic band of amide III) and A, the area of the reference band
at 1423 cm~! (stretching CH band). Similar results were found by
using both methods.

2.3.4. Solubility assays (S) and swelling index (SI)

Solubility assays were carried out by treating the films with
distilled water for 120 h at temperatures of 25°C and 50°C. The
swelling index (SI) of the membranes provided an indirect mea-
sure of the degree of insolubility of the polymer matrix. An area of
1 cm? of each CH-NaOH film was vacuum dried in an oven at 40 °C
for 24 h. The dried film was accurately weighed (W,) and immersed
in a flask containing 50 mL distilled water at 25 °C. After 12 h, the
swollen samples were removed from the aqueous medium, surface
dried to remove excess surface water by light blotting with tissue
paper, and weighed (W, ). All experimental trials were carried out
in triplicate. The swelling index was determined by the following
equation:

(5)

%Sl =100 (M)

Wy

2.3.5. Mechanical properties

Tensile tests of the synthesised CH-NaOH films were per-
formed at room temperature using a Comten Industries (Series
94 V() device (Pinellas Park, Tampa FL, USA) according to ASTM
D882 (ASTM, 2010a, 2010b) with some modifications. The films
were cut into strips 1.1cm wide and 4.0cm long using a sharp
scalpel. The ends of the strips were mounted between card-
board grips using double-side adhesive tape. To ensure complete
relaxation of the polymeric structures and to standardise the exper-
imental procedure, film samples were stored in a humidity- and
temperature-controlled chamber for 24 h at 25°C and 100% R.H.
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Fig. 1. Top (a) and cross-section (b) of CH-0.5 NaOH film.

Under these conditions (RH=100%), the CH membrane was too
fragile to measure its tensile strength. The polymeric strips were
then fixed between upper and lower clamps of the tensile tester
and the tensile strength was determined at a constant traction
speed of 5mm/min. The mechanical parameter data include the
average values and standard deviation from three samples of each
film. The film thickness was measured using a Kofer micrometer
(precision £+ 1 wm, Germany).

2.3.6. Statistical analysis

Swelling Index and Mechanical properties results were subject
to one-way analysis of variance (one-way ANOVA). Comparison of
means was carried out by Duncan’s new multiple range tests at a
confidence level of 95%. All statistical calculations were performed
using SPSS for Windows® (SPSS Inc., Chicago, IL). The experimental
results are presented as mean values with standard deviations.

3. Results and discussion
3.1. SEM analysis

The scanning electron micrographs of all chitosan films exhibit
the same structure, as it is showed in Fig. 1 corresponding to
CH-0.5NaOH. It can be seen that the surface present some surface
defects. However, cross-section image reveals a dense or compact
structure underneath the top layer. That is because the processing
technique plays an important role to determine the morphology
of films. In general, the asymmetric structure can be resulted of
the rapid water evaporation in the interface in the first minutes
and then, once the solid top layer is consolidated the sublayers
experiment a lower evaporate rate. This changes based on kinetic
considerations can qualitatively explain the structure found in
these films. Similar structure has been reported by Ma, Li, Qin and
He (2013).

3.2. FTIR and X-ray analysis

Fig. 2 shows the FTIR spectra of CH, CH-0.25NaOH, CH-0.5NaOH,
and CH-1NaOH. Also, characteristic absorption bands of neat and
NaOH treated CH films were resumed in Table 1. In the CH film
spectra, a NH3 " stretch band appears at 3450-3350 cm~!and over-
lapped with the —OH stretch band. According to other researchers
(Pearson, Marchessault, & Liang, 1960; Pawlak & Mucha, 2003)
protonation of chitosan amine functionalities is suggested by the
presence of two peaks, both attributed to NH*3 groups, namely
the antisymmetrical deformation at 1620 cm~! and the symmetric

—— CH-05NaOH

CH-0.25NaOH
—— CH-1NaOH
——cH

Absorbance (a.u.)

T T T T
2500 2000 1500 1000

T
3000

Wavernumber / cm ™

Fig. 2. FTIR spectrums of CH and CH-NaOH films.

Table 1
ATR-FT-IR spectra peak assignments of CH and CH-NaOH.

CH CH-NaOH
Wave number (cm~1) Waver number (cm~1)

Description

3400 3357 OH hydroxyl group.

3260 3291 NH group-stretching
vibration

2922 2919 Symmetric or

2874 2869 asymmetric CH,

stretching vibration
attributed to pyranose
ring

1620 1657 C=0 in amide group
(amide I band)

1530 1562 NH-bending vibration in
amide group

1316 1321 NH; in amino group

1422 1420 Vibrations of OH, CH in
the ring

1381 1375 CHj3 in amide group

1216 - PO, 3

1150-1040 1142-1055 —C—0—C—in glycosidic
linkage

970-940 970-940 P—O stretching of P—OH,
overlap with —CHj3
rocking

870 887 CH3COH group
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Table 2
Degree of deacetylation (DD).
FILM DD % (degree of deacetylation)
CH 73.73
0.25 75.02
0.5 78.98
1 83.02

deformation at 1530cm~!. A band at 1216cm~! was observed,
which is attributed to the P=0 stretching and the distinctive
v1 [PO4~3] vibrational band a 967 cm~!. Electrostatic attraction
between the NH*3 of CH and the [PO4 3] may be the main interac-
tion leading to water solubility of CH. The presences of the [PO43]
groups break the intra-molecular hydrogen bonding of CH (Wang
& Liu, 2014). Methylene groups presented characteristics bands at
2900cm~! and at 1466-1377 cm~!. The band at 1320cm~! corre-
sponded to a C—N bond, and bands at 1078, 1032, and 1105cm™!
were due to asymmetric stretching of both C—O—C and pyranose
groups (Liu, Adhikari, Guo, & Adhikari, 2013). In CH-NaOH films,
bands I, II, and III shifting were due to amine group deprotonation
when films were contacted with NaOH. This deprotonation reduced
the hydration shell of the amine groups (Cesteros Iturbe, 2004; Min
et al., 2004) and allowed new hydrogen bonds to form in the CH
chains. Moreover, phosphate band at 1216 cm~! disappears while
the band intensity at 967 cm~! diminishes. These results indicate
that NaOH produce deprotonation and phosphate extraction of CH
matrix. FTIR study allowed to calculate the degree of deacetylation
(DD) of the CH-NaOH films. Table 2 shows that degree of deacety-
lation increased as the NaOH concentration was increased. CH films
treated with aqueous NaOH solutions revealed three effects by FTIR
spectroscopy: desprotonation and phosphate extraction, which
allowed the formation of new hydrogen bonds and increased CH
deacetylation. Ruel-Gariépy, Chenite, Chaput, Guirguis, and Leroux
(2000) reported that deacetylation degree reduction can increase
the hydrophobic interactions when CH annealing is performed. A
similar behaviour can be expected for NaOH-treated films.

XRD studies revealed that changes in the crystalline structure
occur when the films were treated with aqueous NaOH solutions.
Fig. 3 reveals that the CH film showed the characteristic form of
hydrated “tendon” CH. Hasegawa, Isogai, and Onabe (1993) carried
out the homogeneous hydrolysis of CH in 85% phosphoric acid at
ambient temperatures over 4 weeks. They found that the water
insoluble fraction presented an anhydrous pattern, whereas the

CH

4

1 \l\// CH-NaOH 0.5M

CH-NaOH 1M

Intensity (u.a)

! ! ! ! ! ! ! ! ! ! ! !
T T 1 T T T T L R R B
5 20 25

L L T T
30 35 40 45 50 55 60 65
20°

Fig. 3. XRD of CH and CH-NaOH films.
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Fig. 4. Influence of DD on Crl.

water soluble fraction showed a hydrated pattern. In this study,
the CH film diffractogram presented bands typical of a hydrated
polymorph at 26°=11.1° and 260°=19.62° (Saito et al., 1987; Liu
et al.,, 2013; Zhang, Ding, Ping, & Yu, 2006) revealing that the dis-
solution of CH with diluted phosphoric acid resulted in a hydrated
polymorph. In addition, all CH-NaOH films showed other reflec-
tion peaks corresponding to anhydrous polymorph at 26°=14.7°
(Ogawa et al., 1992; Saito et al., 1987). X-ray diffraction patterns in
CH-NaOH films revealed that two crystalline zones were present:
hydrated and anhydrous polymorphs. These polymorph combina-
tions are referred as 1-2 (Saito et al., 1987).In Table 3, the d-spacing
of the films are listed. After NaOH treatment, an increase in NaOH
concentration produced films with lower d-spacing values, thus
indicating that the films were more compacted, due to both hydro-
gen bonding formation and deacetylation. In order to determinate
the crystallinity index (Crl), the procedure described by Osorio-
Madrazo et al. (2010) was used. A diminution of Crl was found as
NaOH concentration increased.

In Fig. 4, the relationship between Crl and DD can be observed. A
diminution of N-acetyl groups results in films with more compacted
and disordered structure (less hydrated shells were present). Sim-
ilar results were found by Osorio-Madrazo et al. (2010) for the
acid hydrolysis of CH. The apparent width (L) of anhydrous and
hydrated crystals was determined by using the Scherrer equation
(Table 3) from the reflection of 26° = 14.7 and 26° =11, respectively.
The new anhydrous crystal width was higher than the hydrated
one when these reflections were compared. Moreover, the anhy-
drous crystal width increased as the NaOH concentration increased,
revealing a growth of this parameter unlike to those of the hydrated
phase ones. New hydrogen bonds and fewer acetyl groups caused
a larger anhydrous crystal size.

3.3. Solubility, swelling index, and mechanical properties

The importance of N-acetyl groups on CH solubility or their
capacity to support swelling process has been extensively reviewed
(Abd-Elmohdy, Sayed, Essam, & Hebeish, 2010; Panos, Acosta, &
Heras, 2008; Nimesh, Saxena, Kumar, & Chandra, 2012; Shi, Neoh,
Kang, & Wang, 2006; Cunha et al., 2012). The CH film obtained
was water soluble, where as CH-NaOH films were insoluble.
Fig. 5 shows the swelling index, indicating that higher concen-
trations of aqueous NaOH solutions reduced the swelling in the
CH-NaOH films. However, the difference between CH-0.5 NaOH
and CH-1NaOH was not statistically significant. Franca et al. (2011)
indicated that the electrostatic contributions were the main driving
force for the aggregation process, while the hydrophobic contrib-
utions do not seem to play an important role. This was based on the
analysis of free energy solvation of CH. Moreover, these researchers
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Table 3
Crystallinity parameters and d-spacing of prepared films.

Concentration of NaOH (M) Crl % D [nm] 260°=15° D [nm] 26°=19° d-Spacing (A°) 26° =15° d-Spacing (A°) 20° =19°
0 86.31 - 4.95 - 4.524
0.25 84.88 12.77 4.64 5.89 4.456
0.5 79.86 13.91 3.97 5.88 4.441
1 77.63 16.69 3.69 5.82 4.347

dy5-[A°] = d-spacing of the anhydrous polymorph; do-[A°] = d-spacing of the hydrated polymorph. Dys-[nm] = crystallite size anhydrous polymorph; Dig: [nm] = crystallite size

hydrated polymorph; Crl=percentage crystallinity index.

250
E3
200
150 | i i
ES
@
100
50
0
1 05 025
A) CH-NaOH

70
5 60
£
~ 50
&
Qo
g 40
g 3 %Sl =156.36 + 6.87
B J
§ 29 —@=—CH-NaOH 0.5 M
>
10
0
0 20 40 60 80 100120140160
®) Time (h)

Fig. 5. (A) SI% vs. NaOH concentration and (B) water adsorption kinetics. Error bars represent SD.

agreed with the hypothesis of Okuyama et al. (1997), who revealed
that water molecules were directly related to the stabilisation of
CH aggregates. These water molecules were involved in the inter-
actions between polysaccharide chains. The increase in the number
of uncharged amino groups strengthens the intra-chain HO3eee05
hydrogen bonds, causing a decrease in CH solubility.

Other properties affected by NaOH treatment were revealed
during mechanical testing. Fig. 6 shows the results determined
for all CH-NaOH films expressed as Young Modulus and % break-
ing elongation. As the NaOH concentration increases, the films
that were obtained were more brittle. However, the difference
between CH-0.5 NaOH and CH-1NaOH was not statistically signifi-
cant. These results were consequence of the increased interactions
between polysaccharide chains conducing to films more com-
pacted and less deformable, as was revealed in the XRD study. Also,
these films showed similar or better properties of breaking elonga-
tion and tensile strength than those reported by previously (Cunha
etal., 2012; Feng, Liu, Zhao, & Hu, 2012; Nam, Lee, Nam, & Lee1997;
Yang, Su, Leu, & Yang, 2004; Tsai et al., 2013; He, Ao, Gong, & Zhang,
2011). These results indicated that the strength of NaOH treatment
can be used as criteria for CH film structural evaluation.

ME [MPa] ®E%
52

6.2 6.3

0.25 0.5 1

Fig. 6. Influence of the NaOH concentration on Young’s modulus (ME) and on the
maximum elongation (% E). Error bars represent SD.

4. Conclusions

CH films treated with aqueous NaOH solutions revealed that
three effects were evidenced desprotonation and phosphate
extraction, allowing new hydrogen bonds to form and increased
CH deacetylation. X-ray diffraction patterns in CH-NaOH films
revealed that two crystalline zones were present: hydrated and
anhydrous polymorphs. New hydrogen bonds and fewer N-acetyl
groups caused larger anhydrous crystal size. Moreover, a decrease
in N-acetyl groups caused films with a more compact and disor-
dered structure (less hydrated shells were present). Determination
of the Sl revealed that higher concentrations of aqueous NaOH solu-
tions reduced the swelling in CH-NaOH films. Mechanical testing
showed that the strength of NaOH treatment can be used as crite-
ria for structural evaluation of CH films. The introduction of a mild
NaOH treatment is a tool to obtain chitosan films with interesting
and tunable properties.
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