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a  b  s  t  r a  c t

Chitosan/cellulose  nanocrystals (CH-CN)  films  were  obtained  by  casting  of dispersions,  and  treated  with
NaOH  for  neutralization  proposes.  The composition  of films  was varied from  1  to  10  wt.% of CN. Changes
in the  morphology  of the  systems were correlated  with  the  different properties  studied.  FTIR revealed
the  presence of a weak  interaction between the  polymer  matrix and nanofiller,  confirmed by  a  slightly
increase in thermal  stability.  SEM images  suggested  that  incorporating  CN amounts higher than  3  wt.%
nocrystals
posites

generates  phase-segregated  systems, and  SAXS  showed  that  CH  avoid  the  typical  organization  of CN  at
concentrations  below  5 wt.%. Improved  performance against  water  was obtained  in composite  materials
comparing  to  the  pure polymer  matrix, as  well  as  CH  and CH-CN  films did  not show  antibacterial  activity
demonstrating  that  remnant  acetic  acid,  when no neutralization  step  is  done, plays  an  important role in
this  property.
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ld of polymeric materials has grown considerably in  the
 years due to a significant increase in consumption. How-

 sector is  one that has been affected by the global oil crisis,
egin to dwindle hydrocarbons derived from this indus-

ith them the raw materials of traditional polymers are
. According to  Association for the Study of Peak & Oil,
production will be reduced by 50% [ASPO]. Therefore,
e been proposals regarding the future of raw materials

 sources to continue with the polymers production, and
o growing interest in polymers derived from renewable
With this in  mind, natural compounds have been pro-
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zky, 2015). The production of polymers from alternative
le resources contributes to solving some of  the concerns
y the depletion of conventional petrochemical resources

 to the areas seeking reduce environmental impact and
 green production procedures. However, the current high
e limited the applications, which lead to continue the
in this area.
an (CH) is  a  biopolymer with high potential, used in  a
ge of applications since it possesses unique biological
s, including biocompatibility, biodegradability, antibacte-
ity, among others, allowing the development of systems
ty of forms including powders, films and microparticles.
nthetic polymers, this polymer presents no limitations
patibility, biodegradability and toxicity as well as being

 abundant and renewable (Kurita, Kaji, Mori, & Nishiyama,
vi Kumar, 2006; Rinaudo, 2006). Although products based
e found a large number of industrial applications in differ-

 they have, as other biopolymers, lower mechanical and
sistance properties than traditional products. Therefore,
 studies of this polymer has been continuous to respond
mand for new and improved properties that are con-
equired. Some of those studies led to the incorporation
materials (organic or  inorganic) to a  CH matrix, in an
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o combine the characteristics of the original materials,
e possible synergies between them and/or access to  new
s. Such materials are intended mainly to biomedical and
short-term applications, such as packaging, agriculture
ne devices and sensors applications (Hein, Wang, Stevens,
2008; Jaiswal, Chauhan, &  Sankararamakrishnan, in  press;
o, Gorrasi, & Vittoria, 2007; Tanase &  Spiridon, 2014).

 they represent a  strong and emerging answer to obtain-
performance and ecofriendly materials, representing an
g alternative to traditional polymeric nanocomposites.
se Nanocrystals (CN) have gained particular attention in

ars as nanofiller material, not only for its unique physi-
hemical properties, but also for its inherent capacity for
and sustainability, in addition to its abundance (Habibi,
ojas, 2010). As other biopolymers, even when CH present
g mechanical properties, it has been studied the incor-
of CN nanofiller in order to improve the thermal and

roperties of the obtained films based on the high aspect
is nanofiller. The preparation and properties of CH based
forced with CN varying the nanofiller content has been
by different authors, and commonly accompanied by the
ycerol (G) as plasticizer (Azeredo et al., 2010; Dehnad,
omeh, Mirzaei, Jafari, & Dadashi, 2014; Khan et al., 2012;
ufresne, Aranguren, & Marcovich, 2014). In general, they
proved tensile strength, thermal and barrier properties

 permeability) in films containing CN compared to pure
 of the properties were favored by  high concentrations
d low G content. Their results also demonstrated how
rties of the composite films can be controlled by adjust-
ount of incorporated CN and/or G; however, a detailed

gy-properties relationship is not always achieved. Other
t factors are  the acid used for the preparation of the CH
, and the application of a  neutralization step during the
g of the films. Recently, Youssef, Abou-Yousef, El-Sayed,
l (2015) have demonstrated the effects of the neutraliza-
ment on properties of CH-based nanocomposite films, in
r on mechanical properties. In general, this effect is not
o account in most of the works where the properties of
N films could be affected (mechanical and water resis-
vior) (Azeredo et al., 2010; Dehnad et al., 2014; Khan

12; Pereda et al., 2014). Moreover, obtaining films con-
N well dispersed it is  not easy to achieve. The large aspect
e nanoparticle makes difficult an adequate dispersion and
tion to the polymer matrix. In addition, the properties of

terials depend heavily on the polymer matrix characteris-
he nanofiller nature, and plasticizer and remnant organic

 affect the morphology and properties of composites, for
antimicrobial activity. This may  partly explain the differ-
nd in the literature for the variation of the properties and

 compositions reported from the CH-CN bionanocompos-
, where all those factors are combined. Thus, in this work,
cellulose nanocrystals (CH-CN) nanocomposite neutral-
s were obtained and the effect of varying the nanofiller
n the morphology and properties of these biocomposite

 was evaluated.
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 paper, Parafarm brand CH was used. The commercial CN
ided by  the University of Mayne, which are rod-shaped
of about 5 nm in diameter and 150 to  200 nm in length,
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. Sodium hydroxide and acetic acid used were analytical
gents mark ANEDRA.

aration of films

quired amount of CN was  dispersed in  10 ml  of acetic acid
0 min  by magnetic stirring and subsequently sonicated for
ing a  tip sonicator (Bandelin Sonopuls HD 60; tip Titanium

equency 20 kHz; output power 37 W).  The obtained dis-
as  added drop by drop on 25 ml  of  a  2  wt%  CH solution in

d 1 v% with constant magnetic stirring, and subsequently
 for 15 min  in  above conditions. The resulting dispersions
mitted to vacuum to remove bubbles, and were deposited
s petri dishes (f =  10 cm), then maintained 48 h at ambient
ther placed in  an oven at 60 ◦C for 24  h.  Films were treated
H 10 wt%  for neutralization and then with distilled water
l pH of the washing water. The films were allowed to  dry at
perature on Teflon® surfaces and reserved in  desiccator

revious to characterization. Samples containing 1, 3,  5 and
 CN were prepared. Chitosan film was prepared as a  refer-
erial. Films with a  thickness around 50 mm were obtained
ocedure described in  this work. A shorthand notation is
is paper to describe the composite systems: “CN3” denote

system prepared using 3 wt% of CN.

acterization

V–visible spectra of films (0.250 mm  thickness) were mea-
ing a  Genesys10S (Thermo Scientific) spectrometer in a
th range from 200 to  800 nm.

pectra of samples were obtained using a  FTIR Nicolet 380
otometer in ATR mode (64 scans for experiment and a

n of 4 cm−1).
orphology of the cross-section of the films was observed
ing Electron Microscopy (SEM) using a  Jeol JSM-6460
pe. The samples were immersed in liquid nitrogen to
and then were sputtered with a  Au-Pd mixture before
on.
angle X-ray scattering (SAXS) experiments were per-
t the SAXS2 beamline at the National Laboratory of

ron Radiation in  Campinas, Brazil. A monochromatic beam
avelength of 1.608 Å and an exposure time of 60 s was
ttering intensity was  registered using a  two-dimensional

ith a  sample detector distance of 2314.8 mm.  One dimen-
rves were obtained by integrating the two-dimensional

 the program FIT2D. The acquired data were corrected by
ng the background contribution of the empty cell.
al gravimetric analysis (TGA) were obtained using a  Shi-

TG-60 instrument, running about 5 mg sample from room
ure to 600 ◦C at a  heating rate of 10 ◦C min−1 in N2 atmo-

ct angle measurements have been carried out using a
0 goniometer (Ramé-Hart Instrument Co., USA) in  the
ngle mode. Images were analyzed using the DROPim-
nced v2.2 software. All the tests were performed on the

 surfaces of the samples. Six measurements on different
ere performed to  calculate the mean static contact angle,

e Water Uptake (WS) measurements, specimens 20 mm
ter and 0.200 mm  in thickness were prepared. They were
d in distilled water at 25 ◦C. Specimens were periodically
 from water, and blotting with a  filter paper to remove
ce adsorbed water followed by  immediately weighing

 with a  precision of 0.01 mg before being returned to
r bath. The relative mass uptake was  determined as
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t − W0)/W0].100 were Wt and W0 are the instantaneous
l weights, respectively.
e properties (such as tensile strength, elongation at break
s at break) of the films were measured at 25 ◦C using a
S TC-500 tensile-testing machine. Specimens of 0.050 mm
, 10.00 mm  width and 50.00 mm length were prepared,
ing speed of 5 mmmin−1 was used. Results were the aver-
e valid measurements.
ater Vapor Permeability (WVP) test was conducted gravi-
y. At first, the measurement cells filled with anhydrous
hloride desiccant to create a  0% RH storage condition and
ces of cells were covered with the films and sealed with
araffin. To maintain a 75% RH gradient across the film at
dium chloride-saturated solution was used in the desicca-
H difference between two sides of the films creates a  vapor
equal to  1753.55 Pa. Once steady state was  reached, the

 weighted at 1 day intervals during 5 days by a  digital bal-
1203, Sartorius Co., Germany) nearest to the 0.001 g.  The
he weight loss versus time was obtained by  linear regres-
ter vapor permeability were calculated by  the following
: WVP  =  (Curve slope × Thickness)/(Area ×  Pressure differ-

aluate the antimicrobial activity, the effect of the films
genic bacteria growth was tested. The pathogens used,
exneri ATCC 9199 and Escherichia coli Edl 933, were

 from the Cátedra de Microbiología, Facultad de Ciencias
Universidad Nacional de La Plata. The working cultures
pagated into 50 ml  sterilized nutrient broth (NB) (Biokard,
ic, Beauvais, France) and were incubated overnight at

 cell density was adjusted to 105 CFU/ml with fresh NB. An
 0.5 ml  of cell suspension, 4.5  ml sterile NB and 2.5 mg  film
ed and incubated, in  agitation, at 37 ◦C for 240 min. Serial

 of samples were prepared in 0.1% tryptone and plated on
agar. The plates were incubated at 37 ◦C for 24 h in aerobic
ent and the colonies were counted. Positive and negative
f pathogen growth were included. Differences in survival
icroorganisms were statistically tested by using Student
etermine any significant difference.

ts and discussion

itosan used in this work presented a  viscosimetric molec-
ht (Mv) of 310 kDa and a  deacetylation degree (DD) of

tained from FTIR spectra (Beil, Schamberger, Naumann,
 van Pée, 2012). In the case of CN, it presented an aver-

h and diameter 164 ±  31 nm and 7 ±  2 nm,  respectively,
 from TEM images (see the Supplementary information).
ct ratio of the nanofiller based on these parameters was

 in agreement with typical values reported in other studies
r materials (Habibi et al., 2010).

 results

 shows the FTIR spectra of films of CH,  CN and hybrid
with different CN content. The signals observed in  the
N spectrums are similar to those described by different
nd are presented in detail in the Supplementary infor-
le. In short, the main absorption peaks of pure CH are

 at 1647 cm−1 attributed to C O stretching (�C  O; Amide
t 1585 cm−1 assigned to a combination of N H bending

 stretching vibrations (�C  N +  dN-H; Amide II band), and
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 band above 3000 cm−1 is mainly assignable to  the O  H
g vibrations (�OH; 3500–3250 cm−1) overlapped with the
tching (�NH; 3400–3200 cm−1). In  addition, the medium

 IR absorption bands at 1200–970 cm−1 are mainly due

ites L val
be seen 

values w
L value o
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nd C O  stretching in  pyranoid ring (Gómez-Ordóñez
érez, 2011; Kačuráková, Capek, Sasinková, Wellner, &
vá, 2000; Lagaron, Fernandez-Saiz, & Ocio, 2007). For the
he band between 3600 and 3200 cm−1 was related to  the
tching vibrations, with a sharp peak located at 3337 cm−1

drogen bonded O H stretching vibrations, and the absorp-
ds between 3000 and 2800 cm−1 and 1500–1250 cm−1

m the C H  and C H2 stretching and bending vibrations.
n, was also possible to  observe the band related to the

c linkage (1155 cm−1) and the strongest band located
 1100–970 cm−1 dominated by ring vibrations overlapped
tching vibrations of C OH side groups, and at 1029 cm−1

 C stretching in the pyranoid ring (Gómez-Ordóñez &
 2011; Kumar, Negi, Choudhary, & Bhardwaj, 2014). Due

ilar nature of the materials that conform the prepared
posites, their spectra presented similar FTIR bands to the
rials. However, a  slight contribution of CN spectra was

 in the composite films, in particular by  an increasing of
sity of the OH stretching band in  the region of  hydrogen

 H  stretching, which is presented in detail in Fig. 1b. In
 a  small shift to  lower wavenumbers was observed for the
ted at 1066 cm−1,  related to stretching of  C O group in
ig. 1c), suggesting an interaction by  hydrogen bonding

 CH and CN.

 results

orphology of the prepared films was observed by SEM and
re presented in  Fig. 2.  By observing the fracture surface,

 material containing 1 wt%  of CN presented a roughness
 the CH sample, the film containing 3  wt.% of nanofiller
htly rougher surface than that observed for pure CH. This
s  increased by incorporating an additional amount of  CN,
n in  the fracture surface obtained for CN5 and CN10. This

a  more homogeneous material distribution within the film
 nanofiller load values. Observing the air-exposed surface
m, although CH had and intrinsic surface roughness, the
tion of CN to  the polymeric matrix lead to  the observation
ates, which would indicate that the incorporation of the
g material is  not completely homogeneous (for images

lementary information file).

 results

analyses of films were done and Fig.  3  shows the SAXS
f the CH and the CH CN nanocomposites obtained in
. The scattering intensity depends on the distribution,

density, size and the shape of the structure that causes
ttering (de Oliveira Patricio et al., 2013). In our case, SAXS

 composites showed features related to the contribution
trix and CN particles, but changes were observed depend-
e CN concentration. For CN dispersion, the corresponding
lots (ln(I(q) vs. q2)  are  convex and do not show any linear
tisfying qRg ¿1  in  the studied q  range, which would be
f the particles were described as monodisperse cylinders
i-Hafraoui et al., 2008). On the same way, pure chitosan
composites films did not  present linearity on Guinier zone

 see Fig. S3 in the Supplementary information file). For
omposite SAXS curves, we can observe broad scattering
th maximums in  different q values. Characteristic distance

 be estimated from the qmax corresponding to the peak
vs. q  curves and is  defined as L = 2p/qmax.  Nanocompos-
ues were obtained from data plotted in Fig. 4 and could
in the figure inset. It  is  appreciable the increment in  L
ith the nanocrystal concentration. Pure CN presented a
f 25.7 nm,  which could be attributed to the CN aggregates
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und 16 nm,  CN10 sample showed a  L value similar to that

for CN dispersion. Elazzouzi et al. have also reported dif-
n aggregate sizes with the concentration of CN dispersions
i-Hafraoui et al., 2008). Non-homogeneous distribution
oo much long inter-domain lengths (not seen in the used
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hlig et al. (2016) have recently found values of 90–130 nm
CN aggregates in semi-diluted systems, and they suggest
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this 

tion
prop

3.4. 

T
spec
tran
infor
 controlling this structuring, and instead they use steric
ts to explain the observed differences in  inter-aggregate
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s prepared in this work.

al organization for this nanoparticles in dispersion and
rmined the film structure. Moreover, the proved interac-
een CH and CN by hydrogen bonds, would also affect the
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parison of film properties

gh transmittance of films (T > 65%) obtained from UV–vis
 the 400–800 nm regions is in accordance with the high
ncy observed in all these systems (see the Supplementary

ion).

urves for selected films were represented in Fig. 4. A com-
ussion of the behavior of CH and CN samples is presented
pplementary information file. In the CH film, the great-
t loss identified at 296.4 ◦C obtained from DTGA curves.
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Table 1
Mechanical properties, water sorption at 24 h (WS24  h),  water contact angle (CA)
and water permeability (WP) of films prepared in this work.

Sample Mechanical properties WS24  h (%) CA (◦) WPa (102)

« (%)  s (MPa) E (MPa)

CH 10.8 ± 2.4 58.0 ± 8.3 13.5 ± 1.7  67.0 ± 1.2  82.7 ± 6.8 5.6
CN1 7.2 ± 1.1 59.1 ± 5.7 15.2 ± 3.9  70.8 ± 3.6  96.4 ± 2.2 3.7
CN3 9.3 ± 2.7 56.1 ± 2.9 19.9 ± 3.3  71.9 ± 3.3 95.6 ± 4.8 4.7
CN5 13.4 ± 4.5 68.2 ± 3.4 17.8 ± 5.1  65.4 ± 3.8 94.9 ± 3.4 3.5
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