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a  b  s  t  r  a  c  t

This study  reports  on  the development  and characterization  of  bacterial  cellulose  (BCNW)  films  coated
with  hydrophobic  layers,  presenting  enhanced  barrier  properties.  Pure  BCNW  films  showed  good  trans-
parency  and  thermal  stability,  high  rigidity  and extremely  low  oxygen  permeability  at  0%RH.  The  dramatic
increase  in  oxygen  permeability  at 80%RH,  due  to  the  hydrophilic  character  of  BCNW,  was  counteracted
through  coating  the  films  with  annealed  PLA  electrospun  nanostructured  fibres  or  hydrophobic  silanes.
The  use  of  electrospinning  was  crucial  to  attain  a good  adhesion  between  the  hydrophilic  BCNW  and  the
eywords:
acterial cellulose
anowhiskers
olylactide
ilanes
lectrospinning

hydrophobic  PLA  layer.  After  electrospinning,  the  fibres  were  homogenised  by  annealing,  thus  obtaining  a
uniform  and  continuous  coating.  Coated  systems  showed  a  hydrophobic  surface  and  protected  the  BCNW
from  moisture,  thus  reducing  ca. 70%  the water  permeability  and  up to 97%  the  oxygen  permeability  at
80%RH.  Furthermore,  this  novel  approach  was  seen  to protect  BCNW  films  from  moisture  more  efficiently
than  coating  with  hydrophobic  silanes.
arrier properties

. Introduction

Cellulose is the most abundant biopolymer found in nature, as
t is the major cell-wall component of plants. Although cellulose is
ommonly extracted from vegetal resources, some bacterial species
re able to produce bacterial cellulose (BC) as a highly hydrated
ellicle which, compared to plant cellulose, possesses higher water
olding capacity, higher crystallinity and a finer web-like network
Iguchi, Yamanaka, & Budhiono, 2000; Wan  et al., 2007). Further-

ore, one of the main advantages of BC is that, while cellulose
erived from plants is naturally associated with other biopolymers
uch as hemicellulose and lignin, BC is predominantly pure cellu-
ose and, thus, no additional processes are needed in order to isolate
ellulose.

For their application as nanofillers, cellulosic materials are usu-
lly subjected to hydrolysis with strong acids, which produce a
referential digestion of the amorphous domains of the material
nd cleavage of the nanofibril bundles (Rånby, 1949), breaking
own the hierarchical structure of the material into nanocrystals,
hich are usually referred to as cellulose nanowhiskers (CNW).

acterial cellulose nanowhiskers (BCNW) present a highly crys-
alline structure (Martínez-Sanz, Lopez-Rubio, & Lagaron, 2011a),
ith up to several micrometres in length and a cross-section of

∗ Corresponding author. Tel.: +34 963900022; fax: +34 963636301.
E-mail address: lagaron@iata.csic.es (J.M. Lagaron).
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5–50 nm (De Souza Lima & Borsali, 2004; Hirai, Inui, Horii, & Tsuji,
2009).

Due to their attractive properties, such as low density and
biodegradability, great interest has been focused lately on the use
of cellulose nanocrystals as reinforcing agents in nanocompos-
ites (Kvien, Sugiyama, Votrubec, & Oksman, 2007; Martínez-Sanz,
Lopez-Rubio, & Lagaron, 2012b,d; Petersson, Kvien, & Oksman,
2007; Ten, Turtle, Bahr, Jiang, & Wolcott, 2010), although due to
their highly hydrophilic character, which is responsible for their
incompatibility with organic solvents and for their poor adhesion
to the hydrophobic surface of conventional polymeric materials,
strategies have to be developed in order to guarantee a proper
dispersion of cellulosic nanofillers in polymeric nanocomposites.

In addition to their application as reinforcing agents in
nanocomposites, pure cellulose films may be produced from
cellulose nanocrystals and microfibrillated cellulose aqueous sus-
pensions via solution casting (Aulin, Gällstedt, & Lindström, 2010;
Belbekhouche et al., 2011; Fukuzumi, Saito, Iwata, Kumamoto, &
Isogai, 2009; Minelli et al., 2010; Plackett et al., 2010; Rodionova
et al., 2011; Siró, Plackett, Hedenqvist, Ankerfors, & Lindström,
2011; Syverud & Stenius, 2009). These films show excellent oxy-
gen barrier properties at low relative humidity due to their high
crystallinity and highly compacted structure (Belbekhouche et al.,
2011; Minelli et al., 2010; Plackett et al., 2010; Syverud & Stenius,

2009). It has been reported that the denser structure and the for-
mation of entanglements in films prepared from microfibrillated
cellulose gives rise to increased barrier to gases as compared to
cellulose nanowhiskers’ films (Belbekhouche et al., 2011).

dx.doi.org/10.1016/j.carbpol.2013.07.020
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.07.020&domain=pdf
mailto:lagaron@iata.csic.es
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Despite the outstanding barrier properties of cellulose films
t low relative humidity, they present a typical behaviour of
ydrophilic materials, i.e. the permeability increases sharply in
he range of 40–80% relative humidity (Aulin et al., 2010). This
xponential increase on the oxygen permeability when increas-
ng the relative humidity has been attributed to the fact that

ater molecules adsorbed by the amorphous domains of cellu-
ose may  break down hydrogen bonds and, therefore, preferential
ites for oxygen diffusion are created (Aulin et al., 2010). In order
o reduce the hydrophilicity of cellulose and restrict the detri-

ental effect of humidity in its properties, hydrophobization of
he cellulose surface has been proposed. TEMPO-oxidized cellulose
anofibres’ films produced via vacuum filtration, displaying good
echanical properties and high barrier to oxygen at 0%RH, were

ffectively hydrophobized by treatment with alkylketene dimer
lthough no barrier properties were reported for the hydropho-
ized films (Fukuzumi et al., 2009). In another study, acetylation
f microfibrillated cellulose was successfully developed and films
rom modified cellulose were produced (Rodionova et al., 2011).
lthough the surface of the films became hydrophobic, it was
bserved that the substitution of hydroxyl groups led to increased
ore volume in the films due to reduced hydrogen bonding between
ellulose microfibrils. Thus, only acetylated cellulose films with a
ow degree of OH substitution presented improved water vapour
ermeability as compared to unmodified cellulose films. A similar
ffect was observed for films produced from silylated microfib-
illated cellulose. When high degrees of OH substitution were
chieved, the so-obtained films displayed contact angles typical of
uper hydrophobic surfaces. However, partial solubilization of cel-
ulose microfibrils was seen to occur for high degrees of substitution
Andresen, Johansson, Tanem, & Stenius, 2006).

In the present study, highly crystalline BCNW were used to
roduce films with excellent barrier properties at low relative
umidity. Given the high rigidity of the BCNW films, the addition of
EG as plasticizing agent was additionally evaluated. As a strategy
or preserving the high barrier of BCNW films under high rela-
ive humidity conditions without the need for a previous chemical

odification of the cellulose matrix, BCNW films were coated with
LA by a novel method consisting in deposition of fibres by elec-
rospinning followed by homogenization through annealing. Addi-
ionally, this approach was compared with a more conventional

ethod which involved the application of hydrophobic silanes
ayers.

. Materials and methods

.1. Materials

The semicrystalline polylactide (PLA) used was a film extru-
ion grade produced by Natureworks (with a D-isomer content of
pproximately 2%). The molecular weight had a number-average
olecular weight (Mn) of ca. 130,000 g/mol, and the weight aver-

ge molecular weight (Mw) was ca. 150,000 g/mol as reported by
he manufacturer.

Vinyltrimethoxysilane (VTMS) and (3-aminopropyl)
rimethoxysilane (APTS) were purchased from Sigma-Aldrich
Germany).

Sulphuric acid 96% and 2-propanol were purchased from Pan-
eac (Barcelona, Spain). Both 1,1,1,3,3,3-hexafluoro-2-propanol
HFP) and polyethylene glycol 900 (PEG) were purchased from
luka (Germany).
.2. Preparation of bacterial cellulose mats

Bacterial cellulose mats were obtained by following the same
rocedure as described in a previous work (Martínez-Sanz, Olsson,
olymers 98 (2013) 1072– 1082 1073

Lopez-Rubio, & Lagaron, 2011b). Briefly, the bacterial strain
Gluconacetobacter xylinus 7351 was  incubated in a modified Hes-
trin/Shramm medium at 30 ◦C. All of the cells were pre-cultured
in a test tube containing 5 mL  of media and later transferred and
scaled up to a bigger reactor of 20 L. The synthesized bacterial cel-
lulose pellicles were sterilized and cleaned in boiling water and in
a 10% (v/v) NaOH aqueous solution.

2.3. Preparation of bacterial cellulose nanowhiskers (BCNW)

Once neutral pH was  reached, bacterial cellulose pellicles were
ground in a blender and the gel-like material was then compressed
in order to remove most of the absorbed water. BCNW were pro-
duced by applying the optimized method developed in a previous
study (Martínez-Sanz et al., 2011a). Briefly, the dried bacterial
cellulose was treated with 301 mL  sulphuric acid/L water, in a cellu-
lose/acid ratio of approximately 7 g/L, at 50 ◦C for three days until a
homogeneous solution was  obtained. The cellulose nanowhiskers
were obtained as a white precipitate after several centrifugation
and washing cycles at 12,500 rpm and 15 ◦C for 20 min. After that,
the material was re-suspended in deionized water and neutral-
ized with sodium hydroxide until neutral pH and subsequently
centrifuged to obtain the final product as a partially hydrated pre-
cipitate. The humidity of the material was determined and the yield
of the extraction process was estimated to be 79.64% respect to the
dried BC.

2.4. Preparation of BCNW films

Bacterial cellulose nanowhiskers films were produced from
aqueous suspensions of BCNW 0.5% (w/v). These suspensions were
prepared by dispersing the adequate amount of partially hydrated
precipitate into 50 mL  of deionized water by means of intense
homogenization (Ultra-turrax) for 2 min  and sonication for 5 min.
Additional samples were prepared by adding 20 wt%  polyethyl-
ene glycol (PEG) and dispersing it together with the BCNW. The
BCNW/water or BCNW–PEG/water dispersions were subjected to
vacuum filtration through a polytetrafluoroethylene (PTFE) mem-
brane with a 0.2 �m pore size (Sartorius Stedim Biotech GmbH,
Germany). After filtration, the material was dried at ambient tem-
perature overnight and BCNW or BCNW–PEG films were then
peeled off from the PTFE membranes.

2.5. Preparation of coated systems

In order to protect the highly hydrophilic BCNWs’ layer, several
methods were tested for coating with hydrophobic materials.

The first method consisted in coating the BCNW or BCNW–PEG
films with PLA mats produced by means of the electrospinning
technique. PLA solutions in HFP having a total solids content of
8 wt% were used to generate the electrospun fibres. An electro-
spinning apparatus a Fluidnatek equipment from Bioincia S.L.,
Paterna (Spain) was  used. Solutions were transferred to 5 mL  plas-
tic syringes and connected through PTFE tubes to a stainless steel
needle (∅  0.9 mm).  An electrode was clamped to the needle tip
and connected to a high-voltage 0–30 kV power supply operating
at 10–12 kV, and the polymer solution was fed into the needle at
a rate of 0.66 mL/h by a syringe pump. The counter electrode was
connected to a circular plate in which the BCNW film was  attached.
The plate was placed parallel to the needle and both sides of the
BCNW film were coated. The distance between the needle and the
plate was 6 cm and experiments were carried out at ambient tem-

perature. By applying this procedure, BCNW and BCNW–PEG films
were coated with 40–50 wt%  PLA electrospun fibres.

Electrospun PLA coatings presented an opaque and whitish
appearance. With the aim of obtaining a transparent and
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ontinuous pellicle, an additional heating step was  applied. Coated
lms were first dried at 60 ◦C overnight, and they were sub-
equently placed in between hot plates at 160 ◦C to melt and
omogenize the PLA phase.

The second method involved the hydrophobization of the films
urface by coating with layers of two different silanes. Both
inyltrimethoxysilane (VTMS) and (3-aminopropyl) trimethoxysi-
ane (APTS) are suitable for food contact applications. The methoxy
unctionalities are able to react with the hydroxyl groups of cel-
ulose, thus being possible to produce silane coatings. The liquid
ilanes were applied on both sides of BCNW films by using a paint
oller. Subsequently, films were dried under ambient conditions
uring 10 mins and then cured at 60 ◦C for 48 h.

.6. Scanning electron microscopy (SEM)

SEM was conducted on a Hitachi microscope (Hitachi S-4100)
t an accelerating voltage of 10 kV and a working distance of
2–16 mm.  BCNW and BCNW–PEG films as well as the coated sys-
ems were cryo-fractured after immersion in liquid nitrogen and
ubsequently sputtered with a gold–palladium mixture under vac-
um before their morphology was examined using SEM. Layer
hicknesses were measured by means of the Adobe Photoshop CS3
xtended software from the SEM micrographs in their original mag-
ification.

.7. Attenuated total reflectance (ATR) FT-IR analysis

ATR-FTIR spectra of all the produced films were recorded in a
ontrolled chamber at 21 ◦C and 40%RH using a Bruker (Rheinstet-
en, Germany) FT-IR Tensor 37 equipment and coupling the ATR
ccessory GoldenGate of Specac Ltd. (Orpington, UK). The spec-
ra were taken at 4 cm−1 resolution averaging a minimum of 20
cans. Analysis of the spectra was performed using Grams/AI 7.02
Galactic Industries, Salem, NH, USA) software.

.8. Thermogravimetric analysis (TGA)

Thermogravimetric (TG) curves were recorded with a TA Instru-
ents model Q500 TGA. The samples (ca. 20 mg)  were heated from

0 ◦C to 600 ◦C with a heating rate of 10 ◦C/min under nitrogen
tmosphere. Derivative TG curves (DTG) express the weight loss
ate as a function of temperature.

.9. Mechanical properties

Tensile tests were carried out under ambient conditions typ-
cally at 24 ◦C and 50%RH on an Instron 4400 Universal Tester.
re-conditioned dumb-bell shaped specimens with initial gauge
ength of 25 mm and 5 mm in width were die-stamped from the
lms in the machine direction according to the ASTM D638. A fixed
rosshead rate of 10 mm/min  was utilized in all cases and results
ere taken as the average of, at least, four tests.

.10. Water vapour permeability (WVP)

Direct permeability to water was determined from the slope
f the weight gain versus time curves at 24 ◦C. The films were
andwiched between the aluminium top (open O-ring) and bottom
deposit for the silica gel that provides 0%RH) parts of a specifically
esigned permeability cell with screws. A Viton rubber O-ring was
laced between the film and the bottom part of the cell to enhance

ealability. These permeability cells containing silica gel were then
laced inside a desiccator at 75%RH and the solvent weight gain
hrough a film area of 0.001 m2 was monitored and plotted as a
unction of time. The samples were preconditioned at the testing
olymers 98 (2013) 1072– 1082

conditions for 24 h, and to estimate the permeability values of the
films, only the linear part of the weight gain data was used to ensure
sample steady-state conditions. Cells with aluminium films (with
thickness of ca. 11 �m)  were used as control samples to estimate
solvent gain through the sealing. The lower limit of WVP  detection
of the permeation cells was of ca. 4.2 × 10−17 kg m/s  m2 Pa based
on the weight gain measurements of the aluminium films. Solvent
permeation rates were estimated from the steady-state permeation
slopes. Water vapour weight gain was  calculated as the total cell
weight gain minus the gain through the sealing. The tests were done
in duplicate.

2.11. Water uptake

The water uptake was estimated during the sorption exper-
iments at 24 ◦C and 75% RH by means of weight gain using an
analytical balance Voyager® V11140. Thus, at saturation condi-
tions, no changes in successive weight uptake were observed
during the measurements of the specimens.

Solubility (S), required to estimate the diffusion coefficient of
water (D) through the films, was  estimated from the water uptake
at equilibrium, the density of the materials and the water vapour
partial pressure at 24 ◦C.

2.12. Oxygen permeability

The oxygen permeability coefficient was derived from oxygen
transmission rate (OTR) measurements recorded using an Oxtran
100 equipment (Modern Control Inc., Minneapolis, MN,  US). Exper-
iments were carried out at 24 ◦C and at two relative humidities
(0%RH and 80%RH). An 80% relative humidity was  generated by a
built-in gas bubbler and was checked with a hygrometer placed at
the exit of the detector. The samples were purged with nitrogen for
a minimum of 20 h in the humidity equilibrated samples, prior to
exposure to an oxygen flow of 10 mL/min. A 5 cm2 sample area was
measured by using an in-house developed mask. Reduced sample
areas while testing oxygen permeation in high permeable materials
enhance the reproducibility of the measurements, permit to select
defect-free areas and ensure minimum thickness variations.

2.13. Contact angle measurements

Measurements of contact angle were performed at 24 ◦C and
ambient relative humidity (ca. 60%RH) in a Video-Based Con-
tact Angle Meter model OCA 20 (DataPhysics Instruments GmbH,
Filderstadt, Germany). Contact angle measurements were obtained
by analyzing the shape of a distilled water drop after it had been
placed over the film for 30 s. Image analyses were carried out by
SCA20 software.

3. Results and discussion

3.1. BCNW films characterization

Crystalline cellulose nanowhiskers have been extensively
used as reinforcing agents in nanocomposite materials. Previ-
ous works have investigated the effect of incorporating cellulose
nanowhiskers on the barrier properties of nanocomposite mate-
rials, showing significant improvements provided that a high
dispersion of the nanowhiskers was achieved (Martínez-Sanz,
Lopez-Rubio, & Lagaron, 2012b,c,d). In addition, microfibrillated
cellulose and cellulose nanowhiskers films have shown excellent

barrier properties at low relative humidity (Belbekhouche et al.,
2011; Minelli et al., 2010; Siró et al., 2011). The purpose of this
work was  to develop high barrier materials by using highly crys-
talline bacterial cellulose nanowhiskers’ films and to enhance the
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erformance of these materials at high relative humidity by coating
hem with hydrophobic layers.

The BCNW used in the present work were extracted by acid
ydrolysis of bacterial cellulose pellicles and showed a crystallinity

ndex of ca. 95%, as previously estimated by X-ray diffraction
Martínez-Sanz et al., 2011a). The morphology of BCNW produced
y sulphuric acid hydrolysis has already been studied and, in a pre-
ious work, it was shown that BCNW extracted using the optimized
ydrolysis conditions applied in the present work presented an
verage cross-section (W)  of ca. 18 nm and length (L) of ca. 570 nm
aving, thus, an aspect ratio (L/W) of ca. 30 (Martínez-Sanz et al.,
011a).

Pure BCNW films presented a highly compacted nanofibres’ lay-
red structure, as shown in Fig. 1A. The material presented a highly
ense structure, which was held by the strong hydrogen network
stablished between the hydroxyl groups present on the cellulose
hains, and no pores could be detected at the applied magnifi-

ation. Fig. 1B shows that when incorporating the polyethylene
lycol (PEG) as plasticizing agent into the films, a less-compacted
tructure was attained, in which PEG rich domains could be clearly
iscerned.

ig. 1. SEM micrograph of cryo-fractured surfaces from: (A) BCNW film; (B) BCNW–PEG
D)  BCNW film coated with annealed PLA electrospun nanostructured fibres; (E) BCNW fil
n  (A), 5 �m in (B), 20 �m in (C) and (E) and 10 �m in (D) and (F).
olymers 98 (2013) 1072– 1082 1075

Thermal stability of BCNW and BCNW–PEG films was evaluated
by TGA (see Fig. S1 in the Supporting information). The onset degra-
dation temperature and the maximum degradation temperature
for the BCNW film were determined to be 206.7 ◦C and 332.1 ◦C,
respectively, which are very similar to the parameters previously
reported for BCNW produced by the same optimized hydrolysis
treatment (Martínez-Sanz et al., 2011a). On the other hand, the
film containing PEG presented a wider degradation range, with
a lower onset degradation temperature of 174.0 ◦C and a higher
maximum degradation temperature of 342.3 ◦C. Therefore, it is
confirmed that BCNW films can be subjected to temperatures typ-
ical for polymeric materials processing methods without suffering
thermal degradation. Nevertheless, films containing PEG presented
an onset degradation temperature which was close to the temper-
ature at which films were processed.

Table 1 gathers the mechanical properties of BCNW and
BCNW–PEG films. As deduced from the table, pure BCNW films dis-

played a rigid and brittle behaviour, with a higher Young’s modulus
than that previously reported for MFC  films but lower elongation at
break. The higher crystallinity of BCNW as compared to MFC  may
be the reason for this higher rigidity and reduced ductility. With the

 film; (C) BCNW film coated with annealed PLA electrospun nanostructured fibres;
m coated with APTS and (F) BCNW film coated with VTMS. Scale markers are 8 �m
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Table 1
Young’s modulus, tensile strength and elongation at break for BCNW and BCNW–PEG films and the various coated systems.

E (GPa) Tensile strength (MPa) εb (%)

BCNW b 7.88 ± 0.12 ab 74.55 ± 11.48 a 1.04 ± 0.13
BCNW–PLA b 7.64 ± 1.20 ab 74.93 ± 32.77 a 1.07 ± 0.38
BCNW–VTMS b 7.49 ± 0.81 ab 62.50 ± 9.06 a 0.96 ± 0.13
BCNW–APTS ab 5.55 ± 0.52 ab 51.44 ± 5.34 a 1.62 ± 0.91
BCNW–PEG a 2.43 ± 0.67 a 11.62 ± 2.83 a 0.66 ± 0.00
BCNW–PEG–PLA ab 5.10 ± 2.45 b 88.87 ± 29.39 a 1.56 ± 0.00
Film  PLA (Martínez-Sanz et al., 2012d) 1.85 ± 0.08 53.77 ± 1.18 4.93 ± 0.45
MFC  film (Plackett et al., 2010) 2.1 ± 0.1 39.0 ± 8.0 2.8 ± 0.9

T e data

a
i
d
e
u
t
c

d
l
(
s
v
e
b
t
t
t
t
m

t
i
M
s
h
i

T
B
o

MFC  carboxymethylated film (Siró et al., 2011) 4.4–7.4

he a and b letters correspond to the ANOVA statistical analysis and Tukey test of th

im of increasing the ductility of the films, PEG was incorporated
nto the system. However, it may  be observed that its incorporation
id not significantly increase the ductility of the material, i.e. the
longation at break, but it led to a reduction in the Young’s mod-
lus. According to SEM observations, this effect could be related
o the fact that there was a certain phase separation between the
rystalline BCNW and the PEG domains.

Barrier properties of both pure BCNW and BCNW–PEG films are
isplayed in Table 2. The water permeability values were simi-

ar to that previously reported for microfibrillated cellulose films
Rodionova et al., 2011), whereas the oxygen permeability mea-
ured at 0%RH was between one and two orders lower than the
alues reported for microfibrillated cellulose (MFC) films (Minelli
t al., 2010; Rodionova et al., 2011). This has never been reported
efore and indicates that BCNW can form more tightly packed films
han MFC. The improved barrier properties of the BCNW films may
hus be explained by the more compacted structures generated by
he vacuum filtration process here applied and by the higher crys-
allinity of the material as compared to conventional solvent cast

icrofibrillated cellulose.
Nevertheless, when exposing these materials to high rela-

ive humidity conditions, the oxygen permeability dramatically
ncreased. A previous work, in which the oxygen permeability of
FC  films was studied at various relative humidities, showed a
harp increase in the oxygen permeability of the films at a relative
umidity greater than 70%RH (Aulin et al., 2010). This behaviour

s typical of hydrophilic materials, and it was ascribed to the

able 2
arrier properties of BCNW and BCNW–PEG films and of the various coated systems. The
xygen diffusion and permeability coefficients were measured at 0%RH and 80%RH. Some

P·H2O (kg m/s  m2 Pa)
(×10−14)

Water uptake (%) D

BCNW 3.55 ± 1.11 4.95 ± 0.74 1
BCNW–PLA 1.19 ± 0.48 4.00 ± 0.47 1
BCNW–VTMS 3.28 ± 1.18 4.66 ± 0.17 1
BCNW–APTS 1.86 ± 0.33 14.41 ± 1.28 0
BCNW–PEG 4.81 ± 1.18 3.40 ± 0.15 3
BCNW-PEG–PLA 1.46 ± 0.53 4.11 ± 0.11 0
Film PLA

(Martínez-Sanz
et al., 2012d)

1.31 ± 0.01* 0.95 ± 0.15 * 3

MFC  film literature
values

3.81 (Rodionova et al.,
2011)

– –

MFC  car-
boxymethylated
film literature
values

– – –

* Measured at 100%RH.
** Measured at 50%RH.
182.2–280.7 3.9–12.7

 that indicate that with a 95% confidence level, the values are significantly different.

plasticization effect caused by water adsorbed in the surface of
the amorphous MFC  domains. Water molecules may  disrupt hydro-
gen bonding hence limiting nanofibril–nanofibril interactions and,
thus, resulting in an increased mobility of oxygen molecules within
the cellulose network.

In addition, when incorporating PEG into the films, higher val-
ues for both the water and oxygen permeability were detected. The
reason for incorporating PEG into the films was to reduce the rigid-
ity of the films, but, as observed, this plasticization effect was not
achieved for the PEG loading here tested and additionally, the mate-
rial possessed greater water sensitivity. Therefore, the addition of
such concentration of PEG did not present any clear advantage.

To summarize, BCNW films presented a homogeneous and com-
pact morphology with excellent barrier properties for low relative
humidity, whereas due to their hydrophilic character, at high
relative humidity (80%), a considerable increase in the oxygen per-
meability was  observed. The addition of PEG slightly distorted the
highly packed structure of the BCNW films, reducing their mechan-
ical performance and increasing their sensitivity to water, thus
resulting in a drop in the barrier properties.

3.2. Optical, morphological, chemical and mechanical
characterization of the coated systems
As it has been shown in the previous section, the developed
BCNW films presented an excellent barrier to oxygen at low relative
humidity. Nevertheless, the major problem of these materials was

 water permeability and water uptake were measured at 75%RH and the estimated
 literature values from MFC films are also included for comparison purposes.

 (m2/s) (×10−12) P O2 0%RH
(m3 m/m2 s Pa)

P O2 80%RH (m3 m/m2 s Pa)

.54 6.99 × 10−22 5.97 × 10−18

.25 – 0.20 × 10−18

.70 – 5.51 × 10−18

.47 – 1.56 × 10−18

.78 4.06 × 10−22 7.17 × 10−18

.95 – 1.83 × 10−18

.63 – 1.78 × 10−18

 6.67 ± 2.20 × 10−21

(Minelli et al.,
2010)
2.01 × 10−20

(Rodionova et al.,
2011)

2.20 × 10−17 (Minelli et al.,
2010)
4.26–5.83 × 10−20 (Syverud
& Stenius, 2009)**

1.82 ± 0.11 × 10−21

(Plackett et al., 2010)**

 – 4.23–5.71 × 10−21 (Siró
et al., 2011)**

9.84 × 10−21 (Aulin et al.,
2010)**
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of hydrophilic materials, completely disappeared after coating
with PLA. Therefore, the last annealing step resulted in efficient
nanofiber coalescence and substrate adherence promotion for the
ig. 2. Photographs of BCNW films: (A) Pure BCNW; (B) BCNW film coated with a
CNW  film coated with APTS; (E) BCNW–PEG film; and (F) BCNW–PEG film coated 

heir high hydrophilicity which makes them very sensitive to water
ctivity, hence reducing drastically the oxygen barrier properties
or relative humidities higher than 70%.

With the aim of preserving the low oxygen permeability of the
aterial even at high relative humidity, coating of BCNW with

ydrophobic materials was suggested as a feasible route to protect
he material from moisture. Nevertheless, the low compatibility
f BCNW with hydrophobic materials prevented the use of cast-
ng methods to develop multilayer systems or to combine the
CNW with hydrophobic layers through compression moulding,
ince adhesion between the different layers was very poor and par-
ial or even a complete delamination between the different layers
ook place (see Figs. S2A and S2B in the Supporting information).

A novel strategy was proposed to overcome this issue and to
et uniform layers protecting the BCNW films, involving the use
f the electrospinning technique followed by annealing to pro-
uce hydrophobic coatings based on PLA. Electrospun PLA fibres
ere produced by following the optimized procedure described

lsewhere (Martínez-Sanz, Lopez-Rubio, & Lagaron, 2012a). These
bres, which presented a uniform morphology (cf. Fig. S3 in the
upporting information), were directly electrospun onto the sur-
ace of BCNW and BCNW–PEG films. Subsequently, the coated
ystems were annealed to temperatures close to the melting point
f PLA electrospun fibres, turning the materials nearly transparent
cf. Fig. 2B and F). It is worth mentioning that the film containing
EG presented a slight yellowish colour, which may  be indicat-
ng that the material underwent partial thermal degradation. This
an be explained by the fact that the film containing PEG had an
nset degradation temperature close to the annealing tempera-
ure applied to the material, just as pointed out by TGA analyses.
s observed in Fig. 1C and D, after heating the coated system, a
elatively homogeneous PLA layer was formed on both sides of
he BCNW film. The average thickness of the PLA fibres layer was

a. 5 �m for both BCNW and BCNW-PEG coated films. It is also
nteresting to note that the adhesion between the PLA the BCNW
ayers was very good and no delamination occurred even after cryo-
racturation of the material, just as shown in Fig. 1C and D. These
ed PLA electrospun nanostructured fibres; (C) BCNW film coated with VTMS; (D)
nnealed PLA electrospun nanostructured fibres.

results highlight the convenience of the electrospinning processing
technique as an efficient strategy for coating BCNW films, since
it provides an enhanced adhesion between the hydrophilic inner
layer and the hydrophobic outer layers without the need for adhe-
sive layers.

Besides being homogeneously distributed, the applied PLA
coatings were continuous and hence, as observed in Fig. 3,
the typical spectrum of PLA was  obtained when analyzing the
coated system surface by ATR-FT-IR. From these spectra it can
be observed that the broad band located between 3000 and
3700 cm−1, corresponding to OH stretching intramolecular hydro-
gen bonds (Carrillo, Colom, Suñol, & Saurina, 2004), characteristic
Fig. 3. ATR-FT-IR spectra of BCNW film, PLA electrospun fibres and BCNW coated
with  annealed PLA electrospun nanostructured fibres.
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iscontinuous electrospun fibres deposited onto the BCNW films
nto a compacted and continuous PLA layer.

To evaluate the efficiency of the coating method based on elec-
rospinning followed by annealing, a second approach already
escribed in the literature was suggested for protecting the BCNW
lms from moisture. This method consisted in coating with thin lay-
rs of silanes, which are thought to react with the hydroxyl groups
resent in the surface of cellulose and form layers with different
unctionalities (Daniel, 1999; Lee & Kim, 2012; Luechinger, Prins, &
irngruber, 2005; Tingaut, Hauert, & Zimmermann, 2011). In this
ork two different silanes, i.e. (3-aminopropyl)trimethoxysilane

APTS) and vinyltrimethoxysilane (VTMS), both allowed for food-
ontact applications, were used for coating BCNW films. The
orphology of cryo-fractured sections of silane-coated BCNW films

s shown in Fig. 1E and F. Despite the fact that both silanes were
pplied by following the same procedure, the average thickness of
he coating was different in each case. For the APTS, the outer layer
resented an average thickness of 9 �m whereas for the VTMS, the
verage thickness was 0.8 �m.  The adhesion between the silane
nd the BCNW layers seemed to be good in both cases, although,
robably due to the different thickness of the coatings, it was easier
o identify the interface between both materials for the APTS coated
ystem. As observed in Fig. 2C and D, the films prepared by coat-
ng with silanes preserved a good contact transparency, although
t was slightly diminished when compared to the pure BCNW film.

Fig. 4A and B shows the mechanism proposed for the reac-
ion between silanes and cellulose based on previous works (Lee

 Kim, 2012). In the presence of moisture, the methoxy groups
rom the silanes tend to be replaced by hydroxyl groups, thus form-
ng silanols. Hydroxyl groups from cellulose and silanol react and
he silanol groups bond to the cellulose chain without modifica-
ion of its functional group (amino or vinyl). In the case of APTS,
mino functional groups can further react with hydroxyl groups
rom silanols and, therefore, additional layers can be created via
ydrogen bonding. This is probably the reason why the thickness
f the outer layer was greater for APTS than for VTMS. During the
nal curing step, the number of hydroxyl groups from silanols is

educed by cross-linking (Angst & Simmons, 1991).

In order to further study the interactions established between
CNW and the silanes, ATR–FTIR analyses of pure BCNW films,
ilanes and silane-coated BCNW films were carried out and

Fig. 4. Proposed mechanism for the reaction of
Fig. 5. ATR-FTIR spectra of BCNW films and BCNW coated with APTS and VTMS.

the recorded spectra are displayed in Fig. 5. The spectrum of
BCNW–APTS was  different to that of pure BCNW or pure APTS,
suggesting that the cellulose hydroxyl groups effectively reacted
with some chemical groups from the silane. The spectra from
both pure APTS and from the BCNW–APTS films displayed sev-
eral peaks characteristic from amino groups, such as the band
located at 2939 cm−1 which corresponds to N–H stretching, the
peak appearing at 1189 cm−1 which is assigned to C–N stretching
and the band at 810 cm−1 which corresponds to N–H wagging. From
the spectra it is also worth noting that a decrease in the intensity
of the band located at 2840 cm−1, characteristic from Si–O–CH3
(Lee & Kim, 2012), was observed and a band characteristic from
Si–O–C (Lee & Kim, 2012), located at approximately 1000 cm−1, was
discerned after reaction of APTS with cellulose. Additionally, the
broad band between 3000 and 3700 cm−1 detected for the coated

material, can be assigned to NH2 stretching and to Si–OH and the
peaks at 1635 cm−1 and 1568 cm−1 to NH2 stretching vibration
and to the bending band of protonated amines, respectively (Xia

 BCNW with APTS (A) and with VTMS (B).
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t al., 2006). These spectral changes confirmed that indeed methoxy
roups from the silane were hydrolyzed and the silane was  bonded
o cellulose. On the other hand, the presence of Si–OH bonds sug-
ests that the curing process to which the films were subjected was
ot sufficient for completely removing hydroxyl groups through
ross-linking.

The spectrum for VTMS was characterized by the major bands
ppearing at 1075 cm−1, 810 cm−1 and 764 cm−1, corresponding
o Si–O–R bonds (Velamakanni et al., 2010), C C stretching (Xie,

ang, Zhao, Wei, & Sun, 2010) and C–H out of plane deforma-
ion (Rosa et al., 2010), respectively. In addition, two  other bands
haracteristic from the vinyl functional group can be detected at
410 cm−1, corresponding to CH deformation vibration in H2C CH
roup (Xie et al., 2010) and at 1600 cm−1, assigned to C C stretch-
ng (Xie et al., 2010). No significant spectral changes were observed
fter coating the BCNW layer with VTMS, although a detailed exam-
nation allowed distinguishing the band for the vinyl functional
roup, at ca. 1410 cm−1. In addition, the intensity of the broad
and between 3000 and 3600 cm−1 corresponding to OH stretch-

ng intramolecular bonds in cellulose was decreased but not to a
reat extent since Si–OH groups also present a characteristic band
n this region. The reason for not detecting major VTMS peaks in
he ATR-FT-IR spectrum of the coated system may  be due to the
act that the outer layer of VTMS was too thin and, thus, the ATR
ignal was predominantly coming from the inner layer. Therefore,
rom ATR-FT-IR analyses it seems that the amino groups from APTS
ere much more reactive than vinyl groups from VTMS and as a

esult, the layers of silane chains were more easily formed for the
PTS, through the interaction of amino groups with silanol groups.

Regarding the mechanical properties of the coated films, as
bserved in Table 1, none of the applied coatings seemed to
trongly affect the mechanical performance of the neat BCNW and
CNW–PEG films. When the BCNW–PEG film was coated with
nnealed PLA electrospun nanostructured fibres, the system pre-
ented a slightly higher Young’s modulus, tensile strength and
longation at break, suggesting that the outer PLA layer might be
mproving the mechanical performance of the inner layer, prob-
bly protecting it from the detrimental effect of moisture and/or
EG migration. The only case in which coating presented a slight
nfavourable effect on the mechanical properties corresponded to
oating with APTS. In that case, the Young’s modulus and tensile
trength of the material slightly decreased, although this effect was
ot statistically significant.

.3. Barrier properties of the coated systems

The main purpose of this work was to improve the barrier of
CNW at high relative humidity by combining them with outer

ayers of materials less sensitive to moisture. In order to confirm
hat this objective was achieved and to select the coated system,
hich showed the higher barrier properties, both water and oxygen
ermeability of the developed materials were evaluated.

Table 2 gathers water permeability and water uptake values
s well as the estimated diffusion coefficients for the developed
lms. From the results it is observed that BCNW films presented

ower water barrier than a PLA film. Similar permeability values
ave been reported for microfibrillated cellulose films (Rodionova
t al., 2011). On the other hand, when coating BCNW or BCNW-PEG
lms with annealed PLA electrospun nanostructured fibres, water
ermeability dropped by ca. 66% and 70%, respectively, thus pro-
iding the greatest water barrier from all the developed materials.
or the silane-coated materials, APTS was able to reduce water per-

eability by ca. 48% whereas a slight drop of ca. 8% was seen for
TMS-coated films.

The strategy usually applied for improving cellulose barrier
roperties for high water activities is to modify the surface by
olymers 98 (2013) 1072– 1082 1079

introducing hydrophobic functional groups through reaction with
the cellulose hydroxyl groups. For example, by acetylating MFC  it
was possible to decrease water permeability up to 22% with respect
to the unmodified MFC  film (Rodionova et al., 2011). Nevertheless,
from the results obtained through this work it is observed that coat-
ing with annealed PLA electrospun nanostructured fibres reduces
water permeability more effectively than surface modification of
cellulose, resulting in systems with greater water barrier than that
of previously reported materials. It is worth noting that the reduc-
tion in water permeability attained for annealed PLA electrospun
nanostructured fibres coated films was due to a combination of
reduced sorption and diffusion. From Table 2 it is also observed
that PLA films presented lower sorption but greater diffusion than
BCNW films. Therefore, in the coated system the PLA outer layer
limited water sorption due to the specific PLA chemistry, whereas
the inner BCNW layer provided a highly crystalline and compacted
structure, which limited water diffusion through the system.

A relatively low water sorption was observed for BCNW and
BCNW–PEG films. The water uptake value obtained for the BCNW
film was  significantly lower than that previously estimated for MFC
films and sisal whisker films produced by solution casting (Aulin
et al., 2010; Belbekhouche et al., 2011). Probably due to the very
high crystallinity of BCNW there were limited amorphous domains
available for water sorption as compared to less crystalline mate-
rials. The incorporation of PEG reduced the water uptake since
hydroxyl groups from PEG interacted with those from cellulose
via hydrogen bonding, hence limiting the amount of free hydroxyl
groups available for water sorption. Nevertheless, the negative
effect of PEG on the morphology of films, which had a less com-
pacted structure (cf. Fig. 1B), resulted in higher diffusion through
the system.

When coating BCNW with APTS the sorption was  significantly
increased, thus confirming that amino and silanol groups were
present in the material, just as suggested by the mechanism shown
in Fig. 4A. However, water molecules remained bonded to silanol
and amino groups from the outer coating layer, hence reducing
the free volume at the surface and limiting the diffusion to the
underneath BCNW film. Previous studies on moisture sorption of
organosiloxane layers showed that even though the outer layer
was highly hydrophobic, the moisture sorption of silicon dioxide
silanized surfaces was  greater than for the unsilanized surfaces due
to the presence of silanol groups as a result of typically incomplete
curing. By more extensive curing of the silanol coating, cross-
linking was promoted and, thus, the number of silanol groups acting
as sorption sites was  reduced (Angst & Simmons, 1991). Further
sorption and desorption analyses (results not shown) showed that
for the sorption process, the uncoated BCNW film reached the equi-
librium faster than the APTS coated system. On the contrary, for
the desorption process, the coated system released considerably
faster the sorbed water and reached the equilibrium. This result
suggests that, in the presence of moisture, hydrogen bonds estab-
lished between hydroxyl groups in the APTS coating are disrupted
after the curing process; hence, water is primarily sorbed by free
hydroxyl groups.

Contact angle measurements were additionally carried out to
investigate the effect of the applied outer layers on the surface
water affinity and results are listed in Table 3. High contact angle
values, ranging from 70◦ to 90◦, are characteristic from hydropho-
bic surfaces such as silicone or fluorocarbon polymers, while low
contact angle values, between 0◦ and 30◦, are observed for highly
hydrophilic surfaces such as glass or mica (Gilliland, Yokoyama, &
Yip, 2005). The contact angle of the BCNW film, which was  sim-

ilar to that reported for MFC  films (Rodionova et al., 2011) and
TEMPO-oxidized cellulose nanofibres films (Fukuzumi et al., 2009),
was characteristic of hydrophilic materials. As shown in Fig. 6,
the wettability of films was further increased when incorporating
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Table 3
Contact angles measured after 30 s for pure BCNW and BCNW–PEG films and the
various coated systems.

Contact angle (◦)

BCNW b 43.8 ± 0.7
BCNW–PLA de 77.8 ± 0.3
BCNW–VTMS c 64.3 ± 1.9
BCNW–APTS d 73.2 ± 1.6
BCNW–PEG a 27.3 ± 2.3
BCNW–PEG–PLA e 79.6 ± 1.6
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he a, b, c, d and e letters correspond to the ANOVA statistical analysis and Tukey test
f  the data that indicate that with a 95% confidence level, the values are significantly
ifferent.

EG into the system, as a consequence of the hydrophilic charac-
er of PEG and the increased roughness of the material, which is
nown to decrease contact angles for hydrophilic materials (Chau,
ruckard, Koh, & Nguyen, 2009). On the contrary, as observed in
ig. 6 and Table 3, the systems coated by annealed PLA electro-
pun nanostructured fibres or APTS showed significantly higher
ontact angles of ca. 70–80◦. As a reference, contact angles of up
o 82.7◦, 94◦ and 146◦ have been reported for films from acetylated

FC (Rodionova et al., 2011), TEMPO-oxidized cellulose nanofibers
reated with alkylketene dimer (Fukuzumi et al., 2009) and MFC
urface treated with chlorodimethyl isopropylsilane (Andresen
t al., 2006), respectively, although all of these mentioned works
nvolved chemical modification of the cellulosic material.

As indicated by the measured water contact angles, coating
f BCNW with annealed PLA electrospun nanostructured fibres
r APTS resulted in hydrophobic surfaces. It should be noted
hat whereas PLA-coated films presented decreased water uptake,
PTS-coated films presented the greatest water sorption value for
he films tested. In terms of chemical composition, the APTS coating
ontained amino and hydroxyl groups which were responsible for
ater sorption, but these groups were partially cross-linked after

he curing step and apparently they tended to remain in the inner

ig. 6. Images of water droplet in contact angle measurements for BCNW film (A), BCNW
C)  and BCNW coated with APTS (D).
olymers 98 (2013) 1072– 1082

side of the coating layer, whereas the surface of the coating seemed
to be composed of the hydrophobic alcoxysilane regions. Another
fact to take into account is that water contact angle measurements
are typically carried out immediately after deposition of the water
droplet. We  observed that 1 h after deposition of the droplet, water
completely expanded over the film surface. Therefore, in agree-
ment with water permeability and sorption experiments, it seems
that although the surface of the APTS layer showed, in princi-
ple, a hydrophobic behaviour, this layer possessed hydroxyl and
amino groups which interacted via hydrogen bonding with water
and, thus became hydrophilic upon contact. On the other hand,
upon removal of moisture contact, the film recovered its original
hydrophobic behaviour.

It has already been discussed that BCNW films present excellent
oxygen barrier at low relative humidity, but their high moisture
sensitivity results in dramatically decreased barrier when the rel-
ative humidity is higher than 70% (Aulin et al., 2010). Table 2
displays the oxygen permeability values for the developed materi-
als at 80%RH, i.e. within the range in which the oxygen permeability
of the BCNW films was dramatically increased, to a point where the
material became highly permeable. This strong water sensitivity
can limit the usability of cellulosic materials in many applications,
as it can compromise barrier properties. From the results, it is
observed that the greatest oxygen barrier was  attained when coat-
ing BCNW films with annealed PLA electrospun nanostructured
fibres. Using this method, it was possible to reduce the oxygen
permeability by ca. 97% and 74% with respect to the BCNW and
BCNW–PEG films, respectively at 80% RH. In agreement with water
permeability results, it seems that the outer PLA layer limited the
amount of water that reached the inner BCNW layer and, there-
fore, the oxygen permeability was kept low with increasing water

activity.

In the case of the BCNW films coated with silanes it is worth not-
ing that a 74% reduction in the oxygen permeability was observed
when the BCNW film was  coated with APTS, whereas coating with

-PEG film (B), BCNW coated with annealed PLA electrospun nanostructured fibres
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TMS only caused a ca. 8% reduction. This again was related to the
ater permeability of the materials, which was  significantly lower

or APTS. Even though water sorption was high for APTS-coated sys-
ems, it seems that water molecules remained adsorbed in the outer
oating layer and did not significantly penetrate and plasticize the
nner BCNW layer.

As observed from Table 2, most oxygen permeability values
reviously reported for MFC  films were measured at 50%RH and
ere reported to be two or three orders of magnitude higher

arrier than the ones reported here at 80%RH. Nevertheless, it
hould be taken into account that oxygen permeability of cellulosic
lms is strongly altered by moisture. For example, when increas-

ng the relative humidity from 0% to 50%, the oxygen permeability
ncreases by three orders of magnitude (Kvien et al., 2007). This
ffect in gas barrier drop is even more evident when increasing
he water activity over 70%RH (Kvien et al., 2007). In fact, the oxy-
en permeability of the developed BCNW films was  significantly
ower than that reported for MFC  at 80%RH in a previous work
Petersson & Oksman, 2006), once again confirming the extremely
ighly crystalline and packed structure of BCNW as compared to
FC.

. Conclusions

In the present work, films from highly crystalline BCNW were
repared by vacuum filtration of aqueous suspensions. These films
resented a highly compacted structure of nanofibrils’ layers, a
elatively good thermal stability and excellent barrier to oxygen
t low relative humidity. However, the permeability dramatically
ncreased at 80%RH due to the disruption of the strong nanocrys-
als network held by hydrogen bonding between hydroxyl groups
rom cellulose. The incorporation of PEG resulted in a more het-
rogeneous structure, with reduced mechanical performance and
ncreased water sensitivity.

A novel approach, involving the coating of the BCNW film by
lectrospun PLA fibres homogenized by annealing, was developed
o protect the BCNW film from moisture. Through this process it
as possible to create a uniform and continuous PLA layer which
resented a good adhesion with the BCNW layer. A drop of ca.
0% was estimated for water permeability, which was attributed
ainly to reduced water sorption. Additionally, it was  possible

o limit the effect of moisture on the oxygen permeability and
ence, reductions of up to 97% were detected for the oxygen per-
eability at 80%RH. Water contact angles increased up to ca. 80◦,

hus confirming that by this method the hydrophilic surface of the
CNW film was turned into a hydrophobic surface. To evaluate the
fficiency of this innovative coating strategy, a second method con-
isting in the application of silanes outer layers with amino (APTS)
nd vinyl (VTMS) functional groups was also developed and the
esults were compared. APTS was seen to generate more hydropho-
ic surfaces than VTMS, with a water contact angle of 73◦, and
nhanced the barrier properties of the coated systems more effi-
iently, providing a decrease of 48% in water permeability and a
4% decrease in the oxygen permeability at 80%RH.

This work has demonstrated that it is possible to produce
ellulose-based biomaterials with high barrier to oxygen across rel-
tive humidity and also to water vapour by combining an inner
ayer of a highly crystalline material such as BCNW with outer
ayers that promote a more hydrophobic behaviour for the over-
ll structure. The use of the electrospinning technique is critical
o guarantee a good adhesion between the inner and the outer

ayers. This enhanced adhesion is one of the key factors for the
mproved barrier properties attained, which are even better than
hose attained for other conventional strategies such as coating
ith hydrophobic silanes.
olymers 98 (2013) 1072– 1082 1081
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