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Cellulose  nanocrystals  (CNC)  were  extracted  from  a  cellulose  residue  using  two  different  acid  hydrol-
ysis  procedures.  CNC  extracted  with  sulfuric  acid  (CNCS)  showed  higher  surface  charge  (339  �mol/g)
compared  with  crystals  extracted  with  hydrochloric  acid  (CNCHCl).  Spin-coated  films  with  two  different
configurations  were  prepared;  the  first with  alternate  layers  of  poly(allylamine  hydrochloride)  (PAHCl)
and  CNC,  and  the  second  with a single  layer  of PAHCl  coated  with  multilayers  of CNC.  Film  characteris-
tics  such  as  roughness,  thickness,  contact  angle,  orientation,  gas  permeability  and  gas  selectivity  were
studied.  Optical  microscopy  showed  more  homogeneous  films  of CNCS compared  to CNCHCl. The  surface
charge  of  the  crystals  impacted  the  films’  hydrophobicity,  being  highest  for 25  alternate  layers  of  PAHCl
ellulose nanocrystal
urface charge
pin coating
as permeability
as selectivity

and  CNCHCl. The  gas  permeability  coefficient  was  different  for  each  film,  depending  primarily  on  the  sur-
face  charge  of  the  crystals  and  secondly  on  the  film  configuration.  The  films  made  with  CNCHCl displayed
gas  barriers  with  nitrogen  and oxygen,  and  gas  selectivity  with  some  gas  combinations.  CNCS films  did  not
show gas  selectivity.  These  results  indicate  that  CNC  with  low  surface  charge  can  be  further  developed
for  gas  separation  and  barrier  applications.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Polymer nanocomposites research has continued to advance
ince polymer nanocomposites were first prepared in 1990
Kanatzidis, 1990). Polymer nanocomposites have been shown
o have potential application in various sectors such as rein-
orced materials (Favier, Chanzy, & Cavaille, 1995; Petersson &
ksman, 2006) and gas barrier selectors (Belbekhouche, Bras,
iqueira, Chappey, & Lebrun, 2011), among others. However, due
o the increase in the residual problems associated with the use
f petroleum-based polymers, the focus in the improvement of
olymer nanocomposites is on the use of renewable and natural
onstituents, like cellulose. Cellulose is a structural polysaccha-
ide found in the cell wall of green plants and some algae (Rånby,
anderet, & Sillén, 1949). This polysaccharide is composed of an

morphous part and a crystalline part known as cellulose nanocrys-
als (CNC) or nanowhiskers (CNW) (for its rod-like shape). The
imensions of these crystals vary depending on the source from
hich they are isolated and, in general, CNCs fromwood source

∗ Corresponding author. Tel.: +46 920 493371.
E-mail addresses: martha.herrera@ltu.se (M.A. Herrera), aji.mathew@ltu.se

A.P. Mathew), kristiina.oksman@ltu.se (K. Oksman).
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144-8617/© 2014 Elsevier Ltd. All rights reserved.
have a diameter of around 5 nm and a length of around 200 nm
(Belbekhouche et al., 2011; Bondeson, Mathew, & Oksman, 2006;
Herrera, Mathew, & Oksman, 2012a). This crystalline cellulose is
isolated using acid hydrolysis, which cuts the native cellulose chain,
consuming the amorphous part and leaving behind the crystalline
part (Rånby et al., 1949). Due to the natural abundance of cellulose,
bioinert behavior, low weight, and high strength and stiffness, these
nanocrystals have served as an additive in the manufacture of com-
posite materials in recent years (Chen, Liu, Chang, Cao, & Anderson,
2009; Cranston & Gray, 2008; Favier et al., 1995; Gindl & Keckes,
2005). Self-assembly of cellulose nanocrystals has been researched
during the last years to obtain films with a high degree of crystal
orientation to study the physical properties and crystalline struc-
ture of the cellulose (Belbekhouche et al., 2011; Cranston & Gray,
2008; Yoshiharu, Shigenori, Masahisa, & Takeshi, 1997). For a num-
ber of studies, the main interest has been the interaction between
the crystals on the surface of the cellulosic material and the envi-
ronment (Belbekhouche et al., 2011; Mohan, Kargl, Doliska, Vesel,
& Koestler, 2011; Yoshiharu et al., 1997). For this reason, it is nec-
essary to have a well-defined film with thickness in the nanometric
range. Several studies have reported water contact angle and gas

permeability properties of cellulose or associated nanocomposites
(Belbekhouche et al., 2011; Favier et al., 1995; Kontturi, Johansson,
Kontturi, Ahonen, & Thune, 2007; Mohan et al., 2011; Petersson &
Oksman, 2006).

dx.doi.org/10.1016/j.carbpol.2014.06.036
http://www.sciencedirect.com/science/journal/01448617
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Petersson and Oksman (2006) compared the barrier proper-
ies of polylactide acid (PLA) films reinforced with bentonite or

icroscrystalline cellulose (MCC) produced by solution casting. It
as found that the oxygen permeability was not improved with

he addition of MCC, as it was with the addition of the bentonite,
hich was attributed to lower dispersion of the MCC  (Petersson

 Oksman, 2006). Belbekhouche et al. (2011) found that solution-
asted CNC films were more permeable to gases than films made
f microfibrillated cellulose (MFC). This difference was attributed
o a higher porosity in the CNC films and their different surface
hemistry (Belbekhouche et al., 2011). The wettability of partly,
nd fully, regenerated cellulose model surfaces from spin-coated
rimethylsilyl cellulose was investigated by Mohan et al. (2011).
hey reported that the wettability of polar and non-polar liq-
ids increased with longer regeneration times. Therefore, it was
ssumed that the volatile distillation products tend to absorb partly
n the regenerated films, which strongly influenced the film’s wett-
bility (Mohan et al., 2011). Isotropic films made entirely of CNC
sing solution casting were shown to perform well in blocking UV

ight, which makes them suitable in the food packaging industry,
here UV protection is required. With the use of solution casting,

he resulting films had a thickness of approximately 30 �m (Herrera
t al., 2012a).

Spin coating has been shown to be a suitable method of prepar-
ng reproducible thin films of cellulose from a solution by removing
he solvent with high-speed spinning (Kontturi et al., 2007). The
pin coater technique has been used before for the preparation of
pen, sub-monolayer cellulose films, providing a novel approach
or the interpretation of molecular architecture (Kontturi, Thune,
lexeev, & Niemantsverdriet, 2005). Different substrates in the
roduction of CNC thin films have been used to investigate the
ffect of the substrate on the nanocrystal sub-monolayer (Kontturi
t al., 2007). It has been shown that anionic CNC are absorbed on
ationic substrates, while anionic CNC cause aggregation on anionic
urfaces due to the repulsive forces (Kontturi et al., 2007). Self-
ssembled multilayered film of cellulose nanocrystals (aionic) and
oly(allylamine hydrochloride) (PAHCl) (cationic) have been pre-
ared with the spin coating technique (Cranston & Gray, 2008).
riented nanocrystals and birefringence that varied with the rela-

ive location to the spin axis were found. With this layer-by-layer
reparation method, smooth thin films on nanometric scale can be
chieved (Aulin, Ahola, Josefsson, Nishino, & Hirose, 2009). These
hin films are suitable for many different studies including X-ray
iffraction, swelling, contact angle and barrier measurements.

The present work has been done with the objective of compar-
ng two different configurations of spin-coated thin films prepared

ith CNC extracted from the same raw material source but using
ifferent acid hydrolysis methods. The analysis of the physical
roperties of the films can give insight into the types of appli-
ations for which they are best suited. For this reason, CNC
urface charge, film appearance, roughness, thickness, orientation,
ater contact angle, and gas permeability and selectivity were

tudied.

. Experimental procedure

.1. Materials

An industrial residue from dissolving cellulose production
sulfite pulping) was kindly supplied by Domsjö Fabrikerna AB
Örnsköldsvik, Sweden). The residue is filtered from waste water

nd has a high cellulose content (approx. 96%). The material was
eceived as non-dried cellulose pulp, filtered and with a moisture
ontent of 42%. The residue was used, as received, for extraction of
ellulose nanocrystals by acid hydrolysis.
olymers 112 (2014) 494–501 495

Commercial poly(allylamine hydrochloride) (PAHCl) with a
molecular weight of 15,000 g/mol was obtained from Sigma-
Aldrich. The PAHCl was used as anchoring layer for CNC in the
production of the spin-coated films.

2.2. Acid hydrolysis

Colloidal suspensions of CNC were prepared with sulfuric acid
(CNCS) and hydrochloric acid (CNCHCl). In sulfuric acid (H2SO4)
hydrolysis, 60 g of cellulose residue was  placed in a suspension
of 65% H2SO4 at 40 ◦C under mechanical stirring for 30 min, using
the procedure developed by Bondeson et al. (2006). The final sus-
pension was  concentrated to a concentration of 0.83 wt% cellulose
nanocrystals. In hydrochloric acid (HCl) hydrolysis, 50 g of the cel-
lulose residue was placed in a solution of 14.4% of HCl at 80 ◦C for
225 min, according to a previously reported procedure (Bondeson
et al., 2006). The turbid solution was  concentrated to a concentra-
tion of 0.79 wt% of cellulose nanocrystals. The CNC obtained from
both hydrolysis procedures were in form of a colloidal suspension
of 1 wt% concentration and the crystals diameters were between 3
and 7 nm,  as measured from the height using AFM. The length of the
crystals was estimated in our previous study to be between 300 and
500 nm but due to limitations of AFM this is only an approximation
(Herrera, Mathew, & Oksman, 2012b).

2.3. Conductometric titration

The surface charge of the crystals was  measured using a Metler
Toledo SevenEasyTM conductometer and an InLab® 73X sensor
(Schwerzenbach, Switzerland). Titration was  done to measure the
amount of negative charge on the CNC surfaces following a standard
route for strong acid versus strong base (Abitbol, Kloser, & Gray,
2013; Araki, Wada, Kuga, & Okana, 1999; Herrera et al., 2012a,
2012b). This method is based on change in conductivity when the
charged groups on the CNC surface have been neutralized with
NaOH.

2.4. Substrates

2.4.1. Glass
Borosilicate cover glass of 18 × 18 mm2 and thickness No. 1

(0.16 mm)  from VWR  International was  used. The glass substrates
were cleaned with a piranha solution (3:1 concentrated sulfuric
acid to hydrogen peroxide) for 30 min  and rinsed with fresh deion-
ized water and spin-coated directly.

2.4.2. Filter paper
Whatman ME25 membrane filter (mixed cellulose ester), with

a pore size of 0.45 �m,  was cut into circles of 25 mm in diameter.
The substrates were rinsed three times with the constant addition
of acetone and deionized water prior the spin coating.

2.5. Thin film preparation

A Brewer Science Inc. 200X spin coater (Rolla, USA) was  used for
the deposition of the thin films over the two different substrates. For
each substrate two  different thin film configurations were made.

In the first configuration alternate layers of PAHCl and CNC
were prepared. This procedure is a slightly modified means of poly-
electrolyte multilayer film construction used by Cranston & Gray,
(2008) and Aulin et al. (2009). Five hundred microliter of a 0.6%
PAHCl solution (positively charged polyelectrolyte) was  placed on

the substrate, accelerated at 1260 rpm/s and spun at 3000 rpm for
40 s. Then, the surface was  washed three times using 1000 �L of
deionized water with the same spinning conditions. Thereafter,
500 �L of CNC suspension was  added onto the washed layer and
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pin coated using the same conditions and followed by three wash-
ng steps. One alternate layer is designed as one thin layer of PAHCl
nd a layer of CNC. Alternate layered films were created with
oth kinds of cellulose nanocrystals (CNCS and CNCHCl) contain-

ng totally 50 layers (25 layers of PAHCl intercalated with 25 layers
f CNC). These films are named 25 CNCS and 25 CNCHCl.

In the second configuration one single layer of PAHCl coated
ith multilayers of CNC was prepared following the same spinning

onditions as in the first configuration. The multilayer consists of
5 layers of CNC. These samples are named 1 + 25 CNCS and 1 + 25
NCHCl. The films were dried and kept under ambient conditions
efore the characterization. The deposition of CNC films on the filter
aper was done following the same conditions as explained above.

.6. Optical microscope

The films were examined under a polarized optical micro-
cope ECLIPSE MA200 Nikon (Tokyo, Japan). The thin films, on the
lass substrate, were analyzed on a bright field to evaluate the
omogeneity. The images were studied using the NIS-Elements BR
.00.008 software, included with the microscope.

.7. Atomic force microscopy

Topographical features of the thin films were characterized by
tomic force microscopy (AFM) in tapping mode with a Nanoscope

 microscope Veeco Instruments (Santa Barbara, CA, USA). A non-
entral piece from the glass substrate with the thin film was  cut and
laced over a standard AFM sample holder. Height and amplitude

mages were recorded using a resonance frequency of 304 kHz. The
oughness (Rq) and the thickness values were measured from the
eight images, and the orientation from the amplitude images. The
oughness values reported are the average of at least five different
easurements on the surface area of 50 �m2 and the thicknesses

f the films were obtained by digital analysis of the scratch-
eight in at least four different positions on at least four different

mages of 50 �m2. All the measurements were done in air at room
emperature.

.8. Contact angle

For the static contact angle measurements a dynamic absorption
nd contact angle tester “fibro dat 1120” FIBROSystem AB (New
astle, USA) was used. One drop of water (4 �L) is placed onto the
oated glass surface. The software of the instrument calculates the
ontact angle at three different times of the drop life (0.1 s, 1 s, and
0 s), but for the calculations, only the contact angle at 1 s was taken

nto account.

.9. Gas permeability

Hydrogen (H2), nitrogen (N2), helium (He), carbon dioxide (CO2)
nd oxygen (O2) permeability were measured, separately, for the
NC films spin coated onto filter substrate. H2 and He are gases
hat are not commonly used to measure the gas permeability of
lms. However, in this study those gases were tested to see the

nteraction of gases with similar molecular size but different reac-
ivity with the films. A constant gas flow with a pressure of 0.2 bar
15 cmHg) was applied to the films. The exit flow was registered
ith an Agilent Technologies ADM2000 universal gas flow meter

850 (Wilmington, USA). The basic factors that characterize a film
eparation execution are the permeability coefficient P and the

deal selectivity ˛A/B (Belbekhouche et al., 2011; Van Krevelen &
ijenhuis, 2009).

The permeability coefficient P is calculated using the variable
ressure model (Belbekhouche et al., 2011; Joly, Le Cerf, Chappey,
olymers 112 (2014) 494–501

Langevin, & Muller, 1999; Van Krevelen & Nijenhuis, 2009). It was
assumed that the incoming gas pressure p1 is significantly higher
than the exit gas pressure p2 (Belbekhouche et al., 2011; Joly et al.,
1999). The model describes P of a gas molecule A as the product
of the steady-state gas exit flow in a specific exposed area of the
film Jst, and the film thickness d, divided by the inlet gas pressure
p1 (Joly et al., 1999; Park & Lee, 2008; Van Krevelen & Nijenhuis,
2009).

P = Jst × d

p1
(1)

The unit in which P is described is known as Barrer, in honor
of Professor R.M. Barrer, who  was a pioneer of permeability stud-
ies (Stern, 1968). As Jst is expressed in cm3 of the gas at standard
temperature, a pressure (STP)/s cm2, d is expressed as cm and
p1 in cmHg; the unit of P, the Barrer, is expressed as 10−10 cm3

(STP) cm/s cm2 cmHg (Stern, 1968).
The ideal selectivity (˛A/B) is described as the ratio of the per-

meability coefficients for two  different gases A and B (Van Krevelen
& Nijenhuis, 2009):

˛A/B = PA

PB
(2)

where PA is the more permeable gas and PB the less permeable gas.
For each film, permeation experiments were carried out four times
for each gas. Three films from each configuration were tested.

3. Results and discussion

3.1. Nanocrystal characteristics

The surface charge of nanocrystals provides important informa-
tion about the surface characteristics of the thin films prepared
from them. Negative and positive surfaces are more hydrophilic
than the neutral surface (Marchessault, 1959; Sanchez, 2003). The
surface charge is also important because negatively charged CNCs
produce colloidal suspensions with better stability than crystals
with no surface charge (Favier et al., 1995; Park & Lee, 2008). Neu-
tral CNC cannot form a colloidal suspension because of flocculation
(Roman & Winter, 2004). This can be a problem for film homogene-
ity, where aggregated CNCs may  be found in films produced with
low surface charged crystals. The different surface charges depend
on the acids used isolating the CNC. It is well known that the use
of sulfuric acid will result in the sulfate groups on crystal surfaces
(Oksman, Etang, Mathew, & Jonoobi, 2011; Roman & Winter, 2004)
while the use of hydrochloric acid leaves CNC with very low charge
(Araki et al., 1999).

The surface charge of the H2SO4 crystals (CNCS) was  mea-
sured to 339 ± 9 �mol/g, while the surface charge of HCl crystals
(CNCHCl) was  too low to be measured. This low surface charge was
expected and earlier reported by Araki et al. (1999), who reported
that the surface charge of the cellulose nanocrystals, extracted by
hydrochloric acid hydrolysis, was  2 �mol/g (Araki et al., 1999).

3.2. Thin film characteristics

Optical microscope images of the spin-coated films with the dif-
ferent configurations on the glass substrate are seen in Fig. 1. The
optical microscope observation was done to verify the complete
coverage and homogeneity of the films on the glass substrate. It
may  be noted that the CNCS films with both configurations were

more homogeneous than the CNCHCl films, where some darker
areas indicate a higher crystal concentration (or density).

Scanning electron microscopy was  also done to obtain more
detailed information about the microstructure of the films. Fig. 2
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Fig. 1. Polarized optical microscope images of the films deposited on a gla

hows microstructures of the films spin-coated on the filter sub-
trate. In Fig. 2A the naked substrate can be seen. Fig. 2B and D
hows that the films of CNCS are more homogeneous and that the
lter surface is covered by small whisker-like particles.

The films with CNCHCl (Fig. 2C and E) show that the filter sur-
ace is covered by aggregated crystals and these film surfaces are
lso clearly rougher. The agglomeration observed on the films
ade with CNCHCl is expected because of the lack of the sur-

ace charge. Another possible explanation for the agglomerates
bserved in these surfaces is the accumulation of the crystals dur-
ng the layer-by-layer deposition. These SEM images support the
ptical microscopy study on the glass substrate, shown in Fig. 1.

The roughness values were obtained using AFM topography
mages, and are shown as mean values (Rq) for each type of crys-
al and film configuration in Table 1. It can be seen that the film
onfiguration and surface characteristics of the crystals affected
he roughness of the films. The films with CNCHCl were rougher
hen compared with the films of CNCS. The films with 25 CNCs
ad approximately three times higher roughness than the film with

 + 25 CNCS, which showed the lowest roughness values (52 nm).
hese values are higher than earlier reported for spin-coated thin
NC films by Cranston and Gray (2008), who reported a roughness

f 4 nm and by Aulin et al. (2009), who reported a roughness of

 nm.  The reason for higher roughness in our study might be that
ome larger particles or agglomerates are present, especially in the
ase of CNCHCl.

able 1
urface roughness, contact angle, and thickness of the spin-coated thin films on glass su
easured values of each property.

Glass 25 CNCS

Roughness (nm) 5 150 ± 53 

Contact angle (◦) 57.8 ± 2.7 46.5 ± 4.0 

Film  thickness (nm) – 356 ± 76 
strate of (A) 25 CNCS, (B) 25 CNCHCl, (C) 1 + 25 CNCS, and (D) 1 + 25CNCHCl.

From Table 1, it can also be seen that the roughness for 1 + 25
CNCHCl films is higher than its thickness. This result suggests a high
concentration of defects along the film. This higher concentration of
defects, which are the agglomerations observed on the SEM images,
may be caused by the lack of surface charge of the crystals extracted
from HCl.

Fig. 3 shows the AFM topography images of the films with differ-
ent configurations; a z-scale of 500 nm was used. It is clearly seen
that the films with CNCHCl are rougher than CNCS films. Also, it is
possible to see that the film configuration affects the roughness; the
films with monolayers of CNC are generally smoother than those
with the alternate layer structure. Amplitude images in Fig. 3 do
not show any specific orientation.

3.3. Contact angle

The contact angle measurements were done to see if there was  a
relation between the contact angle value, roughness in surface and
crystals with different surface charge. Table 1 presents the con-
tact angle values obtained for the different thin films produced
on the glass substrates. It is known that the PAHCl has a posi-
tive charge, and the CNCS films are negatively charged, as reported

in Section 3.1. When these two materials are connected in an
alternately layered configuration (25 CNCS), it is believed that the
charges are neutralized, leaving a neutral surface. Something sim-
ilar may  happen with the 1 + 25 CNCHCl film. Due to the very low

bstrate. The numbers in the table are the average and standard deviations of the

25 CNCHCl 1 + 25 CNCS 1 + 25 CNCHCl

299 ± 46 52 ± 10 338 ± 129
58.9 ± 2.3 39.7 ± 6.1 46.2 ± 8.9
425 ± 80 265 ± 23 277 ± 40
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Fig. 2. SEM images of the CNC films deposited on the filter substrate. (A)

urface charge of the crystals it can be assumed that the film sur-
ace will be neutral. In the case of 1 + 25 CNCS films, it is believed
hat the single layer of PAHCl is not enough to neutralize the sur-
ace charge effect of the crystals, leading to a negatively charged
urface. The film with 25 CNCHCl, is positive due to the contri-
ution of the PAHCl. These assumptions are confirmed with the
easured contact angles. The bipolar nature of water molecules is

he reason that the film with 1 + 25 CNCS has the lowest and the
lm with 25 CNCHCl has the highest contact angle. The molecu-

ar re-orientation of the water molecule on charged surfaces has
een previously studied and it was found that when surfaces were
ositively charged, the oxygen (negative part on the molecule
f water) would face the surface. However, if the surfaces are
egative, the oxygen will point away from the surface (Sanchez,
003).

A schematic representation of this behavior is shown in Fig. 4.
s seen, when the substrate is negatively charged and the oxy-

en is facing toward the substrate, the contact angle is higher than
hen the substrate is negative and the oxygen faces away from it.

his behavior is seen also in the values obtained on the films with
ifferent surface charges.
d filter, (B) 25 CNCS, (C) 25 CNCHCl, (D) 1 + 25 CNCS, and (E) 1 + 25CNCHCl.

It is also known that the contact angle is greatly affected by the
chemical composition and topographical structure of the surface. A
hierarchical roughness (combination of micro and submicrometer-
sized roughness) and a highly hydrophobic surface can be used
for the manufacture of materials with super-hydrophobicity
and low adhesion (Bhushan, Jung, & Koch, 2009; Phani, Grossi,
Passacantando, & Santucci, 2007). Phani et al. (2007) prepared thin
films using carbon nanotubes and were able to increase the film
roughness from 8 ± 1 nm to 32 ± 1 nm by annealing. With this small
increase in roughness, they changed the hydrophobic film sur-
face (contact angle higher than 90◦), to super-hydrophobic (contact
angle higher than 150◦) (Bhushan et al., 2009; Phani et al., 2007).
Comparing this to the present study it can be concluded that an
increase in the film roughness can lead to an increase in the con-
tact angle. In our case the increase in roughness did not lead to such
dramatic change of the hydrophobicity.
3.4. Thickness

The film thickness value is an important parameter for
the calculation of the gas permeability; for this reason the
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ig. 3. 50 × 50 �m2 amplitude images obtained from the AFM analysis of the spin-
oated thin films on the glass substrate (A) 25 CNCS, (B) 25 CNCHCl, (C) 1 + 25 CNCS,
nd (D) 1 + 25 CNCHCl.

hickness was measured with scratch-height analyses (Cranston &
ray, 2008). When the scratch-height analysis by AFM was com-
ared with other film thickness analysis methods like ellipsometry,
avelength-dependent and angle-dependent optical reflectome-

ry, this technique proved to be a reliable method for measuring
he thickness of thin films (Cranston & Gray, 2008). This test was
one on the films prepared on the glass substrate because the fil-
er paper did not allow the utilization of scratch-height analyses.
owever, it is believed that the thicknesses of the films on both the

ubstrates are similar (but not the roughness). The thickness of the

pin-coated films ranged from 265 nm for 1 + 25 CNCS to 425 nm for
5 CNCHCl, as shown in Table 1. The measured thicknesses are sim-

lar to earlier reported values (Cranston & Gray, 2008). As expected,
he samples with monolayered structure were thinner.

Fig. 4. Schematic representation of the contact a
olymers 112 (2014) 494–501 499

3.5. Gas permeability

To tailor good barrier properties for the thin films it is important
to understand the size effect of the gas molecules, their interaction
with the barrier layer and the morphology of the barrier layer. It
is known that gas transport through films can occur by five ide-
alized mechanisms: (1) molecular sieving, where the gases are
separated by their sizes, (2) surface diffusion, where gas molecules
with higher polarity are selectively adsorbed and diffused through
the film, (3) capillary condensation, where the gas condenses in the
pores of the film, diffuses as a liquid through the material and exits
as a gas again, (4) Knudsen diffusion, where the gases are sepa-
rated based on the difference in the mean path of the gas molecule
through the film and (5) selective adsorption diffusion, where the
gases are separated by their solubility within the film and their
diffusion through it (Park & Lee, 2008).

The typical permeability coefficient (P) for polymer films
decreases with the increase in the molecular diameter of the
gas molecules (Gindl & Keckes, 2005). The molecule diameters
of the gases used are: N2 = 0.36 nm,  O2 = 0.35 nm,  CO2 = 0.33 nm,
H2 = 0.29 nm,  and He = 0.26 nm (Belbekhouche et al., 2011; Park &
Lee, 2008) and according to this theory, the permeability values
should follow the order: PN2 < PO2 ≈ PCO2 < PH2 < PH (Joly et al.,
1999; Roman & Winter, 2004). However, the permeability coef-
ficient data presented in Table 2 show that this pattern was  not
followed by any of the studied films and it is possible that the size
differences in the studied gases are not significant enough to impact
the permeability.

The results in this study contradict a previous study by
Belbekhouche et al. (2011), where it was  shown that the gas per-
meability depended on the predicted kinetic radius for the films
made of CNCS. But the permeability coefficients presented were
a magnitude higher than measured in the current study, in spite
of higher film thickness. The authors also assumed that both the
chemical composition and structure of the films could affect the
gas permeability (Belbekhouche et al., 2011).

Moreover, the characteristics of the nanocrystals affected the
gas permeability coefficient, as seen in Table 2. When the same
film configurations with different CNC are compared, it can be seen
that the gas permeability for the films of CNCS is higher, except for
hydrogen (H2) and helium (He). In this specific case, it is possible
that the inert nature of helium plays an important role. The lack of
interaction between the inert gas (He) and the film leads to a lower
solubility, adsorption and diffusion of the gas through the material.
Also, another factor that could affect the gas permeability is the
molecular weight of these two  gases. According to Graham’s law of
diffusion, the diffusion rate of the gases is inversely proportional
to the square root of their molecular weight (Zumdahl, 2009, chap.
5). Following Graham’s law and knowing the molecular weights of
He and H2 (4 and 2 g/mol, respectively), it can be predicted that

the diffusion of He would be 0.7 times the diffusion of H2. As the
permeability is directly proportional to the diffusion (Park & Lee,
2008) it can be considered that PHe ≈ 0.7PH2 . Fig. 5 shows that the
experimental values of P from Table 2 fit well with the predicted

ngle of negatively and positively surfaces.
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Table  2
Permeability coefficient P of H2, N2, He, CO2 and O2 for the different CNC film configurations measured at standard temperature and pressure. The numbers in the table are
the  average and standard deviations of the measured values.

25 CNCS 25 CNCHCl 1 + 25 CNCS 1 + 25 CNCHCl

P (103 Barrer)

H2 24.0 ± 2.2 51.5 ± 1.2 12.7 ± 0.6 43.3 ± 2.9
N2 12.3 ± 0.1 3.8 ± 1.1 10.5 ± 0.1 1.6 ± 0.4
He  14.8 ± 1.0 35.5 ± 7.8 7.8 ± 0.4 22.0 ± 0.3
CO2 31.5 ± 0.1 29.2 ± 0.1 24.9 ± 0.0 17.0 ± 0.8
O2 11.3 ± 0.1 2.6 ± 0.6 10.3 ± 0.1 2.5 ± 0.5

Barrer = 10−10 cm3 (STP) cm/cm2 s cmHg.
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Table 3
Selectivity values (˛A/B) for the different films and gases tested.

˛A/B 25 CNCHCl 1 + 25 CNCHCl

H2/N2 13.5 26.9
H2/O2 20.1 17.7
H2/He – 13.7
N2/CO2 – 10.6
He/O2 13.9 –
CO2/O2 11.4 –
ig. 5. Graham’s law model values for He depending on H2 compared with the
btained experimental values.

alues of Graham’s law. This suggests that in the case of He and H2
he weight difference and not the kinetic radius difference was the

ain issue.
When different film configurations made of the same type of

rystals are compared, it is important to point out that the gas dif-
usion occurs mainly through the non-crystalline part of the films.
ubsequently, the more crystalline a film is, the lower the gas per-
eability coefficient. This occurs because the crystalline regions

end to obstruct the diffusion of the gas molecule and increase the
verage length of the path they have to travel through the film (Van
revelen & Nijenhuis, 2009). This phenomenon is known as tortu-
sity. From Table 2 it can be observed that the 25 CNC films showed
igher P than 1 + 25 CNC films. This shows that the gas molecules
an diffuse easier through the film with higher polymer content
lower tortuosity). A schematic representation of this behavior can
e seen in Fig. 6.

It is worth noting that the food packaging industry is especially
nterested in the gas barrier properties against oxygen and nitro-

en. Nitrogen is used as an efficient, cost-effective way  to displace
xygen and moisture to avoid product deterioration and thereby
etter preserve the food for a longer time. The values for oxygen and
itrogen permeability for materials made with CNCHCL obtained in

Fig. 6. Schematic of the gas molecule diffu
this study are very promising when compared with reported values
for oxygen and nitrogen permeability of packaging materials such
as poly(ethylene), poly(vinyl alcohol), and cellulose (cellophane)
(Singh & Heldman, 2009). For this reason it is important to point
out that the films made with CNCHCl, presented the lowest gas
permeability values for oxygen and nitrogen, making these films
especially suitable as a gas barrier in food packaging applications.

The selectivity value (˛A/B) for two  different gases, A and B, is
the ratio of the permeability coefficient and it is affected by the
differences in the solubility and/or diffusivity of the gases in the
films (Park & Lee, 2008). When this value is higher than 10, the film
presents gas selectivity behavior (Belbekhouche et al., 2011). The
data in Table 3 were calculated using Eq. (2) and only the values
higher than 10 are reported.

The films with CNCS did not present any gas selectivity; sim-
ilar results were reported by Belbekhouche et al. (2011), where
no gas selectivity for CO2, O2, and N2 was observed. CNCHCl films
showed gas selectivity for some gas combinations in this study
and were highest for H2/N2 and H2/O2. It could be proved that it
was not only the type of the crystals which affected the selectiv-
ity, but also the configuration of the films. These results confirm
that the films made with the neutral nanocrystals (lower surface
charge) presented gas selectivity in some gas combinations, and the
films made of the CNC (higher surface charge) did not show that
S
behavior.

sion in the film configurations used.
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M.A. Herrera et al. / Carbohyd

. Conclusions

Cellulose nanocrystals were extracted from an industrial residue
rom special cellulose production by acid hydrolysis with either
ulfuric or hydrochloric acid. The difference in the acid hydrolyses
esulted in different surface charged crystals.

Thin spin-coated films with two different configurations on two
ifferent support layers were prepared; the first with alternate lay-
rs of poly(allylamine hydrochloride) (PAHCl) and CNC, and the
econd with a single layer of PAHCl coated with multilayers of CNC.
he film thickness varied from 425 nm for the 25 CNCHCl films to
65 nm for the 1 + 25 CNCS films.

The hydrochloric acid crystals (CNCHCl) resulted in films with
ower homogeneity, higher roughness, low permeability for N2 and

2 and also gas selectivity for some gas combinations. The sulfuric
cid crystals (CNCS) resulted in smooth and homogeneous films but
igher permeability in general and no selectivity.

It can be concluded that the surface charge of the crystals affects
heir processing ability. It is easier to make thin films with CNCS
ecause of their colloidal suspension stability and the electrostatic

nteraction with the positively charged polymer phase.
Further studies using CNCHCl to prepare films with improved

omogeneity with better dispersion and distribution of crystals will
e the next step to improve their gas selectivity and gas barrier
roperties in different environments.

cknowledgements

We would like to thank Bio4Energy (Sweden) for financial sup-
ort for this study. Domsjö Fabrikerna AB, Örnsköldsvik, Sweden is
ratefully acknowledged for supplying the cellulose residue from
heir special cellulose production. We  would like to thank doctoral
tudent Erik Sjöberg at Division of Chemical Engineering at LTU for
is help with the gas permeability measurements.

eferences

bitbol, T., Kloser, E., & Gray, D. G. (2013). Estimation of the surface sulfur con-
tent of cellulose nanocrystals prepared by sulfuric acid hydrolysis. Cellulose, 20,
785–794.

raki, J., Wada, M.,  Kuga, S., & Okana, T. (1999). Influence of surface charge on vis-
cosity behavior of cellulose microcrystal suspension. Journal of Wood Science, 45,
258–261.

ulin, C., Ahola, S., Josefsson, P., Nishino, T., & Hirose, Y. (2009). Nanoscale cellulose
films with different crystallinities and mesostructures—Their surface properties
and  interaction with water. Langmuir, 25,  7675–7685.

elbekhouche, S., Bras, J., Siqueira, G., Chappey, C., & Lebrun, L. (2011). Water sorp-
tion  behavior and gas barrier properties of cellulose whiskers and microfibrils

films. Carbohydrate Polymers, 83,  1740–1748.

hushan, B., Jung, Y., & Koch, K. (2009). Micro-, nano- and hierarchical structures
for  superhydrophobicity, self-cleanning and low adhesion. Philosophical Trans-
actions of The Royal Society A Mathematical Physical and Engineering Sciences, 367,
1631–1672.
olymers 112 (2014) 494–501 501

Bondeson, D., Mathew, A., & Oksman, K. (2006). Optimization of the isolation of
nanocrystals from microcrystalline cellulose by acid hydrolysis. Cellulose, 13,
171–180.

Chen, Y., Liu, C., Chang, P., Cao, X., & Anderson, D. (2009). Bionanocomposites based
on  pea starch and cellulose nanocrystals hydrolyzed from pea hull fibre: Effect
of  hydrolysis time. Carbohydrate Polymers, 76,  607–615.

Cranston, E. D., & Gray, D. G. (2008). Birefringence in spin-coated films containing
cellulose nanocrystals. Colloids and Surfaces A: Physicochemical and Engineering
Aspects,  325, 44–51.

Favier, V., Chanzy, H., & Cavaille, J. (1995). Polymer nanocomposites reinforced by
cellulose whiskers. Macromolecules, 28, 6365–6367.

Gindl, W.,  & Keckes, J. (2005). All-cellulose nanocomposite. Polymer, 46,
10221–10225.

Herrera, M.  A., Mathew, A. P., & Oksman, K. (2012a). Comparison of cellulose
nanocrystals extracted from industrial bio-residue and commercial microcrys-
talline cellulose. Materials Letters, 71,  28–31.

Herrera, M.  A., Mathew, A. P., & Oksman, K. (2012b). Characterization of cellu-
lose nanowhiskers: A comparison of two  industrial bio-residues. IOP Conference
Series: Materials Science and Engineering, 31,  012006.

Joly, C., Le Cerf, D., Chappey, C., Langevin, D., & Muller, G. (1999). Residual solvent
effect on the permeation properties of fluorinated polyimide films. Separation
and Purification Technology, 16,  47–54.

Kanatzidis, M.  G. (1990). Conductive polymer/oxide bronze nanocomposites. Inter-
calated polythiophene in V2O5 xerogels. Chemistry of Materials, 2, 222–224.

Kontturi, E., Johansson, L., Kontturi, K., Ahonen, P., & Thune, P. (2007). Cellulose
nanocrystal submonolayers by spin coating. Langmuir, 23,  9674–9680.

Kontturi, E., Thune, P., Alexeev, A., & Niemantsverdriet, J. (2005). Introducing open
films of nanosized cellulose—Atomic force microscopy and quantification of
morphology. Polymer, 46,  3307–3317.

Marchessault, R. H. (1959). Liquid crystal systems from fibrillar polysaccharides.
Nature,  184, 632–633.

Mohan, T., Kargl, R., Doliska, A., Vesel, A., & Koestler, S. (2011). Wettability and
surface composition of partly and fully regenerated cellulose thin films from
trimethylsilyl cellulose. Journal of Colloid and Interface Science, 358, 604–610.

Oksman, K., Etang, J. A., Mathew, A. P., & Jonoobi, M.  (2011). Cellulose nanocrystals
separated from a bio-residue from wood bioethanol production. Biomass and
Bioenergy,  35,  146–152.

Park, H. B., & Lee, Y. M.  (2008). Polymeric membrane materials and potential use in
gas separation. In Advanced membrane technology and applications. New Jersey:
John Wiley & Sons.

Petersson, L., & Oksman, K. (2006). Biopolymer based nanocomposites: Comparing
layered silicates and microcrystalline cellulose as nanoreinforcement. Compos-
ites Science and Technology, 66, 2187–2196.

Phani, A. R., Grossi, V., Passacantando, M.,  & Santucci, S. (2007). The role of nanoscale
topography on super-hydrophobicity: A study of fluoro-based polymer film on
vertical carbon nanotubes. Journal of Experimental Nanoscience, 2, 63–71.

Roman, M.,  & Winter, W.  (2004). Effect of sulfate groups from sulfuric acid hydrolysis
on  the thermal degradation behavior of bacterial cellulose. Biomacromolecules,
5,  1671–1677.

Rånby, B., Banderet, A., & Sillén, L. (1949). Aqueous colloidal solutions of cellulose
micelles. Acta Chemica Scandinavica, 3, 649.

Sanchez, C. (2003). Molecular reorientation of water adsorbed on charged Ag(1 1 1)
surfaces. Surface Science, 527, 1–11.

Singh, R., & Heldman, D. (2009). Packaging concepts. In Introduction to food engineer-
ing.  UK: Elsevier.

Stern, S. (1968). The barrer permeability unit. Journal of Polymer Science, Part A-2:
Polymer Physics, 6, 1933–1934.

Van Krevelen, D. W.,  & Nijenhuis, K. (2009). Properties of polymers—Their correlation
with chemical structure; their numerical estimation and prediction from additive

group contributions (4th ed.). Netherlands: Elsevier (Chapter 18).

Yoshiharu, N., Shigenori, K., Masahisa, W.,  & Takeshi, O. (1997). Cellulose microcrys-
tal  film of high uniaxial orientation. Macromolecules, 30,  6395–6397.

Zumdahl, S. (2009). Chemical principles (6th ed.). Boston: Houghton Mifflin
Company.

http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0005
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0010
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0015
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0020
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0025
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0030
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0035
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0040
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0045
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0050
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0055
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0060
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0065
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0070
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0075
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0080
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0085
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0090
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0095
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0100
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0105
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0110
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0115
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0120
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0125
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0130
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0130
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0130
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0130
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0130
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0130
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0130
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0130
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0130
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0130
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0130
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0135
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0140
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0145
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0150
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0150
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0150
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0150
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0150
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0150
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0150
http://refhub.elsevier.com/S0144-8617(14)00612-2/sbref0150

	Gas permeability and selectivity of cellulose nanocrystals films (layers) deposited by spin coating
	1 Introduction
	2 Experimental procedure
	2.1 Materials
	2.2 Acid hydrolysis
	2.3 Conductometric titration
	2.4 Substrates
	2.4.1 Glass
	2.4.2 Filter paper

	2.5 Thin film preparation
	2.6 Optical microscope
	2.7 Atomic force microscopy
	2.8 Contact angle
	2.9 Gas permeability

	3 Results and discussion
	3.1 Nanocrystal characteristics
	3.2 Thin film characteristics
	3.3 Contact angle
	3.4 Thickness
	3.5 Gas permeability

	4 Conclusions
	Acknowledgements
	References


