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Abstract Cellulose nanofibers (CNF) have been
suggested in the literature as a potential barrier coating
layer for paper and paperboard. However, due to its
rheological properties and solids content, the material
is difficult to apply to paper at significant coat weight
levels. The use of CNF as a coating to improve the
structure and barrier properties of paperboard was
investigated. Two forms of CNF were used: (1) refiner
produced material and (2) material produced with an
ultra-fine grinder. Carboxymethyl cellulose (CMC)
was used for some samples as an additive. The
rheology of these suspensions was characterized.
These materials were applied onto the surface of
paperboard using a draw-down rod coater in two
layers. Scanning electron microscope (SEM) was used
to see the coverage of the paper by the CNF layer. Air

S. M. Mazhari Mousavi (D<) - E. Afra -

M. Dehghani-Firouzabadi

Department of Paper Science and Engineering, Faculty of
Wood and Paper Engineering, Gorgan University of
Agricultural Sciences and Natural Resources,

Gorgan 49189-43464, Iran

e-mail: Mousavi2365@gmail.com

M. Tajvidi

School of Forest Resources and Advanced Structures and
Composites Center, University of Maine, Orono,

ME 04469-5755, USA

S. M. Mazhari Mousavi - D. W. Bousfield
Department of Chemical and Biological Engineering,
University of Maine, Orono, ME 04469-5737, USA

permeability, water penetration and barrier properties
of the samples were characterized. The steady shear
viscosity of CNF suspension decreased after the
addition of CMC. Although CNF at 2% solid content
without CMC could not be spread out onto the surface
of paper uniformly, 3% CNF along with CMC was
successfully coated on the surface of paper: CMC acts
as a dispersant that produces a uniform suspension
with minimal flocs. The ground CNF with CMC
produced the best samples with good coverage as
revealed by SEM images. The results show that the
structure and barrier properties of coated paperboards
improved considerably by the application of CNF
coatings.

Keywords Refiner CNF - Grinder CNF -
Carboxymethyl cellulose - Paperboard - Barrier
properties

Introduction

Paper is widely used as a packaging material for its
low cost, biodegradability and its ability to be
recycled. Nevertheless, because of its nature and
depending on the application, it usually needs to be
coated with other materials to obtain good barrier
properties. Food packaging papers, for instance,
should be sufficient barriers against oxygen, water,
water vapor, and grease (Paunonen 2013). Currently,
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coating materials are largely produced from fossil-
derived synthetic plastics which are not necessarily
environmentally friendly and sometimes lead to
difficulties in recycling processes (Anthony et al.
2015; Lavoine et al. 2014). With increasing environ-
mental concerns and the need for sustainable devel-
opment in the future, the use of renewable materials is
expected to grow.

In order to improve the barrier performance of
paper in packaging industries to meet the requirements
including consumer convenience and environmental
issues, innovative modified packaging materials are
being developed. Several bio-materials including
polysaccharides (cellulose, starch, hemicellulose and
chitosan), proteins (collagen, zein and soybean) and
lipids have been researched (Anthony et al. 2015).
Recently, the development of cellulose nanofiber
(CNF) has offered a new alternative to the polymer
coating to form a barrier layer. CNF is produced
through mechanical treatment including homogeniz-
ing (Turbak et al. 1983, grinding (Taniguchi and
Okamura 1998), microfluidisation (Zimmermann et al.
2010), and disk refining (Johnson et al. 2016).
Compared to the other kinds of nanocellulose such
as nanocrystalline cellulose (CNC), CNF has a broader
size distribution and wider fibril diameter. After
drying, it is able to form a dense percolating network
by strong hydrogen bonds and this suggests that these
films could potentially have barrier properties which
can be considered as an interesting alternative to fossil
fuel based materials. In addition, the enhancement of
mechanical properties and their use as aqueous
suspensions provides opportunities for CNF applica-
tion as coating material for cellulosic substrates. A
recent review of the potential to use CNF as a barrier
coating is given by Lavoine et al. (2012). Syverud and
Stenius (2009) reported that applying CNF layer
lowered sheet porosity and resulted in a denser
structure which decreased air permeability. Kumar
et al. (2014) report quite good oxygen permeability
results for CNF films. Lavoine et al. (2014) show some
improvements in mechanical properties of board
samples coated with CNF. Hassan et al. (2016) studied
the effect of CNF coating on the bagasse paper sheet
properties and reported that an increase in tensile
strength and a decrease in porosity of paper sheet was
observed. Xu et al. (2016) reported that using CNF in
coating color improved the surface strength, however
it decreased the water resistance of coated papers.
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Despite this promise, CNF suspensions have to be
applied at a low solid content (lower than 1%) because
of extremely high viscosities at higher solids contents
(Rautkoski et al. 2015). This means that in practice a
large amount of water must be evaporated in the
drying section of coating machine that gives rise to
high drying costs. When the solids content of CNF is
increased, the entanglement of fibers result in high
flocculation and the coating cannot be spread out on
the base paper evenly.

To address this problem, carboxymethyl cellulose
(CMC) was studied here because of its ability to
disperse fibers and reduce their flocculation (Dimic-
Misic et al. 2014; Liimatainen et al. 2009; Yan et al.
2006); CMC can improve the uniformity of fiber
suspension and modify the suspension rheology
(Nazari and Bousfield 2016; Pahimanolis et al.
2013). CMC is an anionic derivative of cellulose
which is prepared by introducing carboxymethyl
groups along the cellulose chain. It has been used in
different industries such as textile and food industries.
Owing to the very good film making and water
retention characteristic,c, CMC has been used in
papermaking industry as a surface sizing agent,
coating binder and wet end additives (Beghello et al.
1997; Blomstedt 2007). It is inexpensive and readily
available (Chen et al. 2016). The sorption of CMC on
the surface of cellulosic fibers is believed to be done
through hydrogen bonding which is influenced by the
degree of substitution (DS) and molecular weight of
CMC. Moreover, two forms of CNF, refiner CNF
(rCNF) and grinder CNF (gCNF) were used to see
whether the type of CNF can affect the coating
properties particularly when it is used in a blend with
CMC. Hamada and Bousfield (2010) coated two kinds
of CNF, refiner and homogenizer produced CNF onto
the surface of synthetic fiber sheet and mentioned that
the contact angle on the homogenizer one was lower
than refiner CNF and the homogenizer CNF showed a
higher ink absorption rates. Richmond et al. (2014)
reported that using refiner CNF in coating formulation
increased steady shear viscosity. A slight decrease in
air permeability was also observed.

Therefore, the goals of this study are: 1 to
investigate the effect of CMC on the dispersion
properties of CNF and 2 to study the effect of different
CNF types with and without CMC at higher solids
content on structure and barrier properties of
paperboard.
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Materials and methods

Refiner-produced CNF (rCNF) was prepared at the
University of Maine Process Development Center
using a 20 in. GL&V disk refiner with no pretreatment
from bleached softwood kraft pulp as described by
others (Richmond et al. 2013). The consistency of
rCNF was 3% which was diluted using deionized
water to obtain different solids content. The grinder-
produced CNF (gCNF) was produced by taking the
refiner CNF and circulating it in a bench scale ultra-
fine friction grinder (Masuko Supermasscolloider,
MKCA 6-2, Japan) for 120 min. It was prepared in
1.5% consistency where the solids content was
adjusted by the addition of water or by using a
laboratory centrifuge (Sorvall RC 6 plus, Thermo
Electron Corporation, USA). Carboxymethyl cellu-
lose (CMC) with molecular weight of 450,000 g/mol
and a degree of substitution of 0.7 was donated by
CPKelco (Finnfix 4000 G). The solution of CMC was
prepared by dispersing an appropriate amount of CMC
powder in deionized water at a concentration of 1.5%
by stirring for 3 h at 600 rpm at room temperature.
The CMC solution was added to the CNF suspensions
after it was prepared. The CMC was evenly distributed
in the CNF indicating the CMC is highly compatible
with the CNF.

Morphology of CNF suspension

Morphology of CNF material was examined using
transmission electron microscope (TEM) (Philips
CM10). CNF sample was first diluted by deionized
water and treated for 1 min in an ultrasound bath
(BAUSCH&LOMS, 100-C). The diluted CNF sus-
pension was dropped on a carbon coated copper grid
and the excess water was removed by a paper tip. The
sample was then stained with a 1% (v/v) uranyl acetate
aqueous solution (UA) for at least 1 min and again the
excess UA was removed by a paper tip. Then the grid
was allowed to dry at room temperature and examined
at an accelerate voltage of 100 kv. A camera (ORIUS,
GATAN) was used to capture the pictures at different
magnifications. Digital image analysis (Image J) was
used to determine the dimension of nanocellulose
fibrils. For both types of CNF, 250 measurements were
selected randomly and evaluated from TEM images at
the same magnification.

Gravimetric water retention (GWR) of CNF
suspension

The gravimetric method (Abo-Academi type method)
was used to measure dewatering properties of CNF
suspension in accordance with TAPPI standard
T701 pm-01. AA-GWR (Model 150, Kaltec Scien-
tific, USA) with polycarbonate membrane (5 pm) and
0.5 bar external pressure was applied. The GWR of
1.5 and 3% CNF suspension including rCNF and
gCNF with and without CMC in two times (90 and
180 s) were determined. The average of three exper-
iments was reported.

Viscosity characterization

A stress-controlled Bohlin Gemini rheometer (Mal-
vern Instruments Ltd, UK) was used to study the
steady shear viscosity of different CNF suspensions.
The diameter of plate in the parallel plate geometry
was 40 mm and 2 mm gap was chosen in this test. The
shear rate measurements were conducted in the range
of 0.01-100 s~'. The test was performed at room
temperature.

Paper coating process

A wood free bleached base paper with grammage of
200 g/m? was selected for coating experiments. CNF
suspensions with different solids contents from 1 to
3 wt% to achieve different coating weights with or
without CMC (4 wt% based on dry weight of CNF)
were prepared and applied on the surface of paper
using a draw-down rod coater (BYC-Gardner, 2101,
USA) in two layers. Coating speed was 50 mm/s and
wire-wound rod #52 was used. The coated papers were
dried in oven at 105 °C for 5 min. After determining
the coat weight, the samples were conditioned at 50%
RH and temperature of 23 °C for barrier and structure
properties tests using standard procedures.

Paper properties

The surface structure of uncoated and coated papers
was observed by scanning electron microscopy (SEM)
(HITACHI TM 3000). 15 kV accelerating voltage was
applied. The roughness of the paperboard surface was
determined using Sheffield roughness (Model: PS-10-
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20-40, Sheffield corporation, USA) according to
TAPPI standard T538 om-97. The average of 10
measurements was reported. A Gurley densometer
(Lorentzen & Wettre, Sweden) was used to measure
the air resistance of coated paper according to TAPPI
standard T460 om-02. Hercules sizing tester (Hercules
incorporated, USA) was used to measure the aqueous
resistance of paperboard in accordance with TAPPI
standard T530 om-96. This method employs a dark
color dye solution as the penetrant to permit optical
detection of the liquid as it moves through the sheet.
The test was done on one side and the coated side was
in contact to the ink (reflectance endpoint 80%). Water
vapor transmission rate (WVTR) was characterized
according to ASTME 96-95 using the water method.
Conditioned coated paperboards were cut into 6 cm
diameter circles and placed above 25 mL of distilled
water in a closed container. The weight of the dish
before and after test was determined and the WVTR
was measured using the following equation:

WVTR = G/(A.t)

where WVTR is water vapor transmission rate, G is
the weight change, t is time in which G occurred and A
is the test area. The average of three measurements
was reported.

Grease resistance of uncoated and coated paper-
boards was evaluated using Kit test (T559 pm-96).
Test solutions with different viscosities including
castor oil, toluene and heptane (numbered from 1 to
12) were used. The highest numbered solution that
remains on the surface of the paper without causing
failure is reported. The number 12 (the most aggres-
sive) represents the highest grease resistance. This test
was performed in triplicate.

Results and discussion

TEM images and size distribution of tCNF and gCNF
fibrils are shown in Figs. 1 and 2, respectively. They
reveal that a finer size distribution of CNF was
achieved after grinding compared to the refiner
produced material. While the rCNF had a significant
number of fibrils less than 100 nm, it also had large
fiber fragments on the order of 1 — 10 pm that seem to
connect the fine scale fibers. For the grinder produced
material, the number of these large scale fiber
fragments is reduced and there is a wide range of
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fiber sizes. However, it should be mentioned that TEM
images could not cover the entire range of diameters of
CNF. A number of the fibers appear to have a
morphology more similar to a ribbon: the fiber appears
to be the flat remains of the cell wall. These images are
quite similar to what others have reported for
mechanically produced CNF materials (Richmond
et al. 2014). The measurement of diameter using
image J showed that the average diameter for rCNF
was 0.166 um while for gCNF it was around
0.036 pm.

The water retention of coating is one of the most
important properties that affects the properties of
coating materials and as a result coated papers.
Figure 3 shows the gravimetric water retention
(GWR) of both rCNF and gCNF with and without
CMC in two times (90 and 180 s). The results show
that increasing the solids content of CNF suspension
from 1.5 to 3%, decreases the water that goes through
the membrane. This result is expected in that the
filtercake thickness increases faster for high solids
suspensions compared to low solids for the same water
amount through the membrane. It is also evident that
there was an increase in the GWR of CNF suspension
when CMC was added to the suspension. It is because
CMC is a water soluble polymer leading to an increase
in the viscosity of the liquid phase which results in a
decrease of the water released in the GWR test. Laine
et al. (2002) measured the water retention value
(WRYV) of fiber suspension using centrifugal force and
reported that the addition of CMC increased the WRV
significantly. Liimatainen et al. (2009) studied the
absorption of CMC onto the surface of fibers and
reported that after the addition of CMC, the WRV
determined using vacuum filtration and gravity driven
filtration system increased between 1 and 4%. Com-
pared to the rCNF, gCNF decreased more the water
transfer from the sample: this result can be attributed
to the higher amount of fines in the latter one (Dimic-
Misic et al. 2014). Laivins and Scallan (1996) reported
that compared to the fibers, fines swell much more
resulting in higher WRV.

The steady-shear viscosity of CNF suspension as a
function of shear rate is shown in Fig. 4. All CNF
suspensions showed a shear thinning behavior when
subjected to increasing shear rates. This phenomenon
has been reported by many others (Lasseuguette et al.
2008; Nazari and Bousfield 2016; Rezayati Charani
et al. 2013; Turbak et al. 1983). In addition, the
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Fig. 1 TEM images of CNF; rCNF (a, ¢) and gCNF (b, d) at two magnifications

Fig. 2 The frequency 140
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Fig. 4 Shear viscosity versus shear rate of CNF suspension with and without CMC in two solids contents

viscosity increased as the solids content increased.
gCNF showed higher viscosity over that of rCNF. This
is due to the higher fibrillation of gCNF (see Fig. 1)
leading to a higher surface areas and an increased
water uptake (Aulin et al. 2010). It is also evident that
CNF together with CMC showed a lower viscosity
compared with CNF aqueous suspension alone except
for 1% rCNF for which a significant difference was not

@ Springer

observed when CNF was used alone or with CMC.
This was not expected because as mentioned above
CMC is a water soluble material which increases the
liquid phase viscosity. However, on the other hand, the
reason for this observation can be attributed to the
ability of CMC to decrease the friction at the fiber—
fiber contact resulting in lower flocculation of
nanofibrils (Ahola et al. 2008; Beghello 1998;
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Liimatainen et al. 2009; Nazari 2015). Yan et al.
(2006) studied the impact of CMC on fiber floccula-
tion and mentioned that the mutual repulsion between
the surface charges leads to an electrostatic repulsion
resulting in a reduced friction coefficient between the
fibers, which in turn, decreases the flocculation.
Dimic-Misic et al. (2014) studied the effect of partial
and total replacement of CMC with MFC/CNF in
coating colors and found that CMC helps to disperse
the CNF in coating colors and lowers its tendency to
flocculate. Schenker et al. (2016) reported that
dispersability of the micro and nanofibrillated cellu-
lose (MNFC) is increased after the addition of CMC
polymer.

With increasing the solids content of CNF
suspension, the coat weight increased as shown in
Fig. 5. This is expected because the rod coater is a
volume controlled coating method. CNF suspension
mixed with CMC showed a higher coat weight and
the highest coat weight (7.8 g/m?) was achieved
with 3% gCNF and CMC. Higher coat weight can
affect paper properties especially barrier properties
provided that a full coverage is achieved. CNF at
3% solids content could not be coated on the surface
of paper evenly and due to lots of chunks between
base paper and wire-wound rod, a good coverage
was not achieved. However, using CMC, 3% CNF
was successfully coated on the surface of paper
uniformly. At solids content higher than 3 wt% even
when CMC was added, defects in the coating layer
was easily observed and because of flocs, CNF
could not be spread out evenly. Lavoine et al. 2014

coated cardboard sheets with 2% MFC using bar
coating process and reported that due to the
viscosity of MFC suspension, a whole coverage of
paper surface was not obtained by applying one
layer of MFC. They also stated that coat weight of 1
and 14 g/m* were achieved after applying one and
ten layers, respectively. Aulin et al. (2010) used
0.85 wt% MFC suspension for paper-coating process
and reported that the highest coat weights obtained
in a single coating step were 1.3 and 1.0 g/m* for
unbleached and greaseproof paper, respectively.

The SEM micrographs of the surface of coated
papers are presented in Fig. 6. For the rCNF case at
2% solids content with CMC in Fig. 6b, regions of the
base paper are seen that proves that a complete
coverage was not obtained, however for the gCNF at
2% solids content with CMC in Fig. 6¢c, good coverage
seems to have been obtained. For the 3% rCNF and
gCNF mixed with CMC, good coverage is noted in
Fig. 6e. CMC addition does generate a suspension that
is more uniform than the suspensions without CMC;
these suspensions flow in a uniform manner in the rod
coater. The cross sectional images, Fig. 6f, g, show a
well-defined CMC-containing CNF layer formed on
the surface of base paperboard.

The structure and barrier properties of paperboards
coated with rCNF and gCNF with and without CMC
are shown in Tables 1 and 2, respectively. In addition,
the influence of coat weight on these properties is
plotted in Figs. 7, 8, 9 and 10.

Sheffield roughness value of paperboards are
reported to decrease after being coated with CNF

Fig. 5 Coat weight of 9
paperboards coated with

CNF and CNF/CMC at 8
different solids content

Coat Weight (g/m?)

rCNF1% rCNF2% gCNF 1% gCNF2% rCNF1% rCNF2% gCNF 1% gCNF2% rCNF3% gCNF 3%

/CMC  /CMC  /CMC  /CMC  /CMC  /CMC
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TM-3000 x500 200 um  TM-3000 X500 200 um

TM-3000

X500 200 um

Fig. 6 SEM micrographs of the surface of paperboard;
a uncoated base paper; b, ¢ paper coated with 2% rCNF and
gCNF along with CMC, respectively; d, e paper coated with 3%
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X500 200 um

rCNF and gCNF along with CMC, respectively; f, g paper
coated with 2 and 3% gCNF along with CMC (cross section),
respectively
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Table 1 Structure and barrier properties of paperboard coated with rCNF with and without CMC

Sample Coat weight Thickness  Sheffield roughness Air resistance Aqueous WVTR Grease resistance
(g/mz) (pm) (Sheff. units) (Gurley sec)  resistance (s) (g/m2 day) (Kit number)
Uncoated paper - 230 97 60 90 490 0
rCNF 1% 1.6 241 83 80 30 450 0
CNF 2% 4.1 246 96 65 30 440 0
rCNF 1%/CMC 3.3 235 81 265 40 420 1
rCNF 2%/CMC 6.4 244 89 300 50 460 1
CNF 3%/CMC 6.9 264 107 740 100 400 0

Table 2 Structure and barrier properties of paperboard coated with gCNF with and without CMC

Sample Coat weight Thickness  Sheffield roughness Air resistance Aqueous WVTR Grease resistance
(g/mz) (pum) (Sheff. units) (Gurley sec)  resistance (s) (g/m2 day) (Kit number)
Uncoated paper — 230 97 60 90 490 0
gCNF 1% 2.6 237 82 1400 65 370 0
gCNF 2% 44 239 91 250 35 390 0
gCNF 1%/CMC 3.0 234 70 5600 250 425 2
gCNF 2%/CMC 5.1 238 76 5800 340 460 6
gCNF 3%/CMC 7.8 260 77 4700 420 410 4
Fig. 7 Air resistance of uncoated 8000 oroNF
and coated paperboards as a =
. . o 0O gCNF
function of coat weight S
3 ATrCNF/CMC
6000 0 gONF/CMC
E\ ¢ ¢ ¥ uncoated
=
g ¢
o 4000
(&}
=
s
; 2000
: ;
A
0 < A o &' a
0 1 3 4 5 6 7 8 9

(Afra et al. 2016). Both rCNF and gCNF showed the
same trend here, however paperboards coated with
gCNF showed lower roughness values than those
coated with rCNF (Tables 1 and 2). It is in response to
the finer size distribution and lower amount of large
fragments in gCNF suspension which affect the
roughness of surface. After the addition CMC to the
CNF suspension, the roughness decreased more and
compared to the samples without CMC, smoother

Coat weight (g/m?)

surface was observed. These results are consistent
with the results presented by Beghello et al. (1997)
who showed that adding a small amount of CMC
(0.2-0.5%) to the top and bottom layers of paperboard
decreases the roughness of surface.

The air resistance of uncoated and coated paper at
different coat weights is shown in Fig. 7. Increase in
the time reflects a closed up sample with likely few
open or uncoated areas. Coated paperboards show

@ Springer
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Fig. 8 Aqueous resistance
of uncoated and coated
paperboards as a function of
coat weight

Fig. 9 WVTR of uncoated
and coated paperboards as a
function of coat weight

Fig. 10 Grease resistance
of uncoated and coated
paperboards as a function of
coat weight
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large increase in the time compared to the uncoated
sample particularly when gCNF was applied. Further-
more, the air resistance increased considerably with
the increase of coat weight and thickness of coated
samples (see Tables 1, 2). For 1.6 and 2.6 g/m® coat
weight, the air resistance was 80 and 1400 Gurley sec
whereas for 6.9 and 7.8 g/m” coat weight, the air
resistance increased to about 740 and 4700 Gurley sec
for rTCNF and gCNF, respectively. This can be
attributed to an increase in the tortuous path provided
by nano particles (Aulin et al. 2010; Dufresne 2012). It
is also believed that the crystalline structure of CNF
plays an important role to improve the barrier
properties. Fendler et al. (2007) and Syverud and
Stenius (2009) studied the barrier properties of
nanocellulose films and composites and mentioned
that good barrier properties of cellulose and nanocel-
Iulose can be related to their crystalline structure.
Since the gCNF has fine flexible ribbon like structure,
it is easy to see how this material will form quite a
dense layer that will block the flow of air. This means
that the pores on the surface of paper have been much
more blocked than rCNF-coated paper leading to
higher air barrier properties. It is well known that the
connected pores on the surface of paper have an
important effect on air permeability (Syverud and
Stenius 2009). Hamada and Mitsuhashi (2016) studied
the effect of CNF prepared from bamboo and
hardwood bleached kraft pulp as a coating on woven
and nonwoven fabric and reported that the resistance
to the air permeability increased upon coating with
CNF. They also mentioned that hardwood-derived
CNF showed higher air resistance due to more uniform
and finer network formed by the shorter hardwood-
derived CNFs. The highest air resistance was achieved
with 2% gCNF with CMC. CMC changes the coating
process in two ways: (1) it decreases the flocculation
between nanofibers and (2) it reduces the dewatering
of the suspension in front of the rod. Both are
important to give a uniform CNF coating. CNF even
in a very low solids content tends to be flocculated and
SEM images show that a full coverage cannot be
obtained. However, mixed with CMC, a tendency to
make a film on the surface of paper with a much better
coverage was observed.

Figure 8 shows the results of aqueous resistance of
paperboards as a function of coat weight. It is obvious
that coating with CNF improved this characteristic
considerably. However, it should be noted that

applying CNF alone did not improve this property
over that of uncoated paper. When gCNF along with
CMC was used the aqueous resistance increased
considerably. This increase in aqueous resistance
was not observed when rCNF was used even when
CMC was added. The highest resistance was achieved
with 3% gCNF with CMC compared to uncoated
paperboard (420 vs 90 s, respectively). These results
are determined by the ability of the coating to spread in
a uniform manner, not the inherent properties of the
coatings. As mentioned earlier when CNF is applied
on the surface of base paperboard, it does not cover the
paper surface evenly because of its agglomeration
tendency. The higher flocculation of CNF was seen
when the consistency increased and consequently the
barrier properties deteriorated most likely because of
the pinholes formed in the coating. However, it was
not the case when gCNF along with CMC was applied
and a uniform coating with a good coverage (see
Fig. 6¢, e) improved the aqueous resistance of paper-
board considerably. As suggested by others, the
formation of a dense structure formed by fibrils results
in a high barrier properties (Aulin et al. 2010; Syverud
and Stenius 2009; Yousefi et al. 2013). Hassan et al.
(2016) applied CNF and a mixture containing of CNF
and 10% chitosan as a coating on the surface of paper
sheet and reported that the water absorption of coated
paper sheet measured using Cobb test method
decreased by 33%. They found no significant differ-
ence between the water absorption of papers coated
with CNF and CNF with chitosan.

The water vapor transmission rate (WVTR) is
defined as the volume of water vapor penetrating a
surface unit sample of defined thickness during 24 h
under specified temperature, controlled relative
humidity and under a vapor pressure difference.
Relative humidity, temperature and coat weight are
some of the most important parameters which affect
WVTR. In this study, relative humidity and temper-
ature were kept constant (50% RH and 23 °C) and coat
weight was changed with the change of the CNF solids
content. Figure 9 shows the WVTR of uncoated and
coated papers at different coat weights. Despite the
fact that an improvement in barrier properties (lower
WVTR) is expected when coat weight is increased
(Song et al. 2014), a noticeable reduction compared to
uncoated paper with increasing the coat weight was
not observed. It is probably related to the hydrophilic
characteristic of CNF. Although crystalline cellulose
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has a good barrier properties, with increase of the
humidity, the amorphous cellulose absorbs water
resulting in weakening of hydrogen bonding in
cellulose chains and subsequent swelling. This results
in higher mobility of cellulose chains and fibril
network and as a result more sites for water molecule
permeation (Aulin et al. 2010). Hassan et al. (2016)
reported 16% increase in water vapor permeability
(WVP) of bagasse paper sheets when they were coated
with CNF. The reason for this increase was reported to
be because of the hydrophilic nature of CNF. Song
et al. (2014) applied a composite made from modified
CNF with grafted hydrophobic monomers on it and
PLA on the paper surface and discussed its impact on
WYVTR. They reported that at the highest coat weight
40 g/mz) and less amount of CNF (1%), the lowest
WVTR was obtained (34 g/m* day). Aulin et al. 2012
prepared a NFC-nanoclay hybrid films and reported
that the clay particles enhanced the barrier perfor-
mance. They reported that WVTR was considerably
reduced even at 50 and 80% RH. Therefore it seems
that CNF is not able to improve WVTR alone and
using additives like clay to increase the tortuous path
or doing modification to decrease the hydrophilic
characteristic of CNF is necessary.

Figure 10 presents the grease resistance of coated
papers as a function of coat weight. This property was
evaluated according to the Kit test. The results showed
that base paper coated with 2% gCNF together with
CMC achieved the highest grease resistance com-
pared to that of uncoated paper. A high coat weight
together with the homogeneity of coating and a good
coverage of paper surface might be the most important
reasons. The nano size and web structure of CNF on
the surface of paper decrease the pores and conse-
quently decrease the migration of grease through the
paper. As with the air resistance data, this sample also
showed the highest air resistance. The results are in
agreement with those of Aulin et al. (2010) who
showed that when the air permeability decreases, i.e.,
increased coat weight, the oil resistance increases.
Compared to gCNF, rCNF did not improve grease
resistance of paperboard even when CMC was used.
This might be due to the imperfections on the surface
of paper after coating with rCNF. Lavoine et al.
(2014) studied the barrier properties of cardboard
coated with microfibrillated cellulose and reported
that the grease resistant (Kit number) of 5 and 10
layers-coated boards were 1.5 and 2.5, respectively.

@ Springer

They also stated that Polyethylene (PE) coated
cardboard had a Kit number of 12. Song et al.
(2015) applied coatings of sodium alginate and alkali-
treated potato starch on the surface of paper based
packaging and reported both of these renewable
materials were effective to improve oil resistance.
They also mentioned that the pores coverage of paper
surface after coating particularly in higher coat weight
is the main reason to decrease the oil penetration.

Conclusion

The influence of applying two forms of CNF (refiner
and grinder CNF) at higher solids content with and
without CMC on the structure and barrier properties of
paperboards was investigated. Application of CNF
with higher solids content as a coating material was
achieved when it was applied with CMC. In fact, CMC
reduced the fiber—fiber contact and consequently
decreased the flocculation of micro and nanofibers
resulted in a more homogeneous coating on the surface
of paper. The highest coat weight as well as full
surface coverage obtained with gCNF along with
CMC resulted in a distinct improvement in barrier
properties. This result is due to a dense and uniform
structure of coating on the surface of paperboard that
blocks pores. The exception, however, is WVTR
property. The hydrophilic characteristic of CNF is
probably the main reason for this observation.
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