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Preparation and Properties of Cellulose Nanofiber Films
with Various Chemical Compositions Impregnated by
Ultraviolet-Curable Resin
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Nanocomposite films were prepared by impregnating cellulose nanofiber
(CNF) sheets of various chemical compositions, i.e., lignocellulose
nanofiber (LCNF), holocellulose nanofiber (HCNF), and bleached kraft
pulp-based nanofiber (BKP-NF), with UV-curable resin. The effects of the
CNF sheet porosity on the amount of impregnated resin and the tensile
properties of the corresponding nanocomposite films were investigated.
The defibration efficiency, viscosity, and filtration time of HCNF and BKP-
NF were higher than those of LCNF, and these properties increased with
defibration time for BKP-NF. The density and porosity of the LCNF
sheets were lower and higher, respectively, than those of the HCNF and
BKP-NF sheets. The porosity of the CNF sheets was successfully
regulated using organic solvents with different polarities. The
impregnated resin amount increased as the CNF sheet porosity and the
ratio of monomer to oligomer in the resin increased. The tensile
strengths and elastic moduli of all of the nanocomposite films were
higher than those of the neat resin films. The specific tensile strength of
the nanocomposite decreased with increasing impregnated resin
content.
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INTRODUCTION

Cellulose, a straight-chained polysaccharide composed of 3-1-4-glucosides, exists
in the cell wall of lignocellulosic biomass. During their biosynthesis, cellulose molecules
aggregate to form microfibrils via the formation of intermolecular and intramolecular
hydrogen bonds through hydroxyl groups at the C-2, C-3, and C-6 carbon positions.
These microfibrils are known as cellulose nanofibers (CNFs). Cellulose nanofibers are
generally classified as microfibrillated cellulose (MFC) or cellulose nanocrystals (CNC)
based on the preparation method and the morphological and crystalline characteristics,
particularly the aspect ratio and crystallinity. Microfibrillated cellulose has a high aspect
ratio and is generally prepared by mechanical fibrillation methods, while CNCs are a rod-
shaped product with a somewhat lower aspect ratio, smaller size, and high crystallinity
that can be prepared by decomposing the amorphous region of cellulose via acid or
enzymatic hydrolysis (Habibi et al. 2010; Klemm et al. 2011; Yu et al. 2013).

CNFs have high strength and a low thermal expansion coefficient (Shimazaki et
al. 2007; Kalia et al. 2014) and are therefore promising potential substitutes for glass and
synthetic engineering fibers (e.g., aramid fibers) used as reinforcing fillers in composite
materials (Lee and Wang 2006; Qua et al. 2009; Kalia et al. 2011). For example,
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Nakagaito and Yano (2008) prepared a nanocomposite composed of MFCs and phenol
resin. They reported an elastic modulus of 12 GPa at 40 wt.% MFC content and a thermal
expansion coefficient of 10 ppm/K at 60 wt.% MFC, corresponding closely to the values
of E-glass. Shibata and Nakai (2010) reported on the mechanical and thermal properties
of a nanocomposite prepared by thermosetting a mixture of MFC, epoxy resin, and tannic
acid solution. The addition of 10 wt.% MFC resulted in an improvement in tensile
strength from 38 MPa for the neat resin to 65 MPa, and as the MFC content increased
from 3 to 15 wt.%, the glass transition temperature increased from 76 to 84 °C. Qing et
al. (2013) reported a tensile strength of 248 MPa and a toughness of 26 MJ/m? for a
CNF-based nanocomposite prepared by impregnating freeze-dried CNF film with 8 wt.%
aqueous phenol resin.

Because the diameters of CNFs are smaller than the wavelength of visible light,
they suppress light scattering. Therefore, CNFs have attracted significant attention for the
preparation of transparent optical materials (Abe et al. 2007; Nogi et al. 2009). For
instance, Jonoobi et al. (2014) prepared a nanocomposite film by carrying out a solvent
exchange of an MFC hydrogel sheet with acetone, and then impregnating the sheet with
cellulose acetate butyrate resin and triethyl citrate as the plasticizer. The resulting
nanocomposite with 60 wt.% MFC content showed 60% transparency and a 6.5 GPa
elastic modulus.

A coating technique involving the use of an ultraviolet (UV)-curable resin can be
employed to protect the material being coated and to improve its physical properties.
Because a solvent is not used, the technique is eco-friendly, and the coating can be cured
within a period shorter than that required for thermosetting. Therefore, UV-curable resins
are attracting attention for their potential applications in various fields. Specifically,
acrylic or epoxy resins are used to form a transparent coating layer. Some studies have
focused on hybridization using CNFs, which have excellent optical transparency
(lwamoto et al. 2007; Okahisa et al. 2011).

In general, CNFs from purified cellulose materials have been used as reinforcing
filler for nanocomposite preparation. However, there have been few reports on the
nanocomposite using lignocellulose nanofibers (LCNF) with three main components of
lignocellulose and holocellulose nanofibers (HCNF) with hemicellulose surrounding
cellulose. Thus, in this study, three types of CNF nanosheets, i.e., lignocellulose
nanofibers (LCNF), holocellulose nanofibers (HCNF), and bleached kraft pulp-based
nanofibers (BKP-NF) with various chemical compositions were prepared to impregnate
acrylic resins with various molecular weights into the CNF sheets. The CNF sheet
porosity was adjusted to vary the amount of resin impregnated into the CNF sheets. The
effects on the tensile properties of the nanocomposite were also investigated.

EXPERIMENTAL

Materials

Pinus koraiensis S. et Z. (40 mesh-sized powder), its holocellulose, and bleached
kraft pulp (BKP) samples were obtained from the Kangwon University’s Experimental
Forest and Moolim P & P (Ulsan, Korea) and used for the preparation of LCNF, HCNF,
and BKP-NF, respectively. An emulsion-type polyester acrylate (PA) from BASF
(Ludwigshafen, Germany) and 2-hydroxyethyl methacrylate (2-HEMA) from Merck
Millipore (Massachusetts, USA) were used as the oligomer and monomer, respectively.
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The initiator was 2,4,6-trimethylbenzoyl diphenylphosphine oxide (TPO) from BASF
(Ludwigshafen, Germany). Methyl alcohol (MeOH), ethyl alcohol (EtOH), acetone (AC),
t-butyl alcohol (t-BuOH), and other chemicals were purchased from commercial sources
and used without further purification.

CNF Preparation

To obtain the holocellulose of Pinus koraiensis S. et Z., delignification was
conducted as follows. First, 20 g of sample was added to 1200 mL of distilled water
containing sodium chlorite (8 g) and acetic acid (1600 uL) and then stirred at 80 °C at a
rate of 160 rpm for 1 h. Then, the same amounts of sodium chlorite and acetic acid were
added again, and the process was repeated six times for complete delignification. The
reactant product was vacuum-filtered and washed with distilled water until a neutral pH
was achieved.

Fibrillation for LCNF, HCNF, and BKP-NF was conducted as follows. Aqueous
suspensions of 2 wt.% were prepared and stored at 25 °C for 24 h. For defibration, the
suspension then underwent a wet disk milling (WDM) process using a disk mill
(MKCAG6-2, Masuko Sangyo CO., Ltd., Kawaguchi, Japan). The rotation speed was set to
1800 rpm, and the clearance between the two disks was set to 50 to 120 pm.

Preparation of CNF Sheets and Nanocomposites

A CNF suspension (296 mL) with 0.15 wt.% solid content was prepared and
subjected to vacuum filtration by pouring the suspension into a silicone-coated paper
filter with the pore size of 2.5 um (Whatman, Maidstone, UK) with a 75-mm diameter.
The filtration time was measured at this stage as a criterion for the degree of
defibrillation. Thus-obtained pre-molded gel-like sheets were hot-pressed for 5 min at
105 °C with a pressure of 0.59 MPa. To adjust the density of the sheets, solvent exchange
was conducted using organic solvents with different polarities (MeOH, EtOH, AC, and t-
BuOH). The filtrated, gel-like sheet was immersed in the solvent for 3 h. This process
was repeated four times for complete substitution of water with organic solvent. The
obtained sheets were then dried at 30 °C for 24 h.

For nanocomposite preparation, the oligomer/monomer ratios (w/w) were set at
8:2, 7:3, and 6:4, and the UV-curing initiator (5 wt.% in the basis of resin weight) was
added. The mixture was stirred at 35 °C in a shaking incubator (VS-101Si, Vision
Scientific Co. Ltd., Seoul, Korea) at 200 rpm. Then, the mixture was impregnated into the
CNF sheets for 24 h under 0.02 MPa of pressure. The UV curing was performed by using
a UV curing apparatus (RX-H1000D, Raynics Co., Gwangmyoung, Korea) equipped
with a 1000-W mercury lamp with main wavelengths of 240 to 400 nm. A pure resin
sheet was prepared as the control sample.

Measurements

For the morphological observations of the CNFs, the CNF suspension (0.001
wt.%) was vacuum-filtrated on a membrane filter (PTFE, pore size 0.2 um, Toyo Roshi
Kaisha Ltd., Japan) to obtain a thin film. The water in the film was completely exchanged
with t-BuOH, and the film was freeze-dried to protect the aggregation of CNFs. The dried
film was subjected to carbon coating (Spin coater, ACE-200, Dong-ah Tech & Trade
Corp., Seoul, Korea) and observed using a scanning electron microscope (FE-SEM, S-
4800, Hitachi Co. Ltd., Tokyo, Japan) in the Central Laboratory of Kangwon National
University.
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The viscosity of the CNF suspension (1 wt.%) was measured using a viscometer
(Viscometer DV-1I+ Pro, Brookfield, MA) equipped with a temperature controller
(maintained at 25 °C) with spindle 34. Measurements were repeated three times, and the
average value was used. The tensile tests for the samples (5 mm x 0.4 mm x 50 mm) of
CNF sheets and nanocomposites were conducted using a tensile strength testing
apparatus (GB/H50K, Hounsfield test equipment Ltd., Redhill, UK) with a cross-head
speed of 5 mm/min and span length of 30 mm. The density and porosity of the CNF
sheets and the impregnated resin content were calculated using the following equations.

Density (g/cm?®) = Mass (g) / Volume (cm?) (1)

Porosity (%) = (1- ps/pc ) x 100 2

where ps is the density of the sheet (g/cm?®), pc is the density of cellulose (1.5 g/cm?)
(Sehaqui et al. 2011), and the volume of the samples was calculated by measuring the
dimension of width, length, and thickness,

Impregnated resin content (%) = (Mz - M1) / M1 x 100 3)

where M1 is the mass (g) of the CNF sheet, and M2 is the mass (g) of the nanocomposite
film.

RESULTS AND DISCUSSION

Figure 1 shows the morphological characteristics of LCNF, HCNF, and BKP-NF
obtained with 10 repeating passes of WDM. The LCNF diameters were greater than those
of HCNF and BKP-NF at the same WDM pass. Lignin-like particles and large aggregated
fibers appeared in the LCNF, whereas the diameters of HCNF and BKP-NF were evenly
distributed at approximately 50 nm. Lignocellulose nanofiber contains hemicellulose and
lignin, which adhere to cellulose microfibrils, thus its defibrillation would be more
difficult than that of HCNF or BKP-NF. However, the SEM images just show the limited
area of the CNFs. Thus, the viscosity and filtration time were measured as an indirect
evaluation method of the defibrillation degree.

Fig. 1. SEM images of nanofibers. Number of WDM passes: 10

Figure 2 shows the viscosity of HCNF and BKP-NF with different numbers of
WDM passes. The viscosity of LCNF was too low to measure under the same conditions
as HCNF and BKP-NF. The BKP-NF showed a lower viscosity than HCNF, which may
have been due to the existence of hemicellulose (Krawczyk et al. 2011). In BKP-NF, the
viscosity increased as the number of WDM passes was increased, raising the degree of
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defibrillation. Ryu et al. (2011) investigated the viscosity changes of a CNF suspension
according to the number of WDM passes from 1 through 60. They reported that the
viscosity increased until 50 passes, and then remained steady because of the increase in
the surface area of the CNF with the increasing number of passes.
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Fig. 2. Viscosity of HCNF and BKP-NP with various numbers of WDM passes

Figure 3 shows the filtration time of CNFs prepared with 10 WDM passes and the
effect of the number of WDM passes on the filtration time for BKP-NF. Lignocellulose
nanofiber showed the shortest filtration time because of the presence of hydrophobic
lignin and a low degree of defibrillation. The filtration time of HCNF was 29 h, which
was longer than that of BKP-NF. This result is consistent with the fact that the water
retention capacity of hemicellulose is greater than that of cellulose (Duchesne et al. 2001;
Iwamoto et al. 2007; Chaker et al. 2013). The filtration time increased with the
increasing number of WDM passes. This can be considered indirect evidence of the
increase in specific surface area with the increase in the number of passes (Chang et al.
2012; Jang et al. 2012).
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Fig. 3. Filtration times for three types of CNFs
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Figure 4 shows the density and porosity of CNF sheets and the effect of the
number of WDM passes on the density and porosity of BKP-NF sheets. The density and
porosity of the LCNF sheet were the lowest and highest, respectively. The density and
porosity of the HCNF and BKP-NF sheets were similar at the same number of WDM
passes (10 passes). This result is considered to be due to differences in the defibrillation
degree and chemical composition. When the number of passes increased, the density and
porosity showed increasing and decreasing tendencies, respectively.

2.0 40
—
—
E 1.5 0 3R
g’
@ 1.0 0 %1
2;- )
5 E
5 5
Q
o 0.5 0
0.0

5 0 15 20 27 35
Number of WDM passes

Fig. 4. The density and porosity of nanosheets prepared from three CNFs and the effect of the
number of WDM passes on the density and porosity of BKP-NF sheets

Figure 5 shows the tensile strength and elastic modulus of nanofiber sheets, neat
resin films, and the three CNF-reinforced nanocomposites with various composition
ratios of oligomer to monomer. The tensile strengths of the nanosheets manufactured
from LCNF, HCNF, and BKP-NF were 18, 97, and 83 MPa, respectively. The tensile
strength of the LCNF nanosheet was about 5.5 times lower than those of the other
nanosheets. Compared to neat resin films and nanocomposites, LCNF nanosheets showed
lower tensile strengths, whereas HCNF and BKP-NF nanosheets showed higher values.
Moreover, the tensile strength of the LCNF-based nanocomposite was 35 MPa to 40
MPa, which was lower than those of the other nanocomposites. This may be attributed to
the low tensile strength of the LCNF nanosheet itself. However, the tensile strengths of
all of the nanocomposite films were higher than those of the neat resin films, for all
oligomer/monomer ratios. As the monomer content was increased, the tensile strength of
the neat resin film decreased. However, the tensile strength of the nanocomposite film
increased with increasing monomer content. This result may be because of the increased
fluidity, resulting in an increased amount of impregnated resin in the nanosheet. Liu et al.
(2013) reported the effect of the amount of impregnated epoxy resin in a regenerated
cellulose nanosheet on the tensile strength of the nanocomposite. With an increased
amount of impregnated resin, from 5 to 15 wt.%, the tensile strength increased from 93 to
144 MPa, which was higher than that (88 MPa) of the neat epoxy resin film. Similar to
the tensile strength, the elastic moduli of all nanocomposites were higher than those of
the neat resin films, for all oligomer/monomer ratios. However, the elastic modulus
showed a decreasing tendency as the monomer ratio increased.

Kim et al. (2017). “Resin-infused CNF film,” BioResources 12(1), 1767-1778. 1772



PEER-REVIEWED ARTICLE b | oresources.com

120 CHF nanoshes 3000
@ LCNF i I
QD Nanoccomposite 2000 N .
60 :
1000
30 " 1 .
© T
o 0 a 0
2 120[ 5 HONE < 3000
£ 0
o 1 2 2000
5 =) l l
60 _ 1 T !
B 1 k 2 1000
2 £
g 12% gsoog
2 N (c) BKP-NF mm
_ 2000 I
60 : '
20 I 1000
0
Nanosheet 8/2 713 6/4 Nanosheet a/2 713 fol
Oligomer/monomer ratio Oligomer/monomer ratio

Fig. 5. Effect of various oligomer/monomer ratios of UV-curable resin on the tensile strength and
elastic modulus of nanocomposite films reinforced with (a) LCNF, (b) HCNF, and (c) BKP-NF

Figure 6 shows the effect of the mechanical defibration level of BKP-NF on the
tensile strength and elastic modulus of nanosheets and nanocomposite films with various
oligomer/monomer ratios. As the number of WDM passes increased to 20, the tensile
strengths and elastic moduli of the nanosheet and all nanocomposite films increased and
then decreased. This may be because of the fiber degradation at more than 20 passes.
Iwamoto et al. (2007) also reported a decreasing tendency in tensile strength and elastic
modulus of nanosheets when the number of WDM passes surpassed 15. They explained
this phenomenon with the decrease in the degree of polymerization and crystallinity of
the cellulose as the number of passes through the grinder increased. The tensile strengths
of all of the nanocomposites were lower than those of the nanosheets throughout the
entire range of the number of WDM passes, and they increased with the increasing ratio
of monomer to oligomer. However, the nanocomposites showed higher elastic moduli
values than the nanosheets, and there were no significant differences among the different
oligomer/monomer ratios.

To examine the influence of the nanosheet porosity on the impregnation amount
of resin, the porosity of the BKP-NF nanosheet (35 WDM passes) was adjusted by
solvent exchange of water with solvents of various polarities (MeOH, EtOH, AC, and t-
BuOH). As shown in Fig. 7, the porosity increased as the solvent polarity decreased.
Specifically, when substituted with AC and t-BuOH, the porosities were 40.00% and
46.67%, respectively, which are high values. This may be because of the lower surface
tension of the solvents than water, which could suppress the coagulation of CNFs during
the drying of the solvent.
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Fig. 6. Effect of the number of WDM passes on the (a) tensile strength and (b) elastic modulus of
BKP-NF nanosheets and hanocomposite films with various oligomer/monomer ratios
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Fig. 7. Porosity variation of BKP-NF nanosheets prepared by solvent exchange of water
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Figure 8 shows the relationship between the porosity of BKP-NF nanosheets and
the impregnated resin content, as well as the relation between specific tensile strength and
the impregnated resin content with various oligomer/monomer ratios. The impregnated
resin content was closely related to the porosity of the nanosheets, showing an increase in
the impregnated resin content with increasing porosity. Furthermore, with increasing
monomer ratio, the impregnated resin content also increased. This may be because of the
increase of fluidity that occurs with increasing the monomer ratio, as discussed above.
The densities of nanocomposites with different impregnated resin contents will differ,
which may result in the different tensile strengths. Thus, specific tensile strength was
calculated, as shown in Fig. 8. Specific tensile strength decreased with the increasing
impregnated resin content for all oligomer/monomer ratios. Nanocomposites with a
higher monomer ratio showed higher specific tensile strength. Furthermore, the increase
in the impregnated resin content resulted in lower tensile strength, as the tensile strength
of the neat resin sheet was lower than that of the nanocomposite, as shown in Fig. 5.
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Fig. 8. Relationships between (a) the BKP-NF nanosheet porosity and the impregnated resin
content and (b) between specific tensile strength and the impregnated resin content with various
oligomer/monomer ratios

CONCLUSIONS

1. The different chemical compositions of three kinds of nanofibrillated cellulose
(LCNF, HCNF, and BKP-NF) yielded different defibration degrees, morphological
characteristics, and water retention capabilities.

2. Nanopaper sheets were prepared from three CNFs with different characteristics and
impregnated by UV-curable resin with different molecular weights to prepare the
nanocomposite film. The porosity of the CNF sheets was successfully regulated,
affecting the impregnated resin amount. The impregnated resin amount increased as
the porosity of the CNF sheet and the ratio of monomer to oligomer in the resin
increased.

3. The tensile strengths and elastic moduli of all of the nanocomposite films were higher
than those of the neat resin films. Moreover, the specific tensile strength of the
nanocomposite showed a decreasing tendency with increasing content of the
impregnated resin.

4. The obtained results are expected to provide a positive outlook on the application of
CNF and UV-curable resin hybridization in the field of coating.
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