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Fabrication of regenerated cellulose nanoparticles
by mechanical disintegration of cellulose after
dissolution and regeneration from a deep eutectic
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Cellulose nanoparticles are promising sustainable nanosized materials for use, for example, as nanofillers
(such as reinforcement agents), green water purification chemicals, and oil dispersants. In this work,
regenerated cellulose nanoparticles (RCNPs) were produced by mechanical disintegration of wood
cellulose fibers and microcrystalline cellulose after dissolution and regeneration from a deep eutectic
solvent (DES). An easily obtained DES based on guanidine hydrochloride and anhydrous phosphoric acid
(molar ratio 1 : 2) was used to dissolve cellulose at room temperature. The degree of polymerization (DP)
of cellulose was observed to decrease during the dissolution, whereas the crystallinity changed from
cellulose | to cellulose Il. After precipitation and washing, the regenerated cellulose was easily
disintegrated to evenly distributed nanosized (diameter around 6 nm) fibrous cellulose nanoparticles.
RCNPs were investigated as fillers in poly(vinyl alcohol) (PVA) composite films. Due to their small, fibrous

and flexible nature, at low concentrations (1-5 wt%) RCNPs improved the elongation of the PVA film
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Accepted 3rd December 2018 without diminishing its strength properties. At higher concentrations, RCNPs from wood pulp improved
the tensile strength, as well as the modulus of PVA, similar to commercial cellulose nanocrystals.

DOI: 10.1039/c8ta09959f Therefore, this method provides a feasible way to obtain a unique nanosized cellulose material with

rsc.li/materials-a good uniform size distribution and adjustable reinforcement properties.
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Introduction

Nanomaterials are an emerging class of novel materials usually
described as solid components that have at least one dimension
at the nanometric scale (less than 1000 nm)." Due to their
nanometric dimensions, nanoparticles exhibit considerably
different properties compared to their bulk counterparts. The
vast variety of properties are related to high surface area, reac-
tivity, and high strength. Nanoparticles can contain a single
element (e.g., zero valent nanoparticles of metals>* and non-
metals?), a composition of different metals and components
(e.g., metal oxides™®), and polymers.”® Nanoparticles are studied
as drug carriers,” anti-microbial materials," reinforcement
agents," and optical materials, among other applications.'>**
An important source of natural polymeric nanomaterials is
cellulose.™ Cellulose is the most abundant renewable organic
polymer on earth and is widely available as a plant component.
Plants have nanosized cellulose fibrils (nanofibrils), which then
form bundles called microfibrils and then cellulose fibers.
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Nanosized cellulose can be isolated from natural fibers,
for example, using chemical, enzymatic, mechanical, or
combined methods. In addition to these high aspect ratio
particles, the fabrication of spherical cellulose nanoparticles
(SCNPs) has been studied.**'® Recently, TENCEL cellulose
(obtained after the dissolution and regeneration of cellulose
from N-methylmorpholine-N-oxide (NMMO)) has been studied
as a source of nanosized cellulose (spherical nanostructured
cellulose gels and carboxymethylated SCNPs)."”** Compared to
cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs)
which mostly have a cellulose I crystalline structure, regen-
erated cellulose has the crystalline structure of cellulose II. In
addition, when regenerated cellulose is used as a source, the
destruction of the fiber structure leads to the production of
nanoparticles with different morphologies (e.g., spherical)
compared to those of nanocellulose obtained directly from
a natural source.

Deep eutectic solvents (DESs) are a relatively novel class of
solvents, catalysts, and reagents.'*** DESs are related to more
well-known ionic liquids, exhibiting similar properties such as
good solvent capacity and low-vapor pressure. Compared to
ionic liquids, DESs are generally easily obtained from cheap and
widely available chemicals by simply mixing at elevated
temperature. Many DES components can even be obtained from
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nature,” and DESs are known to have low toxicity.”® DESs are
many times more biodegradable than ionic liquids.*

DESs are recognized as promising media for nanoparticle
fabrication, including metal nanoparticles.>*** Recently, DESs
have been utilized in the production of CNFs*’** and CNCs.*"**
In this study, a DES based on guanidine hydrochloride and
anhydrous phosphoric acid was used to dissolve cellulose at
room temperature. Dissolving pulp and microcrystalline cellu-
lose were studied as cellulose sources. Regenerated cellulose
nanoparticles (RCNPs) were produced with mechanical disin-
tegration of the regenerated cellulose. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
were used to investigate the morphology of the regenerated
cellulose and cellulose nanoparticles, respectively. Diffuse
reflectance infrared Fourier transform (DRIFT) spectroscopy
and X-ray photoelectron spectroscopy (XPS) were used for
chemical analysis of the cellulose materials, and crystallinity
changes were investigated with X-ray diffraction (XRD). To
demonstrate the unique properties of RCNPs, they were utilized
as nanosized fillers for poly(vinyl alcohol) (PVA) composite films
and their tensile properties were compared to those of pure PVA
films and commercial CNC containing PVA composite films.

Materials and methods
Materials

Cellulose dissolving pulp (softwood) was obtained as dry sheets,
whose properties are presented elsewhere.* Before the dissolution
experiment, the dry sheets were disintegrated in water followed by
filtration, washing with technical ethanol (VWR) for 30 min, and
filtration again before drying in an oven (60 °C). Microcrystalline
cellulose (Avicel), guanidine hydrochloride (NH,C(=NH)NH,-
HCI) and crystalline (anhydrous) phosphoric acid (H;PO,) (98%+,
Acros Organics) were obtained from Sigma Aldrich and WVR,
respectively. The commercial CNC suspensions (BGB ultra) were
purchased from Blue Goose Biorefineries Inc., Canada.

Cellulose dissolution and regeneration

At first, the DES was produced by mixing guanidine hydrochloride
and anhydrous phosphoric acid in a beaker in a molar ratio of
1 : 2. After mixing, the beaker was placed in an oven at 80 °C until
a clear, slightly viscous solution was obtained (the DES can be
formed even at room temperature; however, an oven was used to
limit the water content in the DES). The freshly prepared DES was
cooled to room temperature in a desiccator. Then, dry cellulose
was mixed with the DES at a mass ratio of 1:20 at room
temperature for 24 h in a closed vessel. Dissolution was verified
using an optical microscope. After the dissolution time, the
mixture was poured into a beaker that contained ethanol. The
regenerated cellulose was filtered and washed with ethanol and
then with water until the filtrate became neutral. The product was
stored at 4 °C in a non-dried state.

Disintegration of regenerated cellulose

The regenerated cellulose was diluted to a consistency of 1 wt%
in deionized water. An Ultra Turrax treatment (10 000 rpm) was

756 | J. Mater. Chem. A, 2019, 7, 755-763

View Article Online

Paper

then applied for 1 min. A microfluidizer (Microfluidics M-
110EH-30, USA) was used for mechanical disintegration. The
regenerated cellulose dispersion was passed twice through 400
and 200 pm chambers at a pressure of 1300 bar and four times
through 200 and 87 pm chambers at a pressure of 1500 bar.

Cellulose nanoparticle reinforced poly(vinyl alcohol)
composites

Prior to film fabrication, PVA was dissolved in deionized water at
90 °C to obtain 1% solution. After allowing the PVA solution to
cool to room temperature, the desired amount of RCNPs or CNCs
in water was added (1, 2.5, 5, and 10 wt% with respect to the mass
of PVA). The dispersion was mixed for 5 minutes and sonicated in
an ultrasound bath for 10 minutes to remove possible air bubbles
and then cast on a polypropylene Petri disk. After around 5 days,
the films were dry and they were peeled off from the Petri disk and
stored at 50% humidity at 23 °C.

Diffuse reflectance infrared Fourier transform spectroscopy

The chemical characterization of dissolving pulp and samples
obtained after various dissolution times was performed using
DRIFT. The spectra were collected with a Bruker Vertex 80v
spectrometer (USA) from freeze-dried samples. The spectra were
obtained in the 600-4000 cm ™" range, and 40 scans were taken
at a resolution of 2 cm™* from each sample.

Scanning electron microscopy

SEM (Zeiss Zigma HD VP, Germany) images were obtained from
the samples (freeze-dried via liquid nitrogen and vacuum
drying) filtered on a polycarbonate membrane with a pore size
of 0.2 pm. The accelerating voltage during imaging was 0.5 kV.

Transmission electron microscopy

The morphological features of the fabricated RCNPs were
analyzed with a JEOL JEM-2200FS transmission electron
microscope (Japan). Each sample was prepared by dilution with
ultrapure water. A carbon-coated copper grid was then prepared
by coating it with polylysine. A small droplet of a 0.1% solution
of polylysine was placed on top of the grid and allowed to stand
for 3 min. The excess polylysine was removed from the grid by
touching the droplet with one corner of a filter paper. A small
droplet of the diluted RCNPs sample was then placed on top of
the grid, and the excess sample was removed with the method
described above. The samples were negatively stained with 2%
uranyl acetate solution by placing a droplet on top of each
specimen. The excess uranyl acetate was removed as described
above. The grids were dried at room temperature and analyzed
at 200 kv under standard conditions. The dimensions of the
RCNPs individual nanoparticles were
measured using the Image] measuring program (1.50i).

from around 150

Optical transmittance

The transmittance of the 0.1% RCNP suspensions was
measured at wavelengths of 200-800 nm using a Shimadzu UV-
Vis spectrometer (Japan).

This journal is © The Royal Society of Chemistry 2019
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X-ray diffraction

The crystalline structures of the original pulps and the CNCs
were investigated using wide-angle X-ray diffraction. Measure-
ments were conducted on a Rigaku SmartLab 9 kW rotating
anode diffractometer (Japan) using Cu Ka radiation (40 kv, 135
mA; 1 = 1.79030 A). Samples were prepared by pressing tablets
of freeze-dried celluloses to a thickness of 1 mm. Scans were
taken over a 26 (Bragg angle) range from 5° to 50° at a scanning
speed of 10° s, using a 0.5° step.

X-ray photoelectron spectroscopy

XPS of the original cellulose and the regenerated cellulose were
obtained using a Thermo Fisher Scientific ESCALAB 250Xi (UK)
XPS equipped with a monochromatic Al Ka X-ray source and
operated at 300 W with a combination of electron flood gun and
ion bombarding for charge compensation. The take-off angle
was 45° in relation to the sample surface. Low-resolution survey
scans were taken with a 1 eV step and 150 eV analyzer pass
energy; high-resolution spectra were taken with a 0.1 eV step
and 20 eV analyzer pass energy. All measurements were per-
formed in an ultra-high vacuum chamber pressure (5 x 10°
mbar). Before the measurement, the dry sample was pressed on
the indium film.

Tensile properties of cellulose nanoparticle reinforced
poly(vinyl alcohol) composites

The tensile tests were performed with a universal material-
testing machine (Zwick D0724587, Switzerland) equipped with
a100 N load cell. The films were cut into strips 5 mm wide, and
their thicknesses were measured using a precision thickness
gauge (Hanatek FT3, UK). Three different locations within the
gauge length were measured to calculate the average thickness
of each film. The thickness of the films varied from 45 to 58 um
(Fig. S31) depending on the amount and type of added nano-
particles. For the tensile tests, a 40 mm gauge length was set
under a strain rate of 4 mm min ", and five strips in total were
measured for each sample. The tests were conducted in a rela-
tive humidity of 50% at a temperature of 23 °C using a prestrain
of ~0.1 N. Prior to testing, each specimen was conditioned for at
least two days in this environment.

Results and discussion

Dissolution of cellulose was accomplished using the DES
formed between crystalline (anhydrous) phosphoric acid and
guanidine hydrochloride. When the two components were
mixed together, a clear, slightly viscous liquid was formed after
heating at 80 °C for 30 min. The DES was formed even at room
temperature in a desiccator after several days without mixing.
Phosphoric acid is highly hygroscopic, resulting in wetting and
formation of a liquid if the chemical is left at room temperature
in an open vessel. Therefore, before the cellulose was dissolved,
the DES was dried at 80 °C for 30 min and stored in a desiccator.

Cellulose was dissolved in the DES after mixing for 24 h at
room temperature in a closed vessel to produce a clear viscous
solution. Regeneration of cellulose could be accomplished

This journal is © The Royal Society of Chemistry 2019
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using an anti-solvent, such as ethanol or water. The solution
becomes green/blue after 24 h of dissolution, indicating that
some chromophoric groups are formed, most likely from
cellulose degradation products (Fig. 1). For example, it has been
reported that coloration of the cellulose solution in N-methyl-
morpholine N-oxide (NMMO) is due to the formation of
condensation products of carbohydrates.>* After regeneration
and washing of cellulose, the final product appeared white,
indicating that chromophoric groups were removed by water
washing.

Cellulose could not be dissolved in an open vessel under
normal conditions or when 85% phosphoric acid in water is
used instead of crystalline phosphoric acid. The poor dissolu-
tion of cellulose in DES in presence of water is contrary to the
previous studies where 85% phosphoric acid in water has been
shown to be efficient solvent for cellulose.** Water is known to
act as the competing hydrogen bond forming agent during the
cellulose dissolution.*® For example, anhydrous NMMO and
hydrated NMMO are efficient solvents for cellulose whereas
when two or more water molecules are present, NMMO no
longer acts as a solvent for cellulose.?” In addition, it is well
known that the amount of water is a crucial parameter in the
dissolution of cellulose in ionic liquids. Some ionic liquids can
tolerate small quantities of water (a small amount of water can
even act as the co-solvent for cellulose®®), whereas anhydrous
conditions are required with other ionic liquids.** In DES
systems, it has been shown that a small amount of water can be
incorporated as part of the DES system, altering their hydrogen-
bonding pattern.** Therefore, it is likely that water in the
phosphoric acid-guanidine hydrochloride DES prevents effi-
cient interaction between cellulose and the DES, thus hindering
the dissolution of cellulose.

The maximum dissolution of both dissolving pulp and MCC
in the DES at room temperature was found to be 5%. At higher

Fig. 1 Dissolving pulp directly after addition in the DES (left) and after
24 hours at room temperature under mixing (right).
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concentrations, a clear solution was obtained with both cellu-
lose samples, however, a few small fiber fragments were
observed in the optical microscopy images. When high molec-
ular weight cellulose (bleached birch pulp*¥) was used, small
fiber fragments were present even at a cellulose concentration
of 5%. The 5% solution is not optimal for the production of
traditional regenerated cellulose materials, such as fibers and
films. However, 5% is similar to the cellulose fibers/liquid ratio
used during the production of CNCs by sulfuric acid
hydrolysis.**

High acid concentration in the DES can lead to the hydro-
lysis of cellulose even under mild conditions (room tempera-
ture). After regeneration, the yield of both samples was around
80%, indicating that some of the material dissolved during the
washing step. The DP of both the samples decreased to around
80, which is significantly lower compared to the original DP of
dissolving pulp (1800) and MCC (373). The similar DP of both
regenerated samples shows that the severity of the hydrolysis of
cellulose is independent of the DP of the starting material. The
independence of the DP of regenerated cellulose on the DP of
the starting material might indicate that during the dissolution,
cellulose reached the leveling-off DP. It has been previously
shown that the leveling-off DP depends on the properties of
cellulose, for example on the crystalline structure.*” In the mild
acid hydrolysis, the leveling-off DP of cellulose I is shown to be
170, whereas the leveling-off DP of cellulose II has been
observed to be less (50).** Therefore, it can be assumed that the
DP of regenerated cellulose from the DES is close the leveling-
off DP of cellulose II.

Although the DP of regenerated cellulose is most likely too
low for bulk cellulose applications, like films and yarns, it is in
line with the DP of some cellulosic nanomaterials reported in
the literature.**** It can be assumed that the dissolution of
cellulose is due to the degradation of cellulose. It is well known
that the DP of cellulose has a high impact on the dissolution of
cellulose, for example in aqueous NaOH/urea. High DP cellu-
lose is insoluble in aqueous NaOH/urea, whereas lowering the
DP results in efficient dissolution.*®

The possible chemical modification of cellulose during the
dissolution was investigated using XPS and DRIFT spectros-
copy. Based on XPS, the elemental constitution of both dis-
solving pulp and MCC was only carbon and oxygen, which is in
line with the chemical structure of cellulose. After dissolution
and regeneration, small amounts of nitrogen and phosphorus
were observed in both samples. Regenerated MCC and dis-
solving pulp contained 0.42 wt% and 0.82 wt% of nitrogen,
corresponding to 0.1 mmol g~ and 0.2 mmol g~ of guanidine
groups, respectively.

Based on the XPS analysis, the ratio between nitrogen and
phosphorus in both samples was around 3 : 1. In addition, no
chloride was observed. Therefore, it is possible that during the
formation of DES, a guanidine salt of phosphoric acid is
formed. Although phosphoric acid is a weaker acid than
hydrochloric acid, it is possible that equilibrium exists between
the formation of guanidine phosphonate and hydrochloride.
Hydrochloric acid is a volatile component and therefore if
a minor amount is formed during the DES preparation, it might
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be removed, especially at higher temperature, leading to the
formation of guanidine phosphate.

Due to the minor chemical modification of cellulose, the
dissolution of cellulose in the DES cannot be seen as a pure
physical phenomenon, but at least partly derivatization disso-
lution. Derivatizing dissolution is well known for example when
cellulose is dissolved in formic acid.”” In addition, it has been
reported that the dissolution of cellulose in alkylimidazolium
ionic liquids, like 1-ethyl-3-methylimidazolium acetate leads to
a minor chemical modification of cellulose as the imidazolium
group can be chemically attached to cellulose during the
dissolution.*®

Previously, the phosphorylation of cellulose has been sug-
gested to be one of the main factors for the dissolution of
cellulose in aqueous phosphoric acid.>® However, in the case of
aqueous phosphoric acid, the phosphate groups are readily
hydrolyzed back to phosphoric acid by addition of water as the
anti-solvent and non-phosphorylated regenerated cellulose is
obtained. The main difference between aqueous phosphoric
acid and the DES used here is the presence of water. In the DES,
the amount of water is limited (but not excluded due to the
hygroscopicity of the used chemicals), whereas in aqueous
phosphoric acid there is 15% of water in the solvent system.
Due to the presence of a significant amount of water, the degree
of esterification of cellulose in aqueous phosphoric acid is likely
lower compared to esterification in the DES. Therefore, a small
amount of phosphate ester groups remains after regeneration
of cellulose from the DES, despite the washing of the product
with an excess of water. Previously, highly phosphorylated
cellulose was obtained using phosphoric acid together with
ammonium polyphosphate*” and a small amount of phosphate
ester groups was attached to CNCs when aqueous phosphoric
acid was used as the hydrolytic medium.** Although both of the
reactions were done at elevated temperature, compared to room
temperature used in the current study, it can be assumed that
cellulose phosphate is formed during the cellulose dissolution
in the DES and a small amount of phosphate groups remains in
regenerated cellulose after washing with water.

The presence of the guanidine groups was observed in the
DRIFT spectra of the regenerated cellulose (Fig. 2). After
regeneration, a new peak appeared around 1660 cm ™ '. This
peak is superimposed on the water vibration band at 1640 cm ™*
(can be seen in the original dissolving pulp and MCC spectra)
and the NH, vibration of the guanidine group (at a wavenumber
of 1670 cm™).>* No direct observation of phosphate groups can
be seen in the spectra due to small amounts of phosphate
groups and the overlap with the original peak of the cellulose
related to C-O-C from the glucosidic units.>

The crystalline structure of cellulose was observed to change
from cellulose I to cellulose II during the dissolution in the DES
(Fig. 3). The XRD diffraction pattern of the original cellulose
exhibited the characteristic cellulose I main diffraction angles
around 22.5°, 15°, and 16.5° (appears as a broad signal centered
close to 15°) corresponding to the primary (200) lattice plane peak
and the overlapped (110) and (110) peaks, respectively.”* The
original CrI of both MCC and dissolving pulp was around 80%.
After the dissolution and regeneration, characteristic cellulose I

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 DRIFT spectra of the original cellulose and product obtained
after different dissolution times. NH, vibration of the guanidine group
is indicated by a dashed line.
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Fig. 3 XRD diffraction patterns of original and regenerated micro-
crystalline cellulose (MCC and RMCC) and dissolving pulp (DP and
RDP).

peaks disappeared and were replaced with the main peaks of
cellulose II ((020), (110), and (110)) with the diffraction angles close
to 22°, 20°, and 12°. These observations are in line with previous
studies in which cellulose was dissolved in ionic liquids.>*>*

RCNPs were produced from the regenerated cellulose using
mechanical disintegration with a microfluidizer. After a 1%
suspension of the regenerated cellulose was passed through the
chambers of the microfluidizer, a highly transparent solution
was obtained. At a wavelength of 600 nm, the transmittance of
0.1% MCC and dissolving pulp-based RCNP suspensions was
84% and 94%, respectively (Fig. 4c). The high transmittance of
the RCNP suspensions indicates that the size of the nano-
cellulose particles was uniformly distributed, and bigger parti-
cles and agglomerates were present only in minor amounts. In
addition, the RCNP dispersions remained stable at room
temperature at least for several months, demonstrating their
good colloidal stability.

In the TEM images, the RCNPs appeared as coarse, fibrous
nanoparticles and the diameters of MCC and dissolving pulp
RCNPs were 5.8 + 1.4 and 5.6 + 1.4 nm, respectively (Fig. 4a

This journal is © The Royal Society of Chemistry 2019
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Fig.4 TEM image of MCC (a) and dissolving pulp (b) RCNPs and (c) the
transmittance of 0.1% RCNP dispersions.

and b). The length of the individual fibers was in tens of nano-
meters. It was also observed that at higher concentrations the
particles formed a network-like structure, similar to the CNFs (see
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ESI} for more TEM images). Compared to the CNFs and CNCs, the
RCNPs appeared more flexible, as the typical long and strain
regions of the CNFs and CNCs could not be observed. This was
likely due to the different formation process and crystalline
structure of the RCNPs compared to those of the CNFs and CNCs.
CNFs and CNCs are produced from natural fibers, which are
formed during biosynthesis as rod-like regions already exist in the
natural fibers and are liberated during the production of CNFs
and CNCs. However, in the case of RCNPs, the fiber structure is
completely disintegrated after dissolution, and the cellulose
molecules are more freely oriented during regeneration.

The formation of fiber-like regenerated nanoparticles after
the disintegration of cellulose regenerated from the DES is in
contrast to a previous study where circular nanoparticles were
obtained after homogenization of sugarcane bagasse cellulose
regenerated from an ionic liquid.*” In addition, spherical
nanosized cellulose particles were previously produced after
cellulose regeneration from phosphoric acid® and thermally
induced gelation from an aqueous NaOH/thiourea solution.*®
Therefore, previous regenerated nanoparticles have a signifi-
cantly different morphology compared to the current study. As
stated before, the use of phosphoric acid-guanidine hydro-
chloride DES results in a severe decrease in the DP of cellulose.
Therefore, it can be assumed that the formation of thin, fiber-
like regenerated cellulose nanoparticles is due to the hydro-
lysis of cellulose during the dissolution. It is possible that
shorter cellulose polymer chains are easier to disintegrate into
small nanoparticles using mechanical treatment.

The RCNPs were investigated as a nanosized additive for PVA.
Different cellulose nanoparticles are known to improve the tensile
strength and modulus of many polymers, like PVA.* The use of
CNCs or CNFs generally leads to a stiffer material, resulting in
a decrease in the elongation. It can be seen from Fig. 5a that
addition of commercial CNCs to PVA resulted in a composite with
slightly lower elongation compared to pristine PVA. On the other
hand, when RCNPs were used at low concentrations (1-5 wt%),
the ductility of the composites was significantly improved
compared to that of pristine PVA and CNC reinforced composites.
The highest elongation at break, 104%, was found for the
composite containing 2.5 wt% of MCC-based RCNPs, being
around 2.8 times higher compared to that of the pure PVA film.
The elongation of composites containing dissolving pulp-based
RCNPs was slightly lower compared to that of MCC-based
RCNPs, but still over two times higher compared to that of PVA
and CNC reinforced PVA films. At a high concentration (10 wt%),
the elongation of RCNP composites was similar or even slightly
lower compared to that of PVA.

It appears that at low concentrations, RCNPs have
plasticizer-like behavior. In contrast to the small molecular
plasticizer, which typically increases the elongation of poly-
mers, but decreases the modulus and strength,**> the use of
RCNPs does not decrease the strength of the PVA (Fig. 5¢). The
ultimate tensile strength of PVA composites containing 1-5 wt%
of RCNPs was in line with that of pure PVA. It should be also
noted that the ultimate tensile strength of PVA films reinforced
with 1-5 wt% CNCs did not significantly differ from that of pure
PVA. At low RCNP content, the modulus decreased slightly
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Fig. 5 (a) Elongation at break, (b) modulus, and (c) tensile strength of
pristine PVA films and composites with various amounts of different
nanoparticles (MCC = MCC based regenerated cellulose nano-
particles; DP = dissolving pulp based regenerated cellulose nano-
particles; CNC = commercial cellulose nanocrystals).

compared to that of pure PVA and CNC reinforced films.
Especially at 2.5 wt%, the modulus of PVA containing both MCC
and dissolving pulp based RCNPs decreased around 30%.

This journal is © The Royal Society of Chemistry 2019
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At the filler content of 10 wt%, RCNPs had a similar rein-
forcement effect to CNCs, i.e. the elongation of PVA decreased
along with improvement in strength properties. Especially,
dissolving pulp-based RCNPs exhibited the potential ability to
reinforce the PVA film. The modulus and ultimate tensile
strength of the PVA film containing 10 wt% of dissolving pulp-
based RCNPs significantly improved compared to those of pure
PVA and the values were in line with those of the film containing
10 wt% of CNCs.

A possible explanation for the different behavior of RCNPs
compared to the CNCs might be in their morphology. CNCs
are stiff, rod-like materials, which provide reinforcement to
the polymer matrix, but do not allow polymer chains to slide
when the tension is increased. On the other hand, from the
TEM images it is apparent that RCNPs could be randomly
oriented from kinks. In addition, their diameters were in tens
of nanometers, so they might work similarly to bearing balls,
i.e. their small size allows them to rotate along with sliding
PVA chains, while constantly breaking and newly forming
hydrogen bonds provide strength to the composite structure.
Due to their nanometric size (i.e. large surface area) and
similar chemical nature (i.e. the presence of a high amount of
hydroxyl groups), RCNPs have good interaction between PVA
molecules, and their flexibility allows polymer chains to move
more freely during the tension at lower nanoparticle loading.
Unlike the molecular plasticizers, which interfere with
internal bonding of the polymer matrix, RCNPs also provide
reinforcement as they also contain some stiffer, crystalline
regions (Fig. 3).

On the other hand, at higher nanoparticle loading, RCNPs
could form a more network-like structure similar to CNFs (see
TEM images in the ESIt). The formed network then provides
a structure that is more rigid and the sliding of PVA chains is
limited. This can be seen as the improved tensile strength and
modulus, but also in the decrease of elongation-at-break.

In the literature, several different cellulose-based nano-
materials have been used as reinforcement agents for PVA and
other polymers. For example, CNFs and bacterial cellulose were
used to increase the modulus of PVA gradually from 126 MPa to
200 MPa and 260 MPa, respectively. However, a gradual
decrease in the elongation was observed when the amount of
CNF and BC was increased from 0 to 10%. Decrease in the
elongation was especially prominent in the case of CNFs.®
Strong PVA nanocomposites have been obtained using cross-
linking CNC™* and sodium tetraborate decahydrate cross-
linking PVA with CNCs.* However, decrease in the elongation
is severe when nanoparticles are cross-linked with PVA. Spher-
ical nanocellulose from linen has been shown to increase the
tensile strength of PVA at a concentration of 20%.° When the
amount of nanoparticles was increased, the elongation was
observed to increase from 26.8 to 108.5%, which is similar to
the results obtained with RCNPs. However, as high as 60%
nanoparticle loading was required to increase the elongation at
break of the PVA.

Recently, chemically modified UV-blocking CNFs have been
produced, and were used to significantly increase the properties
of PVA. At a CNF content of 5%, the tensile strength of PVA was

This journal is © The Royal Society of Chemistry 2019
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increased from around 30 MPa to over 90 MPa.*”” A similar
increase in the modulus was also observed. Interestingly, when
the amount of CNFs was increased from 0 to 10%, elongation at
break gradually increased from around 150% to over 300%. This
2.3 times increase in elongation was slightly lower than what
was obtained with 2.5% of MCC-based RCNPs (2.8 times
increase). However, it should be noted that the use of UV-
blocking CNFs showed a simultaneous increase in the tensile
strength and modulus along with improved elongation. The
increase in the elongation of PVA with UV-blocking CNFs was
supposed to be due to the presence of the lubricating epoxi-
dized soybean oil moiety in the modified CNFs structure,
whereas in the case of RCNPs, the increase in elongation is
likely due to the morphology of nanoparticles. It should
be noted that although UV-blocking CNFs were readily
produced from well-known (2,2,6,6-tetramethylpiperidin-1-yl)
oxyl (TEMPO) oxidized CNFs, the production requires several
solvent exchange steps, use of organic solvents and protection
gas, and high temperature.

Conclusions

A new type of fibrous cellulose nanomaterial was produced
using mechanical disintegration of dissolved and regenerated
wood cellulose. Cellulose was dissolved in a DES based on
guanidine hydrochloride and anhydrous phosphoric acid at
room temperature. The driving force toward the dissolution was
attributed to the decrease in the DP of cellulose due to the
highly acidic medium. Uniformly sized, fibrous RCNPs with
a diameter around 6 nm were produced from regenerated
cellulose with mechanical disintegration. Due to the flexible
nature and short diameters of RCNPs, at lower concentrations
they could be used to significantly improve the ductility of PVA,
with minimal decrease in the strength and modulus. At higher
concentrations, the elongation of PVA films decreased while the
tensile strength and modulus increased in a similar manner to
those of commercial CNCs. Due to the use of easily available
chemicals at room temperature, the method introduced here
could open a sustainable way to produce cellulosic nano-
materials with interesting morphologies and properties for
composite applications.
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