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Abstract This paper evaluates the potential of using
2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)-oxi-
dized cellulose nanoparticles (T-CNPs) as additives to
tune the rheology of water-based acrylic resin (AR)
coatings for flexible packaging applications. Three
T-CNPs of T-CNF, T-MCC, and T-CNC were
prepared from three starting cellulosic materials:
cellulose nanofibers (CNF), microcrystalline cellulose
(MCC), and cellulose nanocrystals (CNC), respec-
tively. Their sizes ranged from 20 nm to 20 pum in
diameter, and 234 nm to over 500 nm in length. The
oxidation imparted carboxyl groups on the surfaces of
nanoparticles ranging from 1.99 to 2.79 mmol/g and
increased the zeta-potentials of the nanoparticles,
clearly improving the dispersibility and stability of the
CNPs in AR. The AR/T-CNP dispersion showed
unreduced transparency. The morphologies of the
T-CNPs affected the rheological properties of the AR/
T-CNP dispersions. The larger aspect ratio of T-CNF
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and T-MCC resulted in the high viscosity and solid-
like viscoelastic behavior of the AR/nanoparticle
dispersions at a concentration of 0.78 wt%. The
CNC and T-CNC with a smaller particle size and
aspect ratio had less effect on the viscosity and
rheological behavior of the resulting dispersions
compared with the others—even at a high content of
1.30 wt%. Due to a lower aspect ratio but a relatively
large particle size, the AR/T-MCC dispersions exhib-
ited elastic gel-like rheological properties at a low
content.

Keywords Cellulose nanoparticles - TEMPO-
oxidation - Acrylic resin - Aspect ratio - Transparency -
Rheological property

Introduction

Owing to low emission of volatile organic chemicals,
water-based acrylic resins are gradually replacing
solvent-based resins (Elrebii et al. 2014; Duan et al.
2017). They can be applied in food packaging. Films
coated by this acrylic resin are utilized for direct
product overwrap or carton overwrap applied in the
bakery, biscuit, and confectionery industries, where
gas barrier and optimum product presentation is
required. However, water-based acrylic resins are
not satisfied in a gas barrier. Sanchez-Garcia and
Lagaron (2010) prepared a cellulose/PLA film and
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indicated that cellulose or their derivatives can serve
as additives in coatings to improve the oxygen barrier
properties and the mechanical properties of packaging
films. Therefore, depending on the barrier theory,
water-based acrylic resin/cellulose nanoparticles
(CNPs) was developed.

A significant amount of work has been done to
physically add cellulose nanoparticles (CNPs) in the
water-based acrylic resin system. The resultant coat-
ings present improved hardness, Young’s modulus,
tensile strength, scratch resistance, as well as a lower
gloss (Veigel et al. 2014). This was attributable to the
inhomogeneous dispersion and instability of cellulose
nanofibers (CNFs) in acrylic resins. To improve the
light property and dispersion, Y-aminopropyltri-
ethoxysilane was employed (Tan et al. 2016). Ester
bonds formation regenerates the chemical cross-link-
ing and steric hindrance influence, helping stabilize
the CNFs in acrylic resin. However, it requires high
energy consumption in the physical preparation of
CNPs, and extra process and chemical agent in
preparation of CNP/acrylic resin. A facile and effec-
tive way to enhance the dispersion of CNPs in water-
based acrylic resin is essential. 2,2,6,6-Tetram-
ethylpiperidin-1-yl)oxyl (TEMPO)-mediated oxida-
tion is a promising approach. This oxidation not only
reduces the particle size of CNPs and improves the
transparency of CNP dispersions, but also imparts
sufficient negative charges on CNPs, resulting in the
CNPs almost completely dispersing individually in
aqueous media, even the acrylic resin (Okita et al.
2010; Shinoda et al. 2012; Baldacchini et al. 2004).
This is because acrylic resin commonly used for
commercial purposes are negatively charged. It is
theoretically assumed that the oxidized CNP and
acrylic resin mutually repulse, leading to the mainte-
nance of good stability and dispersion. The design for
oxidized cellulose/acrylic resin is both reasonable and
feasible.

In the cellulose/acrylate system, rheological prop-
erty is a key factor influencing the subsequent coating.
It has been proven that nanofibrillated cellulose
obtained by physical treatment is able to change the
rheological properties of pure acrylate polymer
(Griineberger et al. 2014). Similar behavior appeared
in cellulose nanocrystal/epoxy polymer emulsion, and
nanofibrillated cellulose/kaolin  clay/carboxylated
styrene-butadiene latex (Ruiz et al. 2001; Bousfield
et al. 2013). Researchers consider this characteristic
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behavior resulting from the features of cellulose
suspension, intrinsically the features of the CNPs—
particle size, aspect ratio (length to diameter, L/d),
surface functional groups, and concentrations (Grii-
neberger et al. 2014; Li et al. 2015). Concentrated
cellulose suspension significantly exhibits pseudo-
plastic fluid properties (Boluk et al. 2012). An
enlargement in length and L/d of cellulose nanofibrils
(CNFs) lead to cellulose dispersions showing a high
viscosity (Benhamou et al. 2014). The suspension of
cellulose derivatives also presents different viscosity
and rheological behavior (Moberg et al. 2017).
However, no available study concretely evaluates the
physical structural features on influencing the rheo-
logical behaviors of the cellulose/polymer system,
which affects the flowability in future coating and
properties of the resulting film.

Therefore, the objective of this study is to use a
TEMPO-mediated oxidation system to decorate neg-
atively charged carboxyl group on cellulose, providing
repulsive forces among acrylic macromolecues and
cellulose nanoparticles, leading to improvements in
the dispersity and stability of cellulose nanoparticles
in acrylic solution. Furthermore, the study also
investigated the physical structural features of cellu-
lose nanoparticles and the content in dispersions
affecting the rheological properties of the resultant
cellulose/acrylic dispersions. It is expected that this
knowledge will help design their applications in
coatings and films.

Materials and methods
Raw materials

Cellulose nanocrystals (CNCs, slurry, ~ 11.8%
solids) were made by the U.S. Forest Service Forest
Products Laboratory and cellulose nanofibrils (CNFs,
slurry, 2.8% solids) were made by the University of
Maine, ME, USA. Acrylic resin (AR, Joncryl 678) was
provided by BASF Co. Joncryl 678 is a styrene-acrylic
acid copolymer with a molecular weight of 8600 and
an acid number of 215. Microcrystalline cellulose
(MCC), TEMPO, sodium bromide (NaBr), sodium
hypochlorite (NaClO) in solution (10-15%), ammonia
hydroxide (28%), and other chemicals were purchased
from Sigma-Aldrich Inc., USA.



Cellulose

Preparation of T-CNPs

Each type of cellulose (1 g, solid) was suspended in
deionized water (50-100 mL) with a mixture of
TEMPO (0.016 g) and NaBr (0.1 g). The TEMPO
oxidation began by slowly adding NaClO (10 mmol/g
cellulose). This mixed suspension was continuously
stirred at room temperature and kept in an alkaline
environment (pH = 10.5 £ 0.2) by the addition of
0.5 M NaOH. Since CNF, MCC, and CNC had
different processing histories, it took 7, 9, and 21 h,
respectively, for sufficient oxidation to occur until the
consumption of NaOH had ceased—as indicated by
the disappearance of the yellow color, which was a
result of the generation of free chlorine during the
oxidation process. The CNC were prepared by the
concentrated sulfuric acid, resulting in sulfate ester
groups on the surface of cellulose nanoparticles, which
might hinder the TEMPO oxidation. On the contrary,
the CNF were prepared by mechanical defibrillation
with more hydroxyl groups, which might be easier to
be oxidized. The MCC had been subject to more
chemical treatments than the CNF, and hence it took
more time. Ethanol (2-5 mL/g cellulose) was then
added to terminate the reaction. The resulting suspen-
sion was adjusted to pH = 7 by adding 0.5 M HCI,
dialyzed, and centrifuged at 15,000 rpm. The neutral
oxidized CNP slurries were collected and labeled as
T-CNFs, T-MCC, and T-CNCs (collectively,
TEMPO-oxidized cellulose nanoparticles, T-CNPs)
prepared from the starting cellulose of CNFs, MCC,
and CNCs, respectively.

Preparation of AR/T-CNP dispersions

The AR/T-CNP dispersions comprised of 26 wt% of
solid acrylic powder, 6.3 wt% of NH3-H,O (28 wt%),
and 67.7 wt% of various concentrated CNP disper-
sions. The CNC or T-CNP dispersions with various
concentrations were prepared by adding deionized
water; following these dispersions, they were then
sonicated (amplitude 15%, Branson 5510, USA) until
the cellulose uniformly dispersed (Table 1). These
mixtures were stirred at room temperature until the
AR/T-CNP or AR/CNC dispersions became com-
pletely transparent.

FTIR

Fourier transform infrared spectroscopy (Nicolet iS50
FT-IR, Thermo Nicolet, USA) was used to determine
the functional groups in the CNPs and the T-CNPs. All
suspensions (including CNF, CNC, T-CNF, T-MCC,
and T-CNC) except MCC were diluted to 0.1% (w/v)
using deionized water. KBr (200 mg) was dissolved in
these diluted suspensions (2 mL) by adding 0.5 M
HCI solution until the pH = 2-3. The mixture was
sonicated for 1 min to complete the dilution. MCC
was mixed with KBr at a ratio of 1:100. The mixed
suspensions and the powder were completely oven-
dried at 40 °C. The dried samples were ground and
pressed into transparent pellets, and were analyzed in
transmittance mode within a range of 500-3700 cm ™"

Titration

An electric conductivity titration method was used to
perform the determination of the carboxylate group
content of the T-CNPs (Saito and Isogai, 2004).
Briefly, the freeze-dried samples (0.3 g) were dis-
persed in deionized water (55 mL), followed by the
addition of 0.01 M HCI (5 mL). The mixture under-
went sonication for 2 min and the pH value was
adjusted to 2-3 by adding 0.1 M HCI. Subsequently,
the pH value was adjusted to 11 by adding 0.04 M
NaOH at a rate of 0.1 mL/min. The relationship of
conductivity and pH was recorded and used to
calculate the carboxylate content of the samples. The
carboxyl group was calculated as the following
equation:
cX MwxV
Mw x m (1)
where c is the molality of NaOH, 0.04 M, mol/L; Mw
is the molar weight of NaOH; V is the titration volume

of 0.04 M NaOH solution, mL; and m is the weight of
cellulose, g.

Carboxyl group content =

TEM and SEM

The CNC, CNF, T-CNF, T-MCC, and T-CNC disper-
sions were adjusted to 0.01% (w/v) and followed by
sonication for 10 min. A 5-pL droplet of the disper-
sions was deposited on a formvar- and carbon-coated
copper grid and was stained with 1 wt% uranyl acetate
for 30 min before it was completely dried. The dried
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Table 1 The formula of AR/T-CNP dispersions

Dispersions

Effective components (total 100 g)

Cellulose concentration

AR(solid) (g)

NH3-H,0 (28%) (g)

- based on AR (wt%)
Cellulose (solid) (g)

AR/T-CNF, AR/T-MCC 26 6.3
AR/T-CNC, AR/CNC 26 6.3

sample grid was evaluated using a transmission
electron microscope (TEM) (JEOL 1200 EX, TEOL,
Tokyo, Japan) with an accelerating voltage of 5 kV.
The oven-dried MCC were fixed on carbon adhesive
disks and sputter-coated with platinum with a thick-
ness of 2.8 nm. The MCC was observed with a
scanning electron microscope (SEM) (FEI SEM
Quanta 200F, FEI Company, OR, USA) with an
accelerating voltage of 5 kV. The particle size and
L/d measurements of the samples were based on 100
individual particles selected from the TEM and SEM
images and analyzed by using Image] software (Du
et al. 2017).

XRD

The X-ray diffraction (XRD) patterns of 6 samples
were measured by using a Rigaku Miniflex 600 X-ray
diffractometer (Rigaku Corporation, Tokyo, Japan)
operated at a Ni-filtered Cu Ko radiation
(A =0.15418 A) with 45 kV and 40 mA in a 20 range
of 10° to 40° at a step size of 0.02. The crystalline
index (Crl) for the samples was calculated with the
following equation (Kargarzadeh et al. 2012):

CV (%) = (IMax - IAm)/IMax X 100 (2)

where Iy« is the maximum intensity of the principal
peak and I, is the intensity of the diffraction
attributed to the amorphous cellulose.

Zeta potential

A Malvern 3000 Zetasizer Nano ZS (Malvern Instru-
ments Ltd., Worcestershire, UK) was used to deter-
mine the electrophoretic mobility of the starting
materials and the T-CNP dispersions at a concentra-
tion of 0.005 wt%. The detecting angle was 173° and
the wavelength was 633 nm. The zeta potential is
calculated as follows:
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0.26, 0.52, 0.78 1,2,3
0.26, 0.52, 0.78, 1.04, 1.30 1,2,3,4,5
2ezf (ka)
Up =27 3
o= 2L 3

where Ug is the electrophoretic mobility, ¢ is the
dielectric constant, z is the zeta potential, f(ka) is
Henry’s function, and n is the viscosity (Hunter 1981).

Visual inspection of stability and UV/VIS
spectrometer

Ten grams of the T-CNP dispersions, prepared AR/T-
CNPs, or starting materials with AR dispersions were
added into 20-mL vials. The stability was visually
checked after storage at 0, 1, and 30 days at room
temperature. To obtain light transmittance, the sam-
ples were scanned from 400 to 800 nm at a 1-nm step
using a Lambda 25 UV/VIS spectrometer (Perk-
inElmer, USA). The spectrum of a cuvette filled with
deionized water was used as a reference to correct the
transmittance of the dispersions. The absorption of the
dispersions was obtained at 600 nm wavelengths for
comparison.

Rheological measurements

The rheological properties of the freshly-prepared
T-CNPs and the resulting dispersions stored for 1 day
were analyzed using an MCR 302 rheometer (Anton
Paar GmbH, Graz, Austria) equipped with a cone-and-
plate geometry (50 mm diameter parallel plate, PC50-
1, with a gap fixed at 0.01 mm and a cone angle of 1°).
The rheological measurements were conducted at
25 °C. The steady-shear viscosity was tested with a
shear rate ranging from 0.1 to 1000 s~'. Frequency
sweep tests ranging from 1 to 100 s~ " were conducted
with a strain of 0.1%.
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Results and discussion
Chemical characterization

The TEMPO-mediated oxidation converted some
hydroxyl groups on the surface of the CNPs into the
carboxyl groups, exhibiting two narrow and weak
absorption peaks and an increase in the absorption
feature (Fig. 1). The sharp and weak absorption bands
at 3420 and 2910 cm™' were attributed to O-H
stretching and asymmetric C—H stretching, indicating
that the TEMPO-mediated oxidation caused the reduc-
tion of the hydroxyl groups and the breakage of the
cellulose chains (Shibata and Isogai 2003). Since the
samples were prepared at pH = 2~ 3, the protonated
carboxylic acid yield absorption bands on cellulose
were exhibited. The carbonyl stretch (C=0) appeared
between 1738 and 1748 cm_l, and C—O-H vibrations
were observed between 1200 and 1300 cm™' (Hay
and Myneni 2007).

Figure 2 shows that the carboxylate content of the
T-CNPs differed owing to the different conditions of
the cellulose surface. The T-CNCs only contained
1.99 mmol/g carboxylate groups, resulting from the
esterification between cellulose and sulfate groups that
occurred during the preparation of the CNCs. The ester
groups had been introduced on the partial of C2, C3,
and C6 sites of the CNCs during their preparation;
some of these sulfate groups might be removed and

1738~1748

/n

2910

——1.CNF  ——4T-CNF
3426 2MCC  ——s5.T-MCC
3CNC  ——6.T-CNC

T T T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

Fig. 1 FTIR spectrum of the CNPs and the resulting T-CNPs
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Fig. 2 The carboxyl group contents of the T-CNPs

substituted by carboxyl groups during the TEMPO-
mediated oxidation. CNF had more exposed surface
per gram to the oxidation than MCC, it was assumed
that CNF had high carboxylate content, while the
T-CNFs and T-MCC had similar carboxylate contents,
2.78 and 2.79 mmol/g cellulose, respectively—even
the T-MCC had a slightly higher carboxylate content.
This might be attributed to the very large L/d of the
CNFs causing the aggregation by the strong hydrogen
bond and hindering the TEMPO oxidation. However,
the NaCIO was consumed due to the increase in
oxidizing time and the dispersion of the CNF. MCC
exposed more area with the reduction of particle size
caused by the increasing oxidation time. These
resulted in an equal amount of carboxylate for
T-CNF and T-MCC.

Crystallinity and structure

Figure 3 shows the XRD patterns and crystallinity
indices of the starting cellulose samples and the
T-CNPs. The diffraction peaks at around 15.6°, 17°,
and 22.7° correspond to the cellulose I crystal form
(French 2014). The patterns of the resulting CNPs
were unchanged, implying that the TEMPO oxidation
did not alter the crystalline structure I of the starting
samples (Lin et al. 2013). However, a decrease was
observed in the diffraction intensity of the feature
peaks diffracted by the oxidized CNPs (T-CNF,
T-MCC, and T-CNC, respectively), which was con-
sistent with the decrease in the crystallinity indices
from 64.5, 81, and 84.3% to 62.5, 77.4, and 79.4%,
respectively. The reduction suggested that the

@ Springer



Cellulose

MCC

Intensity

T-CNC

25 30 35

20/°

10 15 20 40

Crystallinity / %

100
| I starting cellulose
. T-CNPs
80
60
404
20
0

CNF McC CNC

Fig. 3 The diffraction patterns and crystallinity of the CNPs and the T-CNPs

oxidizing reagents were able to penetrate the crystals
and partially destroy the crystalline structure (Feng
and Hsieh 2013). Therefore, the MCC—and even the
CNCs with high crystallinity—exhibits a clear
decrease in the crystallinity. The remaining lignin
and hemicellulose covered the surfaces of the CNFs
(Li et al. 2015), potentially hindering oxidation and
resulting in a smaller reduction compared to the other
oxidized CNPs.

The morphology, particle size, and L/d of the CNF,
MCC, CNC and T-CNPs are shown in Figs. 4, 5 and
Table 2. A different size reduction in the longitudinal
direction and the cross section was observed between
the starting cellulose samples and the T-CNPs.
Individual nanofibers with lengths greater than

Fig. 4 Morphology of
CNF, MCC, CNC and their
T-CNPs (a CNF; b MCC;

¢ CNC; d T-CNF; e T-MCC;
f T-CNC)

d T-CNE-TEM
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500 nm were observed (Fig. 4a). Owing to the con-
siderable agglomeration of the nanofibers with few
straight fibers, it was very difficult to calculate the
lengths and the L/d of the original CNFs. The T-CNFs
had a very long, needle-like shape. Their length and
L/d values covered a large range that was greater than
the range for the T-MCCs and T-CNCs. The CNCs
appeared to be bundle-like in shape consisting of
multiple parallel nanocrystalline fibrils (Fig. 4c).
Their sizes were already in nano-scale dimensions
and the distribution of L/d is left-skewed in the range
of 1-37 (Fig. 5 CNC). The TEMPO oxidation changed
the surface functionality of the CNCs and reduced the
bundled fibrils of the CNCs into individual fibrils of
the resulting T-CNCs whose L/d was nearly twice as

€ T-MCC-TEM
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Fig. 5 The E/ d distributions of the CNF, MCC, CNC, and T-CNPs
Table 2 Particle sizes of CNPs and T-CNPs
Samples Length Diameter Samples Length (nm) Diameter (nm)
CNF > 500 nm 26 (19) nm T-CNF 174 (88) 3.6 (1.3)
MCC 74 (42) pm 20 (10) pm T-MCC 149 (83) 6.5 (5.4)
CNC 234 (119) nm 20 (9) nm T-CNC 108 (60) 5.9 (3.0)

The values in brackets are standard deviations

large as that of the starting CNCs (Fig. 4f, Table 2).
As a result, the T-CNCs were better dispersed and
more stable in aqueous media than the CNCs.
Different from the original CNFs and CNCs, the
MCCs had micro-scale dimensions, which is mostly
elliptic in shape with a narrow distributed L/d ranging
from 1 to 9.6. The resulting T-MCCs were reduced to
nanocrystals after the oxidation, having a length being
hundreds of times smaller, having a higher L/d aspect
ratio, and exhibiting a wider distribution than the
MCC. This reveals that the TEMPO oxidation

effectively reduced the length more than the lateral
dimension. These results show no matter what the
starting particle size is, the TEMPO oxidation can
reduce the particles to nanoscale.

The visual stability and transparency of the CNP
dispersions and the AR/T-CNPs dispersions

Figure 6a shows the light transmittance of the T-CNP

dispersions and the same samples that were ultrason-
ically treated in the visible wavelength range of

@ Springer



Cellulose

8

100 100
95 |
o OOoOOOOOO
E 90 OO § 90 5 Oooooooooooooo 1\c 95
8 o EDDEEDUIDIU 8 OOOOO P
c 851y g 1o 2 90-
£ £ 80 s
= —g = e
£ e o0t 'E
220 .-l"l'-. E ..0.000"'““. g 851,
Ig .--'-’. S 2 .0000"..... g I ><>< X CNe
10 junem B TCNF | oo ® Tmcc | F 80 A TCNC
0 T-CNF-s O TMCC-s /\ T-CNC-s
0 . T : 0 ; . . 75 . : T
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800
Wavelength / nm Wavelength / nm Wavelength / nm
CNF

i

Fig. 6 Transparency of the T-CNPs and the resulting ultrason-
ically treated CNP dispersions with a concentration of 0.5 wt%
(a); visual observations (b). s refers to ultrasonic treatment; the

400-800 nm. It was expected that the aggregation of
CNFs led to light being hindered by CNF, and heavy
weight of MCC with low L/d resulted in MCC be
deposited at the bottom of the media (Fig. 6b),
respectively. The CNC dispersion had a good trans-
mittance due to excellent dispersibility and small
particle size; a transmittance of 95% at 600 nm
wavelength was observed. As the resulting T-CNPs
had diameters smaller than the wavelength of visible
light (Jin et al. 2014), light was able to bypass T-CNPs,
and the suspensions of T-CNF, MCC, and CNC
dispersions, exhibited high transmittance values of 90,
93, and 97% at 600 nm wavelength, respectively.
Moreover, the addition of T-CNP in acrylic resin
hardly affected the transparency of the original acrylic
resin; the transmittance of AR/T-CNP dispersions was
all in a range of 88-90% at wavelength range from 400
to 800 nm (Fig. 7). It resulted from the limitation of
T-CNP concentration and the nano-scale dimension
(Tan et al. 2016).

Three transparent or translucent gel-like disper-
sions with different T-CNPs are shown in Fig. 8. The
dispersions were well dispersed and stabilized suitably
in the acrylic resin even after 30 days, promising their
storage ability and implying that the CNPs and the
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starting cellulose (i); T-CNP suspensions without sonication (ii);
T-CNP suspensions with sonication (iii)
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Fig. 7 Transparency of the AR/T-CNP dispersions with a
T-CNP concentration of 0.78 wt%

acrylic resin exhibited good compatibility. Both
acrylic resin and oxidized cellulose contained car-
boxylic acid groups on the surface of the molecular
chain. This not only facilitated the compatibility of the
biphasic dispersions but also provided the repulsive
force for forming the homogeneous dispersions
(Fig. 8a). The CNF dispersions were ultrasonically
treated to achieve homogeneity with the acrylic resin
but the fibers were tangled and twisted. The hydrogen
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Fig. 8 Stabilizing and dispersing mechanism of original
products and oxidized cellulose/acrylic resin dispersions.
a CNF (0.13 wt%), visual stability of acrylic resin with
T-CNF  (0.13 wt%), CNC (0.78 wt%), and T-CNC

bonds between the individual CNF also played a role
in the aggregation (Fig. 7b). The AR/MCC disper-
sions maintained a high relative viscosity of the acrylic
resin when not stirred for a short time. It progressively
deposited with an increase of standing time. Two
significant layers of acrylic resin and MCC were
observed after 30 days. This might result from the
combined effects of the large particle sizes of relative
heavy weight, the insufficient surface charge, and the
insufficient L/d.

Zeta potentials

As shown in Fig. 9, all three starting cellulose samples
bore the negative charges, but the CNC dispersion has
the highest negative value of — 67.73 mV and these
differences might result from the various complex
procedures involved in their productions. The USDA
Forest Products Laboratory made the CNCs used in
this study from strip-cut prehydrolysis softwood Kraft
dissolving pulp via sulfuric acid hydrolysis, which had
imparted sulfate anions on the surface of nanocrystals
(Reid et al. 2017). The MCC was typically prepared by
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(0.78 wt%), T-MCC (0.78 wt%)  dispersions. MCC
(0.78 wt%) dispersions were gradually laminated with
increased time. b The dispersion mechanism of the T-CNPs
and acrylic resin dispersions

-100
XY raw cellulose
T-CNPs
-804
T
z DS S
= 604 J\ N
8
8 A
8— -40
N
204
0

CNF MccC CNC

Fig. 9 Various raw cellulose types and the T-CNPs

concentrated acid hydrolysis but not as severe as that
used for the preparation of CNCs (Abitbol et al. 2013;
Yu et al. 2013), thus having a lower charge than the
CNCs. The starting CNFs were made by the Univer-
sity of Maine’s Process Development Center with a
pilot refining line mechanically disintegrating
bleached softwood Kraft pulps. Their negative charges
might predominantly be inherited from the Kraft
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pulping and bleaching processes (Osterberg et al.
2013). After oxidation, the charges of the resulting
T-CNPs increased. The CNFs with a very large L/d
exposing more untreated hydroxyl groups readily
reacted to produce more carboxyl groups, and thus had
slightly higher charges (Sadeghifar et al. 2011; Cho
2010). The observation that the T-CNCs had the
lowest carboxyl content (Fig. 2)—but similar charges
(Fig. 8)—might indicate that some charges originated
from the residual sulfate anions, which were not fully
removed during the TEMPO-mediated oxidation.

Steady-flow rheological behaviors
CNP dispersions

The steady-state viscosities of the T-CNP dispersions
with concentrations of 0.26, 0.52, 0.78, 1.04, and
1.30 wt% are shown in Fig. 10. The viscosity grad-
ually increased with an increase of the CNP concen-
tration over the entire range of the investigated shear
rate and the viscosity generally declined with an
increase of the shear rate, demonstrating the shear-
thinning behavior of the T-CNP dispersions (Charani
et al. 2013).

As shown in Fig. 10a, an increase in the viscosity
was observed at a low shear rate and a significant
observation was obtained at a high T-CNF concentra-
tion, signifying the existence of a network in the
uniform T-CNF dispersion that prohibits the shearing
at a low shear rate (Chen et al. 2013). A steady
decrease in the viscosity was maintained after the
shear rate increased to 10° s~'. This shear-thinning
behavior differed from the four-region shear-thinning
behavior of the CNF dispersions that has been reported
by Li et al. (2015). The shear-thinning curves are
divided into four characteristic regions from 10~" to
10 s7', including a gradual decrease in the viscosity
caused by a slow orientation of the CNFs, a plateau
resulting from the entangled network, a sharp drop in
the viscosity contributed by the breakdown of the
entangled network under increased shear force, and a
plateau appearing to be the result of the disruption and
orientation of most of the entangled network. The
TEMPO oxidation resulted in a steady decline in the
viscosity owing to the decreased T-CNF L/d with a
very small diameter and the well-dispersed T-CNF
individuals. This implies that the increased shear force
continuously and gradually organized the CNF indi-
viduals into a well-oriented structure.
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The T-MCC suspension exhibited a four-region
shear-thinning behavior with the different concentra-
tions except for the suspension with the 1.30 wt%, as
shown in Fig. 10b. The T-MCC suspension with
1.30 wt% concentration exhibited a three-region
shear-thinning plot, which, in fact, occurred for a
similar reason. The L/d was high but lower than the
L/d of the T-CNF, resulting in a relatively high
viscosity. The shear-thinning behavior dominated the
effects at a low shear rate. The T-MCC oriented along
the shear direction, causing a decrease of viscosity. As
a result of the network caused by the large L/d of the
T-MCC and the large particle size, the viscosity
reduced the rate of decrease in the shear rate range of
1-8 s~'. With the increase in the shear rate, the shear
force broke down the network, leading to a continuous
decrease in the viscosity.

The steady-state viscosities were much lower for
the T-CNC and CNC dispersions than for the T-CNF
and T-MCC dispersions, as shown in Fig. 10c and d.
The CNC dispersion exhibited a constant viscosity at a
concentration of 0.26 wt% with an increase in the
shear rate, which was slightly higher than that of
water. This was attributed to the low CNC concentra-
tion and the nano-sized particles; the individual CNCs
did not prohibit the shearing in the driving direction
and exhibited an isotropic structure (Li et al. 2015).
The viscosity of CNC dispersions of 0.52 and
0.78 wt% concentration linearly decreased as the
shear rate increased from 10 to 10° s~', corresponding
to the biphasic structure of the isotropic and liquid
crystalline (Li et al. 2015). However, the viscosities of
the high concentrations (1.04, 1.3 wt%) declined with
an increase in the slope of the shear rate of 10-10% s~
and the four-region shear-thinning behavior occurred
over the entire range of the shear rate, indicating a
crystalline structure. Compared with the CNC disper-
sion, the T-CNC dispersion with different concentra-
tions exhibited a steady-state viscosity of less than
1.5 mPas. The plot of the T-CNC dispersion at
0.26 wt% concentration was around 1 mPa s, which
was approximately equal to water. The increase in the
T-CNC concentration resulted in an increase in the
viscosities but showed linear fluctuations, implying
that the TEMPO oxidation further reduced the particle
size of the CNC (Table 2), resulting in a lack of shear-
thinning behavior of the T-CNC dispersion at the
investigated concentrations.

In summary, the steady-state viscosities of all CNP
dispersions exhibited shear-thinning behavior. How-
ever, clear differences were observed as shown in
Fig. 10. At the same CNP concentration, the viscosity
was higher for the T-CNF dispersion than for the
T-MCC and T-CNC dispersions. The T-CNF and
T-CNC dispersions exhibited steadily declining vis-
cosity curves with an increase in the shear rate, and
T-MCC and CNC showed multi-region shear-thinning
behaviors. This resulted from the L/d, particle size,
surface charge, and TEMPO oxidation. Compared
with the T-CNPs, a high L/d (T-CNF > T-MCC > T-
CNC) resulted in high viscosity of the CNP disper-
sions (Vc: T-CNF > T-MCC > T-CNC). The particle
size of the T-CNCs was only half that of the CNCs;
therefore, the particle size dominated the decrease in
viscosity even when the L/d increased. The TEMPO
oxidation also played a role in the decrease in the
viscosity of the dispersion. For example, the viscosi-
ties of the T-CNC and CNC dispersions were 2.3708
and 1.5061 mPa s, respectively, with concentrations
of 1.30 wt% at a shear rate of 10 s~'. At the same
concentration, the T-CNC dispersion had a lower
viscosity than the CNC dispersion. This was attributed
to the TEMPO oxidation shaping the morphology of
the CNCs.

AR/T-CNP dispersions

The steady-state viscosities of the AR/T-CNP and AR/
CNC dispersions at different concentrations are shown
in Fig. 11. These plots indicated that T-CNP and CNC
had a clear influence on the steady-state viscosities of
the resultant acrylic resins. The acrylic resin itself
exhibited a steady plateau over the shear ranges from
0.1t0 103 s~! even with the shear-thickening behavior
at the initial shear rate. This is attributable to the fact
that the acrylic resin chains overcome the mutual
interacting force with the increase of shear rate,
forming partials of particle clusters. The viscosity
tends to be stable with the equilibration of particle
clusters in continuously increasing shear rate. How-
ever, the shear-thinning behavior of AR/T-CNP and
AR/CNC appeared to be caused by the specific flow
performance of the T-CNP or CNC dispersions,
significantly changing the steady-state rheological
property of the acrylic resin and potentially affecting
the subsequent coating process. The viscosity gradu-
ally increased with the increase in the CNP
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Fig. 11 The steady-state viscosities of the AR/T-CNP and AR/CNC dispersions at different concentrations at 25 °C

concentration over the entire range of the investigated
shear rate, and a slow increase was observed when the
T-CNP or CNC concentration was greater than
0.78 wt%. The AR/T-CNF and AR/T-MCC disper-
sions with high concentrations were not able to be
prepared in a viscous range because the viscosities of
the resultant dispersions at the initial shear rate were
greater than 107 Pa s with little mobility. As a result,
the AR/T-CNF and AR/T-MCC dispersions with high
concentrations are not discussed.

The T-CNF dispersions at various concentrations
exhibited an almost constant rate of decrease—except
at a low shear rate. However, the AR/T-CNF disper-
sions exhibited a three-region shear-thinning behavior
and a plateau near the shear rate of 10° s~' at high
T-CNF concentrations. This occurred because of the
variability of the matrix, water, and acrylic resin.
Water was considered a Newtonian fluid with a
viscosity of 1.005 mPa s. The shear force is almost
equal to the shear rate. A water molecule is far smaller
than a T-CNF with a very small inner friction force.
When the shear force generated on the dispersion layer
by layer, the water molecule prior moved along with
the direction of the shear force. The T-CNF interacted
with partial of adjacent water molecules, resulting in

@ Springer

the shear force acting on the T-CNF, as well. However,
the large L/d, the random distribution of the T-CNF,
and the insufficient shear force resulted in lagging
movement of the T-CNF and some entanglement
occurred. Subsequently, the entanglement disappeared
parallel to the T-CNF with enhanced shear force.
Therefore, only an increase in viscosity was observed
at a low shear rate of the T-CNF dispersion. Different
from water, the water-based acrylic resin chains were
as large as 3-5 nm, and the pure acrylic resin exhibited
a high constant viscosity of 84.945 mPa s, denoting a
strong shear force caused by the inner friction force
generated by the large molecules as compared to water
under the same shear rate. The T-CNFs were uni-
formly dispersed in the acrylic resin with a network-
like structure in three-dimensional directions. The
increased molecular of matrix lead to the extra-strong
force between acrylic resin molecular and T-CNF
molecular, generating the three-region shear-thinning
behavior. The T-CNF were moved with the acrylic
resin chains under the low shear rate as a result of the
large inner friction force, while the inner friction force
decreased with an increase in the shear rate for the
specific flow property of T-CNF dispersion. The
T-CNF with a large L/d displayed a different shape
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Fig. 12 The storage
modulus (G’) and loss
modulus (G”) versus angular
frequency (o) of the AR/T-
CNP and AR/CNC
dispersions at various
concentrations
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and a random distribution in three-dimensional direc-
tion, resulting in forming the entanglement between
acrylic resin chains and T-CNF or T-CNF individuals.
The entanglement disappeared with the increasing
shear rate. As a result, a three-region shear-thinning
curve was obtained. The gradual paralleled T-CNF led
to a continuous decrease in the viscosity. The AR/T-
MCC dispersions exhibited a similar shear-thinning
behavior that was attributed to the relative high L/d
and large diameter.

The AR/CNC and AR/T-CNC dispersions exhib-
ited a steady decline in the shear-thinning behavior.
Compared with the AR/T-CNF and AR/T-MCC
dispersions, the viscosity of the AR/CNC and AR/T-
CNC dispersions was fairly low. For instance, the
viscosities of the acrylic resin dispersions (with
T-CNF, T-MCC, T-CNC) were 1896.3, 1830.1, and
129.52 mPa s, respectively at a shear rate of 10 s~
with a T-CNP/CNC concentration of 0.78 wt%,
corresponding to the L/d distribution (L/d: T-CNF >
T-MCC > T-CNC). A large L/d but smaller particle
size resulted in a relative low viscosity, i.e. Vc: AR/T-
CNC < AR/CNC, corresponding to the
129.52 < 315.24 mPa s at the 0.78 wt% concentra-
tion. This illustrated that the L/d and the particle size

were the key parameters affecting the viscosities of the
AR/T-CNP or AR/CNC dispersions.

Dynamic rheological behaviors

The dynamic rheological behaviors of the AR/T-CNP
dispersions at different T-CNP/CNC concentrations
are shown in Fig. 12. An increase in the storage
modulus (G") and the loss modulus (G”) was observed
in the angular frequency (o) range from 1 to 100 s
This implied that the viscosity and the elasticity
gradually increased over the entire ® range in the
T-CNP or CNC concentrations. The network structure
caused by the acrylic resin molecule chains in
dispersions was continually destroyed and rebuilt in
a dynamic balance under the external influence of .
An increase in the o affected this dynamic balance,
resulting in higher rate of reconstruction than destruc-
tion of the network (Wang 2013). As a result, G’ and
G” gradually increased as ® also increased.

As shown in Fig. 12a, at concentrations of
0.26 wt%, the AR/T-CNF dispersions exhibited three
types of dynamic rheological behavior over the range
of investigated , indicating three structures of the
dispersions, rigid solid-like, elastic gel-like, and
viscous fluid-like. G’ was much higher than G” when
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o was low, implying a solid-like structure of the
resultant dispersions. The gap between G’ and G”
gradually narrowed with the increase in ® indicating
the transformation from a solid- to a gel-like structure.
When G’ < G”, the dispersions exhibited the perfor-
mance of a viscous fluid. When the concentration of
the T-CNF increased to 0.52 wt%, the resultant
dispersions exhibited a solid- and gel-like structure.
A steady solid-like structure was obtained at a T-CNF
concentration of 0.78 wt%. This was attributed to the
increased introduction of inflexible T-CNF, which
actually acted as a rigid solid reinforcement. In
addition, G’ and G” increased with increasing
T-CNF concentrations. The additional T-CNF had
different shapes compared to the acrylic resin
molecule chains. These invaders undoubtedly broke
the reconstruction and the destruction of the dynamic
balance, resulting in variation in the G’ curves. The
AR/T-CNF or AR/T-MCC dispersions exhibited sim-
ilar dynamic rheological behaviors. When G’ > G” at
a T-MCC concentration of 0.78 wt%, the dynamic
rheological behaviors were corresponding with the
shear-thinning behavior of steady-state rheological
results, implying poor flow property. The G’ of the
AR/CNC and AR/T-CNC dispersions was lower than
the G” at low CNC and T-CNC concentrations (0.26,
0.52 wt%), demonstrating a fluid-like structure. G’
was slightly higher than G” or equal to G” at high
CNC/T-CNC concentrations, resulting in a gel-like
structure. As can be understood from Fig. 12¢, G’ and
G” gradually increased with increasing concentrations
at low values of ®, while G’ and G” at high
concentrations (1.04, 1.30 wt%) were surpassed by
the concentrations of 0.78 wt% at high values of .
One possibility was that a sufficient amount of T-CNC
had tiny particle size and were prone to be parallel
under the shear force, well participating in the
dynamic balance, leading to a slow increase in G’
and G”. Compared with the G’ and G” of the acrylic
dispersions with the same concentration, the AR/CNC
and AR/T-CNC dispersions exhibited a relatively low
G’ and G”. This demonstrated that even though a rigid
solid structure occurred in the acrylic resin, the small
particle size and low L/d values still resulted in a fluid-
like structure for a certain range of the concentration.
The large L/d and the particle size resulted in high G’
and G” values and a solid-like structure for the AR/T-
CNP dispersions.
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Conclusions

The TEMPO-oxidized T-CNPs with different particle
sizes and L/d ratios were successfully obtained by
using a TEMPO/NaBr/NaClO oxidation system.
These materials can be well dispersed in aqueous
media and the resulting dispersions were transparent.
The introduction of carboxyl groups by oxidation
reshaped the particles into needle-like structures,
reduced the crystallinity, and increased the z-poten-
tials. The AR/T-CNP dispersion showed complete
transparency. The T-CNF and T-MCC dispersions
exhibited shear-thinning behavior in the investigated
concentrations. An increased concentration, large
particle size, and high L/d significantly increased the
viscosities of the T-CNP dispersions and the resulting
AR dispersions. The dispersion of the smaller T-CNC
particles did not display the above-mentioned pseu-
doplastic flow properties in the investigated concen-
trations. These specific steady-state rheological
properties also affected the resultant acrylic resin
dispersions. Increases in the L/d or particle size caused
the AR/T-CNP dispersions to exhibit various dynamic
rheological properties from fluid-like and gel-like
structures to solid-like structures. This study demon-
strated that the addition of the structural features of
cellulose nanoparticles and content T-CNP increased
can be tuned to influence the viscosity and flowability
of the AR/T-CNP cellulose nanoparticle containing
dispersions and decreased their flowability leading to
process and/or product improvement.
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