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Large-Scale Preparation of Carboxylated Cellulose Nanocrystals and
Their Application for Stabilizing Pickering Emulsions
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ABSTRACT: Cellulose nanocrystals (CNCs) with varied unique properties have been
widely used in emulsions, nanocomposites, and membranes. However, conventional CNCs
for industrial use were usually prepared through acid hydrolysis or heat-controlled methods
with sulfuric acid. This most commonly used acid method generally suffers from low yields,
poor thermal stability, and potential environmental pollution. Herein, we developed a high-
efficiency and large-scale preparation strategy to produce carboxylated cellulose nanocrystals
(Car-CNCs) via carboxymethylation-enhanced ammonium persulfate (APS) oxidation. After
carboxymethylation, the wood fibers could form unique “balloon-like” structures with
abundant exposed hydroxy groups, which facilitated exfoliating fibril bundles into individual
nanocrystals during the APS oxidation process. The production process under controlled
temperature, time period, and APS concentrations was optimized and the resultant Car-
CNCs exhibited a typical structure with narrow diameter distributions. In particular, the final
Car-CNCs exhibited excellent thermal stability (~346.6 °C) and reached a maximum yield
of 60.6%, superior to that of sulfated cellulose nanocrystals (Sul-CNCs) prepared by
conventional acid hydrolysis. More importantly, compared to the common APS oxidation, our two-step collaborative process
shortened the oxidation time from more than 16 h to only 30 min. Therefore, our high-efficiency method may pave the way for the
up-scaled production of carboxylated nanocrystals. More importantly, Car-CNCs show potential for stabilizing Pickering emulsions
that can withstand changeable environments, including heating, storage, and centrifugation, which is better than the conventional
Sul-CNC-based emulsions.
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1. INTRODUCTION

Cellulose, as the most abundant natural biopolymer on the
earth, is extracted from various sources including wood fibers
(hard or soft wood), nonwood fibers (seed, bast, cane, leaf,
straw, or fruit), bacterial, algae, and even some tunicates.’
Within the family of cellulose nanoscale derivatives, cellulose
nanocrystals (CNCs) are especially attractive owing to their
unique features, such as renewability, biocompatibility,
biodegradability, and ease of chemical modification.””® There-
fore, CNCs have been widely used in the industry and research
areas, such as pickering emulsion, pagermaking, food pack-
aging, and biomedical engineering, etc. -2

In order to extract CNCs, the intra- and intermolecular
hydrogen bonds between the cellulose chains that consist of
linear molecules f-p-glucopyranosyl units must be overcome
by chemical reactions, mechanical defibrillation, enzymatic
hydrolysis, ionic liquids, deep eutectic solvents, or a
combination of these techniques, etc.371° Among them,
sulfuric acid hydrolysis is a low energy- and time-consuming
method and easy to destroy the amorphous portions” hydrogen
bonds of natural cellulose, producing highly stereo-regular and
crystalline sulfated cellulose nanocrystals (Sul-SCNCs)."”
Moreover, the sulfuric acid hydrolysis can introduce abundant
negative-charged sulfate half-ester groups on the surface of
cellulose chains, which promote the CNC’s suspension
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dispersion and avoid aggregation. However, some short-
comings also need to be noted, such as the requirement of
large amounts of H,SO, (9 kg H,SO, per kilogram CNCs),
low yields of less than 30%, potential environmental pollution,
and poor thermal stability of the CNCs.”' "' *'872!
Alternatively, the ammonium persulfate (APS) oxidation
method was considered as a potential route to improve acid
hydrolysis. APS, as a green chemical reagent with low cost, low
long-term toxicity, and high solubility, is able to offer excellent
thermal stability to CNCs.” Leung et al. first attempted the
isolation of carboxylated CNCs by one-step APS oxidation
from hemp, flax, and triticale.”” During the oxidation process,
once heated, the persulfate (HSO,”), peroxide free radicals
(SO,7), and hydrogen peroxide (H,0,) were generated
immediately to disintegrate CNCs and eliminate non-cellulosic
components. Another advantage of this method is that the as-
prepared CNCs exhibited a more homogeneous structure with
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Figure 1. (a—c) Schematic illustrating the preparation of Car-CNCs through carboxymethylation and APS oxidation. (d—f) Microscopic
morphologies of raw fibers (softwood pulp), carboxymethylated cellulose fibers (CMC-COONa), and Car-CNCs. (g, h) Schematic illustrating the

carboxymethylation swelling pretreatment and APS oxidation mechanism on the cellulose chains.

a diameter of S nm and a length of 150 nm.>* Since 2011, a
number of articles about the preparation of carboxylated CNCs
by one-step APS oxidation from various lignocellulosic sources,
such as bleached northern softwood kraft pulp,”* bleached
birch kraft pulp,”® kapok fibers,” lemon (Citrus limon) seeds,”’
cotton linters,""*® cotton pulp,29 tunicate, >’ jute fiber,"®
sugarcane bagasse,”’ lyocell fibers,”” have been published.
However, the high time-consuming oxidation procedures (16—
24 h) have reduced the production efficiency and hindered
large-scale applications.”'®*” Therefore, it is still a challenge to
develop an effective and scalable APS approach to produce
high-performance CNCs.

As is known, both 2,2,6,6-tetramethylpiperidine-1-oxyl
radical (TEMPO)-mediated oxidation and carboxymethylation
pretreatment have been used for improving the cellulose
nanofibrillation efliciency via breaking the inter/intramolecular
hydrogen bonds between cellulose chains and converting the
alcohol hydroxy groups to sodium carboxylate groups.””** The
isolation of nanocellulose by TEMPO-oxidation pretreatment
is energy-saving with less energy consumption demand, but the
oxidation capacity is still limited since it can only position-
selectively oxidize C4-primary alcohol groups of cellulose while
the hydroxyl groups at C, and Cj, kept intact.”> Moreover,
TEMPO is a toxic catalyst that will cause a negative footprint
on the environment. Compared to TEMPO-mediated
oxidation, carboxymethylation pretreatment has relatively less
pollution and higher hydroxyl conversion capacity. During
carboxymethylation, the C4 C,, and C; positions on the
cellulose fiber carried out nonselective reactions, thus leading
to a high carboxyl content, reducing adhesion between the
fibrils, and facilitating the microfibril separation.‘%(’_38 So far, to
the best of our knowledge, no study has investigated the
isolation of CNCs by combining carboxymethylation pretreat-
ment and the APS oxidation method.

In this study, the goal was to make up for the disadvantage
of one-step APS oxidation and further improve the preparation
efficiency of CNCs. First, we introduced a scalable
carboxymethylation pretreatment step, which could facilitate
the swelling of wood cell walls and expose more C4 hydroxy
groups. Then, APS oxidation was used to exfoliate fibril
bundles into individual nanocrystals. The effects of APS
oxidation conditions, such as time, temperature, and
concentration on the yield were systematically studied to
optimize the preparation process and product quality. A series
of characterizations were conducted to investigate surface
morphology, crystal structures, and thermal stability. Besides,
compared to the conventional Sul-CNCs, our resultant
carboxylated cellulose nanocrystals (Car-CNCs) exhibited
high preparation efficiency and excellent performance,
demonstrating great potential for scalable production. Another
appealing feature of our Car-CNCs is the higher zeta potential
than conventional Sul-CNCs, which can stabilize the Pickering
emulsions without adding additional metal salts to adjust the
electrostatic repulsion effect. The emulsions stabilized by Car-
CNCs can withstand changeable environments, including
heating, storage, and centrifugation, superior to the Sul-
CNC-based emulsions. Thus, the Car-CNCs were explored as
promising candidates for Sul-CNCs for preparing stable
Pickering emulsions.

2. EXPERIMENTAL SECTION

2.1. Materials. Bleached softwood kraft pulp with a zeta
potential value of —15.6 mV was purchased by Metsa Fiber
China, and the a-cellulose content was ~95%. APS (A.R.) and
sodium hydroxide (NaOH, A.R.) were purchased from the
Tianjin damao chemical reagent factory (Tianjing, China).
Sulfuric acid (95% ~ 98%) was purchased from Guangdong
Guangxian Reagent Technology Co., Ltd. (Zhaoqing, China).
Sodium chloroacetate (MCA, A.R.) was obtained from
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Figure 2. AFM images of the Car-CNCs under different oxidation times, APS concentrations, and reaction temperatures, as well as the AFM image

of Sul-CNCs prepared at 45 °C for 70 min.

Shanghai Maclin Biochemical Technology Co., Ltd. (Shanghai,
China). Liquid Paraffin (LP) was supplied from Jiangsu
Qiangsheng Functional Chemical Co., Ltd. (Jiangsu, China).
All reagents were used as received without further purification.

2.2. Preparation of Cellulose Nanocrystals. 2.2.1. Prep-
aration of Carboxymethylated Cellulose Fibers. Carboxyme-
thylated cellulose (CMC) fibers with sodium carboxylate
groups (CMC-COONa) were fabricated according to our
previously described methods.”” Briefly, 25 g of bleached
softwood pulp (raw fibers) was mixed with 384 mL of ethanol
in a high concentration-stirred reactor for 20 min and then
NaOH solution (12.5 g) dissolved in 317 g of ethanol was
added into the mixture. After that, the mixture was heated to
65 °C and followed by adding 30 g of MCA solution (wyca/
Wyaeer = 1:1). Subsequently, the above dispersion with ~4 wt %
of pulp consistency was stirred for 40 min at 65 °C. Finally, the
CMC-COONa slurry was obtained by washing it with water in
a 600-mesh filter. The carboxylate content and zeta potential
value of the CMC-COONa slurry were 1.5 mmol/g and —37.6
mV, respectively. Besides, the carboxymethylation process in
this study can be scalable and has been applied in the factory,
as shown in Figure S1.

2.2.2. Preparation of Car-CNCs. Car-CNCs were extracted
from the CMC-COONa slurry with APS. In brief, 10 g of dried
CMC-COONa slurry was added to 500 mL of APS aqueous
solution (0.25, 0.5, 0.75, and 1.0 mol L™!) and reacted at the
setting temperature (T = 50—90 °C) for different oxidation
periods (1S5, 30, 60, 90, and 120 min). Subsequently, the
suspension was centrifuged for 10 min at 10,000 rpm for
several cycles until the supernatant turned turbid. Then, the
obtained cellulose nanocrystal suspension was poured into
dialysis membrane tubes (molecular weight cut off 10,000) and
dialyzed for 1 week. Finally, the suspension was collected and
denoted Car-CNCs-X, where X represents the different
oxidation parameters, such as concentrations of APS, reaction
temperatures, and oxidation periods. The detailed information
is shown in Table SI.

2.2.3. Fabrication of Sul-CNCs by Acid Hydrolysis. For

comparison, the nanocrystal suspension with sulfate half ester

groups (Sul-CNCs) was prepared as previously reported
methods.””*" Bleached softwood pulp was added to the 64%
w/w sulfuric acid (the ratio of wgper/ Viig = 1:10 g/mL) under
vigorous agitation and reacted at 45 °C for 70 min. Then, the
mixture was diluted and centrifuged. For further purification,
the obtained Sul-CNC suspension was also dialyzed for 1
week. After dialysis, the Sul-CNC suspension was collected and
stored at 4 °C for further use.

3. RESULTS AND DISCUSSION

3.1. Preparation Strategy and Mechanism of the Car-
CNGCs. In our study, we combined a carboxymethylation
pretreatment and the APS oxidation process to improve the
preparation efficiency of CNCs. As shown in Figures la,b and
S1, our first step was to introduce a scalable carboxymethy-
lation swelling pretreatment, which can expose more hydroxy
groups and provide more oxidation sites for further APS
oxidation process.

We measured the optical microscopy images and corre-
sponding size distributions of softwood pulp and carbox-
ymethylated cellulose fibers (CMC-COONa), respectively.
Figures 1d and S2a,b show that the raw fibers exhibit a spindly
hollow structure with an average length of 2501 pm and a
width of 29.4 pum. After carboxymethylation treatment, the
CMC-COONa exhibited balloon-like and exfoliated structures
(Figures le and S3). Meanwhile, the length of CMC-COONa
reduced to 1415 pum, while the width expanded to 45.1 pum
(Figure S2c,d). Most disintegrated fibrils (stretched out from
the S1 and S2 layers) are contained inside the balloons and
tend to form parallel stripes across the balloons. This change of
alternating microfibril arrangements caused by full swelling
behavior could facilitate the subsequent extraction of CNCs
effectively. Then, APS oxidation was used to exfoliate fibril
bundles into individual nanocrystals (Figure 1f).

The formation mechanism and dimensional change of the
balloon structures could be explained in Figure 1g. As the
carboxylic anion accumulated on the fiber surface, the
electrostatic repulsive force become stronger and led to the
ballooning or breakage of the fiber cell walls. As a result, the
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Figure 3. FT-IR spectra of (a) original fibers, carboxymethylated cellulose fibers, and Sul-CNCs, as well as (b) Car-CNCs under different APS
oxidation times. XRD images of (c) original fibers, CMC-COONa, and Sul-CNCs, as well as (d) Car-CNCs prepared under different APS
oxidation times. TGA and DTG images of (e) original fibers, CMC-COONa, and Sul-CNCs, as well as (f) Car-CNCs under different APS

oxidation times.

disordered and partially ordered domains of native cellulose
were both disrupted to a varying extent. Compared with the
crystalline region, the amorphous region of cellulose is looser
and has a larger molecular distance; thereby, it can be readily
accessible by the reactants and destroyed effectively.’**
Subsequently, when the carboxymethylated slurry was exposed
to the APS system, balloon-like structures would play a crucial
role to improve production efficiency. As shown in Figure 1h,
persulfate (HSO,”), peroxide free radicals (SO, ), and
hydrogen peroxide (H,0,) were generated during the APS
oxidation process. SO, free radicals and H,O, could
penetrate balloon-like structures readily, oxidate the rest Cg

15117

hydroxyl groups to the carboxyl groups, and form stronger
electrostatic repulsion between fibrils, resulting in the rapid
formation of Car-CNCs under mild conditions. Therefore,
owing to the swelling of carboxymethylation, the oxidation
time of APS reduced significantly.

3.2, Morphology, Dimensions, Yields, and Zeta
Potentials of Cellulose Nanocrystals. After carboxymethy-
lation pretreatment, we further studied the effects of APS
oxidation time, reaction temperature, and APS concentration
on the morphology, dimensions, yields, and zeta potentials of
Car-CNCs. For comparison, the nanocrystal suspension with
sulfate half-ester groups (Sul-CNCs) was also investigated. The
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detailed data were summarized in Table S1 and the inset of
AFM images.

As shown in Figure 2, the obtained Car-CNCs and Sul-
CNCs exhibited typical structures with a nano-scale length and
diameter, suggesting we have successfully prepared the
individual CNCs. AFM images were analyzed using Image]
V. 1.8.0 software to investigate the morphological features and
dimensions of cellulose nanocrystals (Figures S4—S5). Under 45
°C and 70 min, the average length and width of obtained Sul-
CNCs were 118.2 + 55.5 and 17.9 + 3.0 nm (Table S1),
respectively. While the morphology and dimension of Car-
CNCs were strongly affected by extraction conditions. The
average width of Car-CNCs ranged from 11.4 to 18.4 nm, and
the corresponding average lengths ranged from 74.8 to 145.3
nm. An obvious downward trend was observed in the average
length with the increasing oxidation time from 15 to 120 min
(under 0.5 M and 70 °C), reaction temperature from 50 to 90
°C (under 0.5 M and 30 min), and APS concentration from
0.25 to 1.0 M (under 70 °C and 30 min) (Table S1 and the
inset of AFM images). The successive decrease in the length of
Car-CNCs was mainly due to the constant breakdown of
disordered or even crystalline domains by hydrolyzing the 1,4-
P-glycosidic bonds of the cellulose chains during APS
oxidation.

The yields of Car-CNCs and Sul-CNCs were calculated by
eq S1 and the results were summarized in the inset of AFM
images and Table SI. Interestingly, the as-prepared Sul-CNCs
exhibited the lowest yield, suggesting that a large number of
cellulose chains were degraded under harsh sulfuric acid.*> On
the contrary, the yields of as-prepared Car-CNCs by our
milder APS oxidation were all higher than that of Sul-CNCs.
Moreover, with the increasing of reaction time, the yield
increased first and then decreased. When the reaction time was
30 min, it had the maximum value. Due to the short reaction
time (less than 30 min), CNCs were not fully extracted, and
large unreacted fibers remained in the reaction system. When
the reaction time was prolonged than 30 min, the reaction
intensity was excessive, and the isolated CNCs were degraded
during constant oxidation. Similar trends were also observed
with the increasing of reaction temperature or APS
concentration. It was worth noting when the oxidation time
was 30 min, APS concentration was 0.5 mol L™}, and reaction
temperature was 70 °C, the Car-CNCs-30 min has the highest
yield of 60.6%. Obviously, the carboxymethylation swelling
pretreatment not only shortened the oxidation time of APS but
also kept a high yield. Besides, these results also demonstrated
carboxymethylation collaborative APS oxidation was superior
to the previously reported conventional APS oxidation
approaches (Table S2).

In addition, the zeta potential was also investigated to
evaluate the dispersion of Car-CNC and Sul-CNC suspen-
sions. Generally, a higher absolute zeta potential value shows a
more stable dispersion due to electrostatic repulsion.”” As
displayed in the inset of AFM images and Table S1, the Sul-
CNCs showed the lowest zeta potential value (—51.3 mV),
which is associated with the abundant sulfate groups. As for
Car-CNCs, after carboxymethylation pretreatment, native
cellulose fibers converted to CMC-COONa with the zeta
potential decreasing from —15.6 to —37.6 mV, indicating the
—OH groups of C,, C;, and C4 positions on the cellulose
surface partly converted to —COONa groups. Furthermore,
when the APS oxidation temperature was lower than 80 °C or
the reaction time was less than 90 min, the zeta potential of the

Car-CNCs showed a higher value than that of CMC-COONa.
This phenomenon could be relevant to the electronegativity of
—COOH and —COONa groups. In the suspension, —COONa
groups were completely ionized to —COO~ and sodium ion
hydrate, which would increase the electrostatic repulsive force
between the cellulose chains. However, the —COOH groups
were partially ionized to —COO™ and H", which would restrict
the electrostatic balance among cellulose chains.** On the
contrary, as the temperature was above 80 °C or reaction time
was prolonged to 120 min, the zeta potential of Car-CNCs
decreased significantly and was lower than CMC-COONa.
That’s because excessive oxidation would enhance the amount
of —COOH groups and provide stronger electrostatic
repulsion force.

3.3. Chemical Structure Analysis. The chemical
structures of the raw fibers;, CMC-COONa, Car-CNCs, and
Sul-CNCs were confirmed by the FT-IR spectra. As shown in
Figure 3a,b, all samples exhibited similar characteristic peaks at
~3400, 2900, and 1060 cm™", which corresponded to the O—
H stretching, C—H vibration, and C—O—C pyranose ring
stretching vibration in cellulose, respectively. These results
indicated the crystal structures of CMC-COONa, Car-CNCs,
and Sul-CNCs were not changed after carboxymethylation,
APS oxidation, and sulfuric acid hydrolysis, respectively.
Compared with the original fibers, a new peak that occurred
at #1600 cm ™" was found in the spectra of carboxymethylated
cellulose slurry (Figure 3a), which corresponded to the C=0
stretching of sodium carboxylate groups. The results indicated
that part hydroxyl groups at the C4 C,, and C; positions
successfully converted to the sodium carboxylate groups.
However, after APS oxidation, the intensity of C=O
absorption peak at 1600 cm™" disappeared and red-shifted to
the peak at ~1737 cm™" (Figures 3b and S6a,b), which could
be attributed to that the sodium carboxylate groups were all
converted to free carboxyl groups and part of the rest
unreacted primary alcohol groups on Cg position were
selectively oxidized to carboxyl groups.” For the case of Sul-
CNCs, a new band at 1202 cm™ could be also observed in
Figure 3a, suggesting the introduction of sulfate groups. Thus,
these characteristic peaks demonstrated the successful isolation
of cellulose nanocrystals from the original bleached softwood
fibers.

3.4. Crystallinity Analysis. The XRD measurement was
performed to evaluate the crystal structure and crystallinity of
the raw fibers, CMC-COONa, Car-CNCs, and Sul-CNCs. As
shown in Figures 3¢,d and S6¢,d, all samples exhibited similar
diffraction peaks at around 26 = 14.9, 16.5, 22.7, and 34.6°,
which were corresponding to the 1—-10, 110, 200, and 004
crystal planes of cellulose I, respectively, suggesting the crystal
structure of cellulose did not change after carboxymethylation,
APS oxidation, and sulfuric acid hydrolysis,” respectively. The
crystallinity index (CrI) is a key factor that affects the
mechanical and thermal properties of the cellulose samples,
which can be calculated by eq S2.

As shown in Table S3, the Crl of original native fibers is
73.4%. After treating the native fibers by carboxymethylation,
we observed a significant decrease in the crystallinity of CMC-
COONa (61.1%). The results indicated carboxymethylation
and mechanical shear stress in the swelling process were
nonselective and might destroy both amorphous and
crystalline regions of cellulose. For Car-CNCs, however, all
their Crl (65.8—74.9%) values were higher than those of
CMC-COONa (61.1%) (Table S3), which was ascribed to the
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Figure 4. Droplet size distributions of (a) freshly prepared emulsions stabilized by Car-CNCs and Sul-CNCs, as well as (b—d) Car-CNC-based
emulsions before and after (b) centrifugation, (c) thermal processing, and (d) 14 days of storage. (e) Zeta potentials of the Car-CNCs and Sul-
CNCs. Droplet size distributions of the Sul-CNC-based emulsions before and after (f) centrifugation, (g) thermal processing, and (h) 14 days of

storage. Insets are the optical photos of the emulsions.

further decomposition of amorphous regions of carboxymethy-
lated cellulose fibers during APS oxidation. In addition, we also
observed an increase in Crl for Sul-CNCs (82.5%) compared
to the original fibers (73.4%), which was mainly attributed to
that the hydronium ions could penetrate into the more
accessible amorphous regions and promote the hydrolytic
cleavage of glycosidic bonds, thereby liberating the individual
crystallites.*

With the increasing oxidation time from 15 to 120 min, the
CrI of Car-CNCs gradually increased from ~70 to 74.9%, and
then decreased to 70.2% (Figure 3d and Table S3). That’s
because the disordered domains of cellulose mainly conducted
sufficient decomposition within 90 min, while the crystalline
regions might be partially destroyed as the reaction time was
further prolonged (120 min).”'® When the APS concentration
increased from 0.25 to 1.0 mol L™}, the Crl of Car-CNCs
increased from 69.3 to 72.4% (Table S3 and Figure S6c¢),
attributed to the large decomposition of amorphous regions of
cellulose. Moreover, the effect of oxidation temperature on
crystallinity is similar to that of the oxidation time, where the
Crl of Car-CNCs increased from 65.8 to 73.2% and then
decreased to 71.7% with the increasing temperatures from S0
to 90 °C (Table S3 and Figure S6d). These results
demonstrated that the CrI was not only affected by the
isolation approaches but also the isolation conditions.

3.5. Thermal Stability. Figures 3e,f and S6e,f show TG
curves of the raw fibers, CMC-COONa, Car-CNCs prepared
under different oxidation conditions, and Sul-CNCs obtained
from acid hydrolysis. With the temperature ranging from 40 to
120 °C, we observed an initial weight loss (3—9%). The weight
loss at this stage was owing to the vaporization of the moisture
that existed in the cellulose fibrils; the curve differences of
samples were caused by different initial moisture contents.*’
The main weight loss occurred in temperatures from 200 to
400 °C, which was owing to the thermal degradation of
cellulose.* The thermal properties (including the onset and
maximum degradation temperatures (T, and T,.) and
residual mass) are also listed in Table S3. Compared with

original fibers (Typee = 330.9 °C), carboxymethylated cellulose
fibers degraded at a lower initial temperature of T, = 287.3
°C, which was owing to the introduction of —COONa
groups.”

In addition, T, (319.5 °C, 291.7 °C) and T,,,, (346.6 °C,
330 °C) of Car-CNCs-50 °C and Car-CNCs-60 °C,
respectively, were higher than that of CMC-COONa (T
= 287.3 °C, Ty = 307.1 °C) (Table S3 and Figure 3f). This
result could be attributed to the fact that —COONa groups
have completely converted to —COOH groups under mild
conditions. In addition, the cellulose nanocrystals with
—COOH groups were more stable than those with
—COONa* groups.23 However, as the APS concentration,
oxidation time, and reaction temperature further increased, the
thermal stability of Car-CNCs decreased and was lower than
CMC-COONa. One reason could be owing to the smaller fiber
dimensions (length and diameter) as compared to the
macroscopic carboxymethylated slurry. Another reason was
that the fiber dimensions became smaller with the increasing
intensity of APS oxidation, which would lead to higher surface
areas exposed to heat.”' Fortunately, our Car-CNCs all
retained high thermal stability until 250 °C, which can satisfy
the general processing temperature (above 200 °C) in
thermoplastic applications."' Nevertheless, Sul-CNCs using
sulfuric acid hydrolysis tended to decompose when the
temperature was only ~191.2 °C,*” which were easier
degraded than our samples at a high temperature.

More importantly, when at the oxidation condition (at 0.5
mol L™, 50 °C, and 30 min), the Car-CNCs exhibited the
highest thermal stability. Its T, and T,,,, could be as high as
319.5 and 346.6 °C, respectively, which was better than other
reported CNCs that were prepared directly using APS
oxidation.”"*

3.6. Pickering Emulsion Stability. Recently, oil-in-water
emulsions (O/W) have attracted more attention in many fields
(such as food science, cosmetics, energy storage, etc.), due to
their immiscible systems of oil droplets in the water phase.
Pickering emulsions stabilized by cellulose-based particles have
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been widely reported, especially, CNCs have been proven very
efficient in stabilizing oil/water interfaces. Compared with
other conventional emulsifiers, CNCs are biocompatible,
biodegradable, sustainable, nontoxic, rigid, and hydro-
philic.*** Although the Pickering emulsions stabilized by
CNCs were very effective, they could destabilize when
subjected to a changeable environment. The stabilities of
emulsions were strongly dependent on the different shapes,
sizes, or surface charges of CNCs and emulsion viscosity,
etc.’’™>% In this study, to investigate CNCs’ emulsifying
abilities, Car-CNCs (selecting Car-CNCs-30 min) and Sul-
CNCs were used as stabilizers, and liquid paraffin (LP) was
chosen as the oil phase to prepare oil-in-water emulsions. The
emulsion stability (ES) was evaluated from three aspects:
physical stability, thermal stability, and storage stability.

As shown in Figure S7a,e, the pickering emulsions stabilized
by Car-CNCs and Sul-CNCs showed almost similar droplet
sizes. The surface-weighted mean diameters (D 3,)) of them
were ~0.8 and ~0.9 um (Figure 4a and Table S$4),
respectively. This phenomenon could be associated with the
almost similar CNCs size (Car-CNCs: L = 118.1 + 43.4 nm, D
= 14.2 + 3.1 nm, and an aspect ratio of 9.2 + 2.1; Sul-CNCs: L
=118.2 + 55.5 nm, D = 17.9 + 3.0 nm, and an aspect ratio of
82 + 1.9)*”**(the inset of Figure S8a,b) and the identical
CNCs loadings.53 Moreover, the surface coverage of the
droplets was calculated according to eq S4, which were 81.8%
for Car-CNC-based emulsions and 48.7% for Sul-CNC-based
emulsions, respectively. The higher surface coverage of Car-
CNC-based emulsions than Sul-CNC-based emulsions in-
dicated that the Car-CNCs had better emulsifying properties.
It may be due to the lower zeta potential of Sul-CNCs (—51.3
mV) than Car-CNCs (—35.6 mV), which results in stronger
electrostatic repulsion and prevents CNCs partitioning to the
oil—water interface (Figure S8c).””>” Additionally, we also
measured the molar surface charges of Sul-CNCs and Car-
CNCs by conductometric titration according to previously
reported methods,*® as shown in Figure S9. The consumed
volume of NaOH solution for Sul-CNCs was about 2.6 mL,
which was higher than that of Car-CNCs (x1.5 mL). The
results exhibited molar surface charges of Sul-CNCs were
much higher than that of Car-CNCs, which could form
stronger electrostatic repulsion between Sul-CNC particles and
affect the ES adversely. Thus, the conclusion drawn from the
conductometric titration test was consistent with the above-
measured Zeta potential.

Emulsion physical stability. We used centrifugation to assess
the physical stability of the emulsions. Centrifugation could
speed up the creaming process, concentrate the droplets by
excluding excess water from the emulsions and create a closed-
pack emulsion.’” After the centrifugation process, the ES value
of the emulsions was calculated by eq S5, which were 100% for
Car-CNC-based emulsions and 21.1% for Sul-CNC-based
emulsions, respectively (Table S4). These results demon-
strated that the emulsions stabilized by Car-CNCs were more
stable than Sul-CNC-based emulsions. As shown in Figures
4b,f, S7ab,ef, and Table S4, there was no emulsion
coalescence/separation, and few changes of droplet size and
size distribution were found in the Car-CNC-based emulsions
before and after centrifugation. However, Sul-CNC-based
emulsions showed an increase in emulsion size, a large
variation in droplet size distribution, and large-scale phase
separation after centrifugation. These phenomena may be
associated with low surface coverage of droplets. Sul-CNCs

with a lower zeta potential (that is, a higher charge density)
could induce detrimental electrostatic repulsions and prevent
CNCs from being absorbed in oil/water interfaces, resulting in
poor surface coverage.”’ The droplets with a low and
insufficient surface coverage could be more prone to coalesce
and destabilize when subjected to centrifugation.”' ~**

Emulsion thermal stability. As shown in Figures 4, S7, and
Table S4, there were almost no changes in droplet size and size
distribution found in all as-prepared emulsions. The ES values
of Car-CNC-based and Sul-CNC-based emulsions were both
100%. These results suggested that all as-prepared emulsions
could be well resistant to thermal processing. It was due to the
temperature might not have a major influence on the strong
steric or electrostatic repulsion between the emulsion
particles.®®

Emulsion storage stability. After 14 days of storage, the ES
value, droplet size, and size distribution of emulsions were
measured. The corresponding data are presented in Table S4,
Figures 4, and S7. The Car-CNC-based emulsions showed
almost no variation in emulsion size, size distribution, or
morphology, although the oil creaming phase and aqueous
phase stratified. In general, an emulsion can be considered
stable as long as no coalescence occurs; that means the size and
size distribution should not change.”” The stratification was
mainly due to the effect of gravity and the different densities
between LP and water during long-term storage‘%’67 (0.835 g/
cm® for LP and 1.0 g/cm?® for the water). Besides, a similar
stratification phenomenon was also observed in the Sul-CNC
stabilized emulsions. However, Sul-CNC-based emulsions
showed an increase in droplet size distribution and particle
size after 14 days of storage.

Medium viscosity has also been found one-factor affecting
ES.® We further measured the viscosity of the emulsions
prepared by Sul-CNCs and Car-CNCs. As shown in Figure
S10, the freshly prepared emulsions based on Sul-CNC and
Car-CNC displayed almost similar viscosities, primarily due to
the similar morphologies of CNCs, identical quantities of
CNCs, and the same amounts of LP in emulsions.’>*°
Interestingly, our above experimental results demonstrate
that Sul-CNC-based emulsions possessed weaker stability
than Car-CNC-based emulsions. It was obvious that viscosity
had little effect on the ES in our system.

However, the two emulsions exhibited different trends in
viscosity change after storage for 5 days. Car-CNC-based
emulsions retained almost the same viscosity as the original
emulsions, while Sul-CNC-based emulsions decreased greatly
compared with freshly prepared Sul-CNC-based emulsions. A
decrease in viscosity after long-term storage might be caused
by lamination and demulsification due to insufficient surface
coverage. The results showed that Sul-CNCs and Car-CNCs
did not affect the viscosity of fresh emulsions in our system,
but their different zeta potentials affected their long-term
stability.

Above all, the Car-CNC-based emulsions show excellent
stability and can withstand centrifugation, thermal processing,
and long-term storage, superior to the Sul-CNC-based
emulsions. Therefore, the pickering emulsions stabilized by
our Car-CNCs could offer promising potentials in practical
applications such as thermal energy storage, food science, the
cosmetic industry, etc.
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4. CONCLUSIONS

In this study, we developed a high-efficient and scalable
method for preparing Car-CNCs by carboxymethylation
pretreatment-assisted APS oxidation. As expected, the
carboxymethylation pretreatment facilitates the swelling of
wood cell walls and exposed more C4 hydroxy groups, thus
improving the APS oxidation efficiency and shortening the
preparation time from 16—24 h to only ~30 min. Moreover,
we can adjust the yield, micromorphology, crystallinity, and
thermal stability of Car-CNCs by controlling different APS
oxidation conditions. Among them, the Car-CNCs-30 min
exhibited a maximum vyield of 60.6% with an average length of
118.1 + 43.4 nm and diameter of 14.2 + 3.1 nm. More
importantly, the yield, thermal stability, and the preparation
efficiency of our Car-CNCs were superior to the conventional
CNCs prepared from sulfuric acid hydrolysis and conventional
APS oxidation. Therefore, our two-step collaborative process
offered a promising and economical strategy for preparing
CNCs on a large scale. Additionally, our Car-CNCs also
demonstrated excellent stabilization for Pickering emulsion
preparation, which has promising potential in numerous fields.
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