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Molecular weight-controllable regenerated cellulose nanocrystal for
Pickering emulsion application
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Abstract. Employing an aqueous NaOH/urea solvent and absolute ethanol as the anti-solvent, regenerated cellulose
nanocrystals (RCNC) were fractionated via a multi-step precipitation protocol to yield populations with tunable molecular
weights and sequentially reduced yet uniform particle dimensions. Chromatographic and electron-microscopy analyses
confirmed that RCNC dimensions scaled inversely with molecular weight across the 36-9 kDa range. Pickering emulsion
assays revealed pronounced surfactant-like behaviour for all fractions; the 15 kDa specimen (RCNC-15) outperformed the
rest, generating the finest droplet sizes and maintaining maximal stability even at minimal loadings. When this optimal RCNC
fraction was employed as a scaffold for in-situ nucleation of zinc oxide nanoparticles, the resulting hybrid catalysed the
photodegradation of Nile red within an emulsion medium, attaining 99.5 % decomposition in 100 min and establishing RCNCs
as high-efficiency carriers for emulsion-assisted catalytic processes.
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1 Introduction

Cellulose is a linear, high-molecular-weight biopolymer built from repeating D-glucopyranose units joined via B-
1,4-glycosidic linkages; neighbouring chains are held together by a network of hydrogen bonds and van der
Waals interactions. Using currently common top-down treatment methods (such as mechanical method (ball
milling®!), acid hydrolysis!*®! or enzymatic treatment!®!), needle-like cellulose nanocrystals (CNC) or fibrous
cellulose nanofibers (CNF) can be obtained, both of which are collectively called cellulose nanomaterials!”.
Another bottom-up method for preparing cellulose nanomaterials is to precipitate dissolved cellulose molecules
(chains) by using an anti-solvent to obtain regenerated cellulose (RC). Since cellulose is essentially insoluble in
water and most organic solvents!®, a large number of studies have been devoted to developing simple and
efficient solvents (such as pre-cooled alkali/urea/water system®)) to dissolve as much cellulose as possible
conveniently, and to inhibit cellulose dissolution by forming competitive hydrogen bonds between anti-solvents
(such as water, ethanol, acetone, etc.) and cellulose molecules (chains), so that the dissolved cellulose
precipitates and reorganizes from the solution to obtain regenerated cellulose nanocrystals (RCNC)10-11],

Due to considerations of biosafety and environmental protection, cellulose-based materials have been widely
used to stabilize Pickering emulsions (an emulsion system discovered by Ramsden? and Pickering!*® that uses
colloidal particles instead of surfactants). Since the efficiency of Pickering emulsion stabilizers is closely related
to their size, morphology, etc.[*¥l, and most RCNC are prepared by one-time anti-solvent precipitation, the
obtained RCNC usually has a wide molecular weight distribution, and the size and morphology are difficult to
control, which is not conducive to stabilizing Pickering emulsions.

In this study, NaOH/urea/water solvent system was used, and a multi-step precipitation method was adopted

to achieve controllable preparation of RCNC with different molecular weights and sizes. The obtained RCNC was
used as a Pickering emulsion stabilizer, and the relationship between the molecular weight and size of RCNC and
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its emulsifying performance was investigated. Furthermore, ZnO nanoparticles were grown in situ on the surface
of RCNC with relatively optimal emulsifying performance, and the potential of the obtained RCNC as an
emulsion-assisted reaction carrier was verified by an emulsion-assisted photo-degradation test of Nile red model
reaction.

2 Experimental methods
2.1 Preparation of RCNC

Initially, 5 g of microcrystalline cellulose was dispersed in 200 mL of a ternary solvent system comprising
anhydrous ethanol, ethylene glycol, and 1.2 N hydrochloric acid at a mass ratio of 1:1:1, followed by refluxing at
90 °C for 10 h. Upon completion of the reflux period, the resulting solid was isolated and subjected to three
successive centrifugation-washing cycles with deionized water. Subsequently, the purified precipitate was
transferred into a pre-chilled aqueous solution (200 mL) containing 5 % NaOH and 5 % urea, where it was
mechanically agitated at —12 °C until full dissolution was achieved. Thereafter, under continuous stirring, 40 mL
of absolute ethanol was introduced dropwise into the cellulose solution, inducing the precipitation of
regenerated cellulose nanocrystals (RCNC). The precipitated material was then recovered by centrifugation and
rinsed repeatedly with anhydrous ethanol until a neutral pH was attained, yielding sample 1#. Subsequently,
under stirring, another 40 mL anhydrous ethanol was added dropwise to the supernatant after centrifugation of
sample 1# in the previous step, and the obtained precipitate was collected by centrifugation and washed with
anhydrous ethanol until neutral to obtain sample 2#. By repeating the above process repeatedly, samples 3#,
44, 5#, and 6# were obtained respectively. The molecular weights of 1# to 6# RCNC samples gradually decreased
from 36 kDa to 9 kDa. According to the molecular weight, the obtained RCNC were named: RCNC-36, RCNC-25,
RCNC-15, RCNC-11, RCNC-10, and RCNC-9.

2.2 Preparation of oil-in-water Pickering emulsion

The as-synthesised RCNC was deployed as a particulate stabiliser to formulate oil-in-water (O/W) Pickering
emulsions, with n-hexadecane comprising the dispersed phase and water constituting the continuous medium.
First, RCNC was dried at 25 °C until anhydrous ethanol completely evaporated to avoid the influence of
anhydrous ethanol on emulsion performance. Subsequently, RCNC was dispersed in 50 mmol/L NaCl aqueous
solution to prepare uniform RCNC aqueous suspensions with concentrations of 0.5, 1.0, 2.0, 4.0 g/L. Then, 1.5
mL n-hexadecane was added to 6 mL uniformly dispersed RCNC suspension (50 mmol/L NaCl) to obtain an
oil/water mixture with a volume ratio of 1:4. Finally, an ultrasonic instrument (UP-250) equipped with a 3 mm
diameter titanium probe was used to ultrasonically prepare RCNC-stabilized O/W Pickering emulsion: the probe
was placed about 3 mm below the liquid surface, and ultrasonicated at 50% output power for 25 s in a working
mode of 2 s ultrasound followed by 3 s standby, to obtain a milky opagque RCNC-stabilized O/W Pickering
emulsion. The oil/water volume ratio of all emulsions in this work was 1:4.

2.3 Preparation of ZnO@RCNC composite

RCNC-15 served as the scaffold template. It was first dispersed in a mixed-acid medium comprising 90 % 3 mol
L™ citric acid and 10 % 6 mol L™ HCl at a solid-to-liquid ratio of 1:50 (m/v), then thermostated in an 80 °C water
bath for 6 h under constant agitation. Afterward, the mixture was rapidly quenched to ambient temperature
and the pH was brought to neutrality using 3 mol L™" NH3-H,0. The resulting neutral suspension was partitioned
into three equal aliquots, to which 0.1 mol L™ Zn(NOs),-6H,0 was introduced at mass ratios of 1:2, 2:2 and 3:2,
respectively. Each aliquot was re-neutralised with 0.5 mol L' NaOH. Subsequently, under continued stirring at
80 °C, an equivalent volume of 0.1 mol L™" NaOH was introduced into each portion to precipitate Zn?* as Zn(OH)s.
The solids were then recovered by centrifugation, washed three times with de-ionised water, and air-dried at
25 °C. A final thermal treatment at 120 °C for 1 h converted the zinc hydroxide into ZnO, affording in-situ ZnO-
decorated RCNC-15 denoted as ZnO@RCNC-15_x:2 (x=1, 2, 3).

2.4 Molecular weight characterization
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Molecular-weight distributions of the RCNC fractions were determined by gel-permeation chromatography
(HPLC, LC-20AT) at a column temperature of 80 °C. Poly(ethylene glycol) standards of known molecular weight
were used for calibration. Each RCNC sample was dissolved in 8 % LiCI/DMAc; 10 uL aliquots were injected and
eluted with 0.5 % LiCl/DMAc at 1 mL min™. The dispersity index (D) was computed as the ratio of weight-average
to number-average molecular weight (D = M_w/M_n).

2.5 Size characterization

Transmission electron microscopy (TEM, Tecnai F20) was used to characterize the size of the obtained RCNC.
The obtained RCNC samples were dispersed in anhydrous ethanol at a ratio of 0.005% respectively and
ultrasonicated for 10 min to disperse RCNC uniformly. Then, about 50 pL of the dispersion was sucked with a
pipette and dropped on a copper grid covered with a carbon support film. Before dropping the sample, the grid
was cleaned with plasma (Fischione 1020) for 3 s to avoid RCNC agglomeration during evaporation of anhydrous
ethanol. Finally, TEM with an acceleration voltage of 200 kV was used to characterize the size of the obtained
samples. Since cellulose-based materials are electron beam sensitive materials with low critical electron dose,
they are prone to radiation damage during TEM characterization!*>). Therefore, during TEM characterization, to
avoid high-energy electron beam radiation damage as much as possible, the spot size mode was set to 5 to
reduce the radiation electron dose. All sample TEM characterizations were performed no less than 10 times.

2.6 Fluorescence staining characterization

(1) Nile red (NR) staining of n-hexadecane. First, 10 mg NR was dissolved in 10 mL acetone in the dark to prepare
1 mg/mL NR staining solution. Subsequently, 200 uL of 1 g/L RCNC-stabilized Pickering emulsion was dispersed
in 2 mL 50 mmol/L NaCl aqueous solution. Then, 20 uL NR staining solution was dropped into the obtained
dispersion, and allowed to stand in the dark for 10 min to fully stain n-hexadecane with NR. Finally, observation
was performed under an optical microscope equipped with a mercury lamp and filter.

(2) Calcofluor White (CWS) staining of RCNC. First, 200 pL of 1 g/L RCNC-stabilized Pickering emulsion was
dispersed in 2 mL 50 mmol/L NaCl aqueous solution. Then, 20 uL CWS was added, and allowed to stand in the
dark for 10 min to fully stain RCNC with CWS. Finally, observation was performed under an optical microscope
equipped with a mercury lamp and filter.

(3) Double staining of NR and CWS. Under the same conditions, 20 uL of NR and CWS staining solutions were
sequentially added dropwise to the emulsion dispersion, and allowed to stand in the dark for 10 min to fully
stain n-hexadecane and RCNC with fluorescent dyes. Finally, observation was performed under an optical
microscope equipped with a mercury lamp and filter.

2.7 Photodegradation rate characterization

First, the ZnO@RCNC-stabilized Pickering emulsion was transferred to an aluminum foil-covered petri dish with
a diameter of 7.5 cm. Then, the petri dish was placed about 15 cm below a light source (xenon lamp, PLS-SXE300)
for irradiation test. Every 20 min, 500 pL of NR-stained n-hexadecane sample was taken, mixed uniformly with
2 mL unstained n-hexadecane in a quartz cuvette, and the NR content after different irradiation times was
determined by ultraviolet-visible spectrophotometer (UV-vis, UV-2600), using the absorbance of NR at 492 nm
as the characteristic peak. During the irradiation test, except for sampling, the petri dish was covered with a
quartz plate to prevent water evaporation, and the emulsion was magnetically stirred at 200 r/min throughout.
The degradation rate was expressed as relative content, as shown in formula (1):

C=Ci/Cox100% (1)

Where: Cis the relative content; Ctis the absorption intensity of NR after irradiation for t min; Co is the absorption
intensity of NR at O min irradiation.

Low-temperature centrifugation demulsification was used to separate NR-stained n-hexadecane after different

160



Molecular weight-controllable regenerated cellulose nanocrystal for Pickering emulsion application
DOI:

illumination times from the sampled emulsion: since the melting point of n-hexadecane is 18 °C, the emulsion
sampled at equal time intervals was centrifuged at 10000 r/min (Eppendorf 5810 R) for 10 min at 10 °C, then
heated until the solidified stained n-hexadecane was completely melted, and then 500 pL was taken for UV-vis
test.

3 Results and analysis
3.1 RCNC characterization

NaOH/urea/water system has been widely proven to be an effective solvent for dissolving cellulose®®l, In the
pre-cooled NaOH/urea/water system, NaOH hydrate and cellulose molecular chains form stable hydrogen bond
ligands at low temperature, and sheath-like urea hydrate as a shell wraps the NaOH-hydrogen bond-cellulose
ligand to form an inclusion complex (IC) channel to prevent the association between cellulose molecules, thereby
causing cellulose dissolution!*7-18l,

Figure 1(a) shows that with the batch addition of anhydrous ethanol, the molecular weight of RCNC samples
gradually decreased from 36 kDa to 9 kDa. According to the molecular weight, the obtained RCNC were named:
RCNC-36, RCNC-25, RCNC-15, RCNC-11, RCNC-10, RCNC-9. The inset of Figure 1(a) shows the Dm of RCNC. It can
be seen that RCNC-36 and RCNC-25 have higher Dw, indicating that these two regenerated celluloses have a
wide molecular weight distribution, large molecular weight differences, and poor sample uniformity. Anhydrous
ethanol enhances the inter/intra-molecular hydrogen bonds of cellulose by destroying the sheath-like urea
coating complex, causing it to precipitate from the solvent. The continuous precipitation of RCNC with
decreasing molecular weight from the remaining solution may be because the smaller the cellulose molecular
weight, the greater the degree of coating by urea coating complex, and the stronger the hydrogen bond between
cellulose molecules and NaOH/urea/water system, so higher concentration of anhydrous ethanol is needed to
destroy the sheath-like urea hydrate through competitive hydrogen bonding, thereby precipitating
low-molecular-weight cellulose from the solution. Therefore, by gradually adding anti-solvent (anhydrous
ethanol) to the cellulose solution, polysaccharide components with gradually decreasing molecular weight can
be obtained.
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Figure1 Mw of RCNC, inset: DM of RCNC (a), and XRD patterns of the prepared RCNC (b)

The crystal configuration and amphiphilicity of cellulose-based emulsion stabilizers are important factors
affecting their emulsifying performance. Figure 1(b) shows the XRD patterns of RCNC samples. It can be seen
from Figure 1(b) that the XRD characteristic peaks of RCNC-36 to RCNC-9 basically remain consistent, all showing
three characteristic peaks at 26 = 12.2°, 20.0°, 22.2° corresponding to the (1$\overline{1}$0), (110), (020) crystal
planes of cellulose 1'%, In the initial stage of cellulose regeneration, pyranoside rings first stack to form
molecular layers through hydrophobic interaction, and then the molecular layers arrange to form Na-IV cellulose
microcrystals through hydrogen bonds??. When Na-IV cellulose transforms into cellulose I, the
(1$\overline{1}$0) crystal plane spacing decreases?Y, indicating that water molecules are located between the
stacking of hydrophobic crystal planes in the [110] direction. The (110) plane of cellulose Il is a hydrophobic
plane, so cellulose Il is amphiphilic (the crystal model is shown in Figure 2). This indicates that the obtained RCNC
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is amphiphilic and can be used as a Pickering emulsion stabilizer.

v Y HO

Figure 2 Schematic diagram of hydrophobic crystal surface of cellulose Il

Figure 3 shows TEM images of RCNC-n. Most samples in RCNC-36 and RCNC-25 have larger sizes due to their
higher molecular weights (Figure 3(a), (b)). However, the sizes of the two are not uniform. During the experiment,
some agglomerated RCNC with sizes of several microns were also observed. Figure 3(b) shows the local area of
agglomerated RCNC in RCNC-25. The reason for the non-uniform size of these two RCNC samples is their wide
molecular weight distribution (Figure 1(a)), leading to large size differences. When the sample molecular weight
is less than or equal to 15 kDa, its molecular weight and size tend to be stable. As the sample molecular weight
further decreases, the corresponding size of RCNC decreases (Figure 3(c)~(f)).

Figure3 TEM images of RCNC-n (a) RCNC-36; (b) RCNC-25; (c) RCNC-15; (d) RCNC-11; (e) RCNC-10
(f) RCNC-9

3.2 Characterization of Pickering emulsion stability of RCNC-n

Figure 4 shows photos of the O/W Pickering emulsion stabilized by the obtained RCNC-n. It can be seen from
Figure 4 that the emulsion stabilized by RCNC-15 has the thickest emulsification layer, while the emulsification
layers of RCNC-36 and RCNC-25 are thinner, about half of that of RCNC-15, indicating that RCNC-36 and RCNC-25
have the worst emulsifying performance. After the molecular weight distribution stabilizes, RCNC-15 has the
best emulsifying effect, and the emulsifying effect of other samples decreases with decreasing molecular weight.
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It was found in the experiment that when the content of RCNC-n was less than 2 g/L (Table 1), the emulsions
corresponding to RCNC-36 and RCNC-25 had poor stability and broke during the transfer to microscopic
observation, so their droplet sizes could not be measured, which corresponds to the thinnest emulsification

layer of the two in Figure 4.

Figure 4 Optical image of an O/W Pickering emulsion prepared with 2 g/L RCNC-n

Table 1 Droplet diameter of RCNC-n-stabilized O/W Pickering emulsions at different loadings after 24 h and

14d
Sample | 0.5g/L(24h/14d) | 1g/L(24h/14d) | 2g/L(24h/14d) | 4g/L(24h /14 d)
RCNC-36 | x/x 611/x 119.0/123.8 57.2/65.9
RCNC-25 | x/x X/x 180.9/199.0 90.8/115.1
RCNC-15 | 65.1/80.7 28.1/28.3 13.1/13.2 7.9/7.7
RCNC-11 | 74.3/101.9 30.2/38.5 15.5/15.8 8.5/8.6
RCNC-10 | 78.1/110.5 42.8/42.9 27.7/27.7 14.2/14.1
RCNC-9 85.2/121.7 56.7/60.5 28.4/28.8 15.1/15.0

Due to the wide molecular weight distribution and poor emulsifying performance of RCNC-36 and With the
exception of RCNC-25, the size-fractionated RCNC series (RCNC-15 through RCNC-9), characterized by uniform
molecular weights and dimensions, was exploited to systematically investigate the effect of RCNC molecular
weight and size on emulsion stability. Optical micrographs of emulsions stabilized by RCNC-15 to RCNC-9 at
varying concentrations are compiled in Figure 5. The images reveal a clear inverse correlation between RCNC-n
concentration (from RCNC-15 to RCNC-9) and droplet diameter. At the minimum dosage examined (0.5 g L™), a
pronounced increase in droplet size was observed after 14 days, indicative of coalescence. Conversely,
emulsions formulated at higher RCNC-n concentrations exhibited negligible dimensional changes over the
identical storage duration.

To compare the change of droplet size of emulsions with different contents of RCNC-n (RCNC-15~9), the
measurement results of droplet size after 14 days of storage are shown in Figure 6. It can be seen from Figure 6
that when the content of RCNC-n was less than or equal to 1 g/L, the droplets of the prepared emulsions all
showed an increase in size, and the emulsion with 0.5 g/L RCNC-n had the worst stability. This is because for
most Pickering emulsion systems, when the colloidal particle content is low, due to the limited number of
available colloidal particles, the interface area that can be stabilized is small, resulting in larger emulsion droplet
size, and the oil phase surface cannot be completely covered, so the emulsion stability is poor and prone to
coalescence!®?. The higher the content of RCNC-n used, the smaller the emulsion droplet size, because when
the oil phase volume is the same, the smaller the droplet size, the larger the specific surface area formed, so
higher content of colloidal particles is needed to stabilize the larger specific surface area!?. It can also be seen
from Figure 6 that when the content of RCNC-n was constant, as the molecular weight of RCNC-n decreased, the
size of the stabilized emulsion droplets increased and the emulsion performance became worse, which is
opposite to the currently common phenomenon (242,
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Figure 6 Droplet sizes variation tendency of the O/W Pickering emulsion stabilized by the
RCNC-n samples with different concentrations before and after 14 d storage

As illustrated in Figure 7, RCNC-10 assembled into a stable, homogeneous interfacial film at the oil-water
boundary'#?-?7], Soft particles can bend on the oil droplet surface to produce strong effective interfacial
anchoring and dense interfacial coverage**?%l, In addition, particles with anisotropy have stronger interfacial
packing and can cover a larger interfacial area®. Therefore, RCNC-15 has relatively good emulsifying
performance, probably due to its good bending deformation ability and higher anisotropy, enabling it to bend
on the oil droplet surface and produce strong effective interfacial anchoring. As the molecular weight and size
decrease, the rigidity of RCNC-11 to RCNC-9 gradually increases, and their bending degree at the two-phase
interface decreases, resulting in a decrease in effective interfacial anchoring and coverage at the two-phase
interface, so their interfacial barrier ability decreases, leading to a gradual decrease in the corresponding
emulsion stability and obvious emulsion coalescence phenomenon (Figure 5).

(b)

200 M

Figure 7 Fluorescence images of 1 g/L RCNC-10 Pickering emulsion: (a) NR—oil; (b) CWS—RCNC; (c)
merged

Figure 8 Contact angle images of RCNC-n (a) RCNC-15; (b) RCNC-11; (c) RCNC-10; (d) RCNC-9

The ability of colloidal particles to hinder emulsion coalescence can be evaluated by the strength of adsorption
free energy of colloidal particles at the two-phase interface. The mechanism of Pickering emulsion stabilized by
non-spherical colloidal particles is more complicated and difficult to describe quantitatively™™. For spherical
particles, the adsorption free energy is proportional to the square of the spherical radius, as shown in formula

(2):

AE = 1tR%y(1-| cosB|)? (2)
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Where: AE is the adsorption free energy; R and y represent the radius of colloidal particles and interfacial tension
respectively; 0 is the contact angle. The wettability of Pickering emulsion stabilizer is also an important
parameter affecting emulsion stability**?3. Figure 8 shows photos of static contact angles of RCNC-15 to RCNC-9.
It can be seen from Figure 8 that RCNC-15 self-supporting film has the largest hydrophobicity, and the contact
angle of water droplets on RCNC-n self-supporting film gradually decreases with the decrease of molecular
weight. It is not difficult to conclude from formula (2) that the larger the static hydrophobic angle, the greater
the adsorption free energy at the two-phase interface, so RCNC-15 can form effective interfacial anchoring at
the two-phase interface, and its stabilized emulsion has the best stability and the emulsion droplets are not easy
to coalesce.

0 min

30 min

60 min

Figure 9 OM images of O/W Pickering emulsion droplets stabilized by RCNC-n at a concentration of 2
g/L and after standing for 6 months and undergone different centrifuge time (0, 30, 60 min) under
10000 r/min

In addition to droplet coalescence caused by rupture of droplet covering layer, Ostwald ripening caused by
Laplace pressure difference between droplets is also an important process in the destabilization process?®.. The
Young-Laplace equation (Y-L equation) is shown in formula (3):

AP =y(1/R1+ 1/R2) (3)

Where: AP is the Laplace pressure of the droplet; y is the interfacial tension; R1 and R; are the curvature radii in
the latitude and longitude directions of the small sphere respectively3?. It can be approximately considered that
the emulsion droplets are spherical, so the Y-L equation can be rewritten as: AP = 2y/R. The AP of the droplet is
proportional to y and inversely proportional to R. Since surface tension is a function of droplet size: that is, as
the size decreases, the surface tension decreases®!. Therefore, when the tension difference between droplets
of different sizes and the balanced capillary pressure difference reach a quasi-steady state, the droplet size will
tend to a constant value, that is, with a smaller standard deviation. Therefore, compared with other RCNC-n
(RCNC-11~9), the emulsion droplets stabilized by RCNC-15 have the smallest standard deviation of size, that is,
a smaller standard deviation (Figure 6), so the AP between droplets is smaller, Ostwald ripening is not obvious,
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and thus it shows relatively best emulsion stability. However, the molecular weight distribution of RCNC-36 and
RCNC-25 is wide and the size is not uniform, resulting in non-uniform emulsion droplet size stabilized by them,
serious Ostwald ripening phenomenon, poor emulsion stability, and even phase separation.

The emulsion stabilized by RCNC-n with a content of 2 g/L was selected, and after 6 months of storage, the
centrifugal stability of these emulsions was further tested by centrifugation loading. Figure 9 shows optical
microscope photos of the emulsion after different centrifugation times. The droplet sizes of Pickering emulsions
stabilized by RCNC-15~9 show no significant change after different centrifugation times. The centrifugation
results show that the Pickering emulsions stabilized by 2 g/L RCNC-15~9 have excellent time stability and
centrifugal stability.

The temperature stability of Pickering emulsions stabilized by RCNC-n was further tested by storing at different
temperatures. Figure 10 shows optical microscope photos of Pickering emulsions stabilized by 2 g/L RCNC-15~9
after storing at room temperature for 6 months and then at different temperatures for 24 h 32, Figure 10 further
shows that the effective interfacial anchoring generated by RCNC-n at the two-phase interface gives it good
thermal stability, indicating that the material can adapt to various temperature environments.

RCNEZ

40 C

100 ©

Figure 10 OM images of Pickering emulsion stabilized by RCNC-n with a concentration of 2 g/L after
standing for 6 months and keeping at 40, 60, 80, 100 °C for 24 h, respectively
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Figure 11 HAADF-STEM image (1), magnified view of the red-box area (2), and the EDS mapping of
the blue-box area (3) of samples (a) ZnO@RCNC-15_1:2; (b) ZNO@RCNC-15_2:2; (c)ZnO@RCNC-15_3:2

3.3 Photodegradation performance characterization of ZnO@RCNC-15_x:2 composite

Compared with inorganic nanoparticles, another advantage of regenerated cellulose nanomaterials as emulsion
stabilizers is that they have abundant modifiable functional groups on their surface. On the one hand, their
emulsifying performance can be regulated by chemical modification; on the other hand, other nanoparticles
(such as catalysts) can be introduced on their surface to carry out emulsion-assisted reactions and improve
chemical reaction efficiency.

Photodegradation of organic dyes usually occurs at the interface between the photocatalyst and pollutants3!,
However, due to large specific surface area and high surface energy, zinc oxide nanoparticles (ZnONPs) tend to
agglomerate®¥. In addition, exposed ZnONPs have strong hydrophilicity, making the Pickering emulsion
stabilized by ZnONPs poor performance®. Therefore, it is difficult to effectively use ZnONPs alone to degrade
oil-soluble organic dyes. In order to improve the dispersion and utilization of ZnO NPs, ZnONPs were grown in
situ on the surface of RCNC-15 with the best emulsifying performance, and ZnO@RCNC-15_x:2 composites with
different mass ratios were prepared for photo-degradation test of NR model reaction.

It can be observed from Figure 11 that with the increase of zinc nitrate dosage, the number of ZnONPs (white

bright spots) grown in situ on RCNC-15 gradually increases. According to HAADF-STEM photos and corresponding
EDS maps, it can be seen that ZnONPs are evenly distributed on the surface of RCNC-15. ICP-MS characterization
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of the ZnO content on its surface shows that the ZnO contents in ZnO@RCNC-15_1:2, ZnO@RCNC-15_2:2,
ZNnO@RCNC-15_3:2 are 0.27%, 0.47%, 0.51% respectively. However, with the increase of ZnO content,
aggregation of ZNONPs begins to appear on the surface of ZnO@RCNC-15_3:2 (Figure 11(c)).
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It can be seen from Figures 12(a)~(c) that with the increase of irradiation time, the light absorption intensity of
NR significantly decreases, indicating that NR is gradually degraded. Figure 12(d) shows the relationship between
photocatalytic degradation rate and time of ZnO@RCNC-15_x:2 composites. After calculation, after 80 min of
irradiation, the degradation rates of NR by ZnO@RCNC-15_1:2, ZnO@RCNC-15_2:2, ZnO@RCNC-15_3:2 are
97.5%, 98.6%, 97.0% respectively. After 100 min of irradiation, the degradation rates reach 99.2%, 99.5%, 98.9%
respectively. Among them, ZnO@RCNC-15_2:2 has the highest degradation efficiency.

00 )

Figure 13 OM images of Pickering emulsion stabilized by ZnO@RCNC-15_1:2(a), ZnO@RCNC-15_2:2(b),
and ZnO@RCNC-15_3:2 (c)

According to ICP-MS results, the ZnO content of ZnO@RCNC-15_2:2 (0.47%) is higher than that of
ZnO@RCNC-15_1:2 (0.27%), so its photodegradation rate is faster than that of ZnO@RCNC-15_1:2. However,
due to the strong hydrophilicity of ZnO, the emulsifying performance of RCNC-15 with in situ grown ZnONPs
slightly decreases. As shown in Figure 13, the droplet sizes of emulsions stabilized by ZnO@RCNC-15_1:2 and
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ZNnO@RCNC-15_2:2 are not much different, but compared with the emulsion stabilized by single RCNC-15 with
the same content (2 g/L) (Figure 5), its droplet size slightly increases. This is mainly because the hydrophobicity
of RCNC-15 with in situ grown strongly hydrophilic ZnONPs decreases, resulting in increased emulsion size. In
addition, it can be observed from Figure 13 that the droplet size of emulsion stabilized by ZnO@RCNC-15_3:2
significantly increases, which is mainly because at this ZnO NPs content (0.51%), ZnO NPs agglomeration appears
on the surface of RCNC-15 (Figure 11(c)), further leading to a decrease in its hydrophobicity. Due to the increase
in droplet size of emulsion stabilized by ZnO@RCNC-15_3:2, the oil/water interface area decreases, thereby
reducing the effective reaction area between ZnONPs and NR. In addition, due to the increase in droplet size,
the NR content in a single droplet increases, further leading to a decrease in photocatalytic rate.

In summary, when the droplet size of Pickering emulsion stabilized by ZnO@RCNC-15 composite remains
unchanged (i.e., ZnO@RCNC-15_1:2 and ZnO@RCNC-15_2:2), the increase of in situ grown ZnONPs content can
effectively increase the photodegradation rate. However, when the content of ZnONPs increases to cause a
significant increase in the droplet size of Pickering emulsion stabilized by it (i.e., ZNO@RCNC-15_3:2), although
it has a higher ZnONPs content, its photodegradation rate decreases significantly.

4 Conclusions

(1) A series of cellulose Il RCNC materials with gradually decreasing average molecular weight and size were
obtained by an improved multi-step precipitation method. When the molecular weight of RCNC was 36 kDa and
25 kDa, its molecular weight distribution was wide and the morphology was not uniform; when the molecular
weight of RCNC was less than or equal to 15 kDa, its molecular weight distribution and size tended to be stable,
and the corresponding size decreased with the decrease of molecular weight.

(2) RCNC-15, averaging 15 kDa in molecular weight, exhibited the most favourable emulsifying behaviour,
affording the finest droplet dimensions and the greatest stability at minimal stabiliser loadings. Its uniform size,
good soft deformability and high interfacial adsorption free energy enable it to produce effective interfacial
anchoring at the two-phase interface. When the content of RCNC is greater than 2 g/L, the emulsions stabilized
by RCNC-15 to RCNC-9 samples all have good time, mechanical and temperature stability.

(3) The excellent emulsifying performance of RCNC-15 sample enables it to be used as an emulsion reaction
carrier, and in situ growth of ZnONPs achieves efficient emulsion-assisted photo-degradation of Nile red. At the
same time, it was also found that on the premise that the emulsion droplet size is constant, the increase of
ZnONPs content helps to increase the photodegradation rate. However, further increasing the content of
ZnONPs will affect the hydrophobicity of RC emulsion stabilizer, resulting in increased emulsion droplet size and
slowed photodegradation rate.
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