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In this paper, cellulose nanofibers (CNF) were prepared from wheat bran (WB) and the structure of CNF was
determined. Fourier transform infrared spectra and X-ray diffractograms showed the groups such as hydroxyl and
carboxyl groups and cellulose type 1 structure possessed by CNF, respectively. Scanning electron microscopy
exhibited that CNF was filamentous and intertwined. In addition, Pickering emulsions were prepared using CNF

and the physicochemical properties of the emulsions were characterized. The results showed that CNF was able
to increase the zeta potential and viscosity of the emulsions, thus improving the stability of the emulsions.
Moreover, CNF formed a physical barrier by adsorbing at the oil-water interface and near the oil droplets and
CNF dispersed in the aqueous phase formed a network structure to restrict the movement of oil droplets, thus
improving the stability of the emulsions. These findings may provide some new insights for the potential ap-

plications of WB.

1. Introduction

Cellulose is the most dominant and widely distributed carbohydrate
polymer on earth. Due to its low cost, biodegradability, non-toxicity and
compatibility, it is receiving increasing attention (Gao et al., 2023).
When cellulose is subjected to mechanical treatments, such as high-
pressure homogenization and ultrasound, the cellulose fibres are dis-
assembled into nanoscale structures, preserving the crystalline and
amorphous regions, often described as CNF (Parajuli & Urena-
Benavides, 2022). CNF is a nanoscale cellulose material, typically with
diameters of 1-100 nm and lengths of a few micrometers. Depend on the
high aspect ratio and the amphiphilic surface properties of CNF, making
it a high quality material to stabilize food emulsions (Fang, Tian, Cai,
et al.,, 2024). Ling Zhang et al. (2024a); Zhang et al. (2024b) isolated
CNF from mushroom rhizomes and prepared a semi-solid emulsion with
good stability. Lv et al. employed CNF and nano-chitin to synergistically
stabilize high internal phase Pickering emulsions and exhibited high
tolerance to salt ions and pH (Lv, Wang, et al., 2024). In addition, the use
of CNF to stabilize essential oil emulsions can improve the stability of
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essential oils during use and maintain their antibacterial activity
(Chevalier et al., 2024).

Moreover, CNF is available from a wide range of sources, including
plants, bacteria and fungi (Czaikoski et al., 2020). But due to the
increasing demand for sustainable food products, a large number of low
value-added bioresources (such as banana peels, manzanita stalks and
Oil palm fruit bunch) have been utilized for CNF production (Q. Li et al.,
2021). And developing these resources can improve the technical and
profit potential of these low value-added materials. Among these re-
sources, agricultural resources have lower lignin content compared to
woody biomass, and therefore require less chemicals and energy con-
sumption during extraction. Thus, agricultural residues (such as
bagasse, corn stover and rice straw) have become an excellent raw
material for cellulose owing to their low cost and sustainability, and the
extraction of CNF from agricultural residues has received increasing
attention (Ji & Wang, 2023). Among the common agricultural crops,
wheat is the most widely grown crop in the world with an annual pro-
duction of more than 770 million tonnes. The bread and noodles using
wheat as an ingredient are a major part of the human diet (Z. Chen,
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Mense, et al., 2024). Furthermore, the main by-product of wheat pro-
cessing is WB, which has an average fiber content of 37-52 % and is
highly promising for applications (Paesani et al., 2024). However,
limited by a number of technical, functional and organoleptic chal-
lenges, WB is often used for animal feed development or rural fuel, or
even discarded outright, lacking value-added applications (He et al.,
2023a; He et al., 2023b). Therefore, though WB is rich in cellulose,
current researches on WB are mainly focused on the functional prop-
erties and physicochemical properties of WB arabinoxylan. Yan et al.
found that high molecular weight WB arabinoxylan could hinder starch
pasting and low molecular WB arabinoxylan could inhibit starch
degradation, thus improving the quality of starch products (W. Yan
et al., 2022). WB arabinoxylan feruloylation also significantly increased
the viscoelasticity of gluten and the quality of wheat products (Liu,
Zhang, et al., 2023). Additionally, some studies have been conducted on
the functional activity of WB and WB cellulose as dietary fiber. Zhong
et al. found that nanosized WB insoluble dietary fiber had a better ability
to inhibit starch and lipid digestion (Zhong et al., 2024). He et al.
observed that WB insoluble dietary fiber inhibited starch digestion by
decreasing the activity of a-Amylase using in vitro digestion experiments
(He et al., 2023a; He et al., 2023b). In contrast, the means of application
and development of WB cellulose are relatively homogeneous and these
resources cannot be fully utilized. Nevertheless, large molecules like
cellulose have the potential to be the emulsion stabilizer. And the
application of cellulose from WB in emulsions has not been systemati-
cally investigated. Therefore, the preparation of CNF from WB cellulose
to stabilize Pickering emulsions fills a gap in its application in emulsions.
This also improves the utilization and development of WB cellulose and
contributes to the high value utilization of WB.

Thus, this study aims to stabilize Pickering emulsions using WB CNF
and investigate the stabilization mechanism. The structure of CNF was
characterized using Fourier transform infrared (FTIR) spectroscopy, X-
ray diffraction (XRD), scanning electron microscopy (SEM) and ther-
mogravimetric (TGA) analysis. The particle size, zeta potential, cream-
ing index (CI) and rheological properties of the emulsions prepared from
CNF were determined. In addition, the distribution of CNF in the
emulsions was analysed using fluorescence microscopy to explore the
potential mechanism for CNF to stabilize Pickering emulsions. These
results could provide some ideas and theoretical support for potential
applications of WB and other agricultural wastes.

2. Materials and methods
2.1. Materials

Sodium hydroxide, sodium chlorite, 2,2,6,6-tetramethylpiperidine
oxide (TEMPO) and sodium hypochlorite solutions were purchased
from Shanghai Macklin Biochemical Technology Co Ltd. (Shanghai,
China). WB was obtained from a local supermarket. Sodium dodecyl
sulfate (SDS) and sodium bromide were provided by Shanghai Yuanye
Biotechnology Co. (Shanghai, China). Medium-chain triglyceride (MCT)
was bought from Sports Research Co. (San Pedro, CA, USA). Calcofluor
White Stain was obtained from Beijing Coolaber Technology Co. (Bei-
jing, China). Nile red dye was purchased from Aladdin Chemical Re-
agents (Shanghai, China). In this work, all other chemical reagents used
were analytically pure.

2.2. Preparation of CNF

CNF was prepared according to the methods of Tang et al. and Xiao
et al. with slight modifications (Tang et al., 2024; Xiao et al., 2023).
Firstly, the WB was dried for crushing and then washed using ethanol for
12 h to remove the lipids. The defatted WB sample was mixed (1:20)
with 5 % (w/v) sodium hydroxide solution and reacted at 70 °C for 4 h.
Subsequently, the insoluble residue was mixed with a 1.5 % (w/v) so-
dium chlorite solution and the pH of the whole system was adjusted to
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3-4 for the bleaching treatment. The bleaching treatment was repeated
four times. The bleached sample was washed repeatedly with distilled
water to pH neutral and freeze-dried to obtain wheat bran cellulose
(WBC). The dried WBC was mixed with distilled water (1:100) and
0.008 g of TEMPO and 0.08 g of NaBr were added to react for 15 min.
Then 7.5 mL of NaClO solution was added slowly and the pH of the
whole reaction system was adjusted to 11 with NaOH solution and HCl
solution. The whole reaction lasted for 5 h. At the end of the reaction,
ethanol was added to terminate the reaction. Then the prepared oxidized
cellulose sample was washed repeatedly with distilled water until the
supernatant was neutral. Finally, CNF sample was obtained after treat-
ing the oxidized cellulose for 30 min (750 W) using an ultrasonic
processor.

2.3. Zeta potential and particle size

The particle size and zeta potential of WBC and CNF were deter-
mined using a Zeta potential and particle size analyser (90Plus PALS,
Brookhaven Instruments Inc., USA). The sample suspension (0.1 %) was
prepared using deionised water, while the sample suspension was
diluted by 100 times before measurement to avoid multiple scattering
effects (Wang, Huang, et al., 2024).

2.4. FTIR spectroscopy

The sample powder was mixed with KBr and pressed into tablets and
FTIR spectrum was determined by using a Nicolet iS50 FTIR spectrom-
eter (Thermo Fisher Scientific, Waltham, MA, USA). The FTIR spectra of
WB, WBC and CNF were obtained after 32 scans at the range of
400-4000 cm ! (Ebrahimi et al., 2024a; Ebrahimi et al., 2024b).

2.5. XRD

Firstly, 100 mg of WB, WBC and CNF samples were taken on glass
slides. Then the XRD patterns of WB,WBC and CNF samples were ob-
tained after scanning in the range of 10-40° at a rate of 5°/min by a D8
X-ray diffractometer (Bruker, Germany) (Zhimao Li et al., 2023).

2.6. TGA

The TGA curves of WB,WBC and CNF were recorded by using TGA2
TGA analyser (Mettler Toledo, Switzerland). A 20 mg sample powder
was taken in the TGA analyser and heated from room temperature to
600 °C at a rate of 10°/min under nitrogen atmosphere (Zhou, Lv, et al.,
2024).

2.7. SEM

The morphology of WB,WBC and CNF was observed by using a
scanning electron microscope (SU1510, Hitachi, Japan). A 5 mg sample
powder was applied uniformly on the conductive adhesive tape and then
the sample was observed under an accelerating voltage of 10 kV after
gold spraying treatment (Tang, Hu, Bai, et al., 2024).

2.8. Preparation of Pickering emulsions

The oil-in-water Pickering emulsion was prepared using CNF sus-
pension as the aqueous phase and MCT as the oil phase. The prepared
CNF suspensions with different concentrations were mixed with MCT in
the ratio of 3:1 and homogenised using a high speed homogeniser at
12000 rpm for 5 min. Finally, the Pickering emulsions were obtained
with a concentration of MCT of 25 % and final concentrations of CNF of
0.2 %,0.4 %, 0.6 %, 0.8 % and 1 %, respectively.
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2.9. Emulsifying activity index (EAI) and emulsion stability index (ESI)

The EAI and ESI were measured based on the method of Wang et al.
with slight modifications (Wang, Liu, et al., 2024). Firstly, the emulsion
was prepared using the method of 2. 8 and then 20 pL of the emulsion
was removed from the bottom of the emulsion at 0 min and 60 min,
respectively. Subsequently, 20 pL of the emulsion was diluted 100 times
using 0.1 % SDS (w/v) and the absorbance value was measured at 500
nm by a UV-2450 spectrophotometer (Shimadzu, Tokyo, Japan).
Finally, the EAI and ESI were calculated according to Egs. (1) and (2):

m? 2% 2303 x Ag x N
EAI(—) = )
<g> (1 - ¢) x C x 10000 @
ESI (9 _Aeo
(ﬁ))fA—xlOO @
0

where Aj is the absorbance value at 0 min, N is the dilution times, ¢ is
the volume fraction of the oil phase, C is the concentration of the sample,
and Agg is the absorbance value at 60 min.

2.10. Characterization of emulsions

2.10.1. Zeta potential and particle size

The prepared emulsion was diluted 100 times using deionised water.
The zeta potential and particle size of the emulsions were evaluated at
25 °C with a particle size analyser (90Plus PALS, Brookhaven In-
struments Inc., USA) (Luo et al., 2024).

2.10.2. Rheological properties

A 2 mL of emulsion was placed on the sample stage and then the
emulsion was sheared at a range of 0.01-100 s~! using a DHR-2
rheometer (TA Instruments Inc., USA) equipped with parallel plates.
The parallel plates were spaced 0.5 mm apart and the test temperature
was 25 °C (Zhou, Feng, et al., 2024).

2.10.3. Microstructure observation

The distribution of CNF and oil droplets in the emulsions was
observed using a DMi8 fluorescence microscope (Leica Microsystems,
Germany). A 0.1 % Nile red (w/v) solution was mixed with 0.1 % cal-
cofluor white (w/v) at a ratio of 1:1. Then 10 pL of the mixed dye was
added to 1 mL of the prepared emulsion for staining. Finally the
microstructure of the emulsion was observed in fluorescence mode
(Taha et al., 2019).

2.10.4. CI

A 8 mL of the prepared emulsion was placed in a glass vial and kept
sealed at room temperature for 20 days (Krstonosic et al., 2024). The
height of the transparent layer at the bottom of the emulsion was
measured every 4 days and changes of the emulsion were recorded. CI
was calculated according to the following equation:

H,
CI (%) = ﬁ x 100 3)

t

where Hg is the height of the transparent layer at the bottom of the
emulsion and H; is the total height of the emulsion.

2.10.5. Thermal stability

Thermal stability was determined using the emulsion stabilized by 1
% CNF and the emulsion stabilized by 1 % soybean protein isolate (SPI)
was used as a control. The emulsion samples of 5 mL were placed in a
water bath and heated at 50 °C, 60 °C, 70 °C, 80 °C and 90 °C for 30 min.
The treated samples were cooled down to room temperature and then
left to stand for 2 h. Finally, the zeta potentials, average particle sizes
and microstructures of the emulsions were determined (Tang, Wang, Li,
et al., 2024).
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2.10.6. Salt ion stability

Salt ion stability was determined using the emulsion stabilized with
1 % CNF and the emulsion stabilized with 1 % SPI was used as a control.
The emulsion samples were mixed in equal volumes with different molar
concentrations of NaCl, making the final concentrations of NaCl in the
emulsions into 50 mM, 100 mM, 150 mM, 200 mM, and 300 mM,
respectively. The zeta potentials, average particle sizes, and micro-
structures of the emulsions were recorded after 2 h of resting time
(Wang, Bu, et al., 2024).

2.11. Statistical analysis

Origin 2024 (OriginLab, Northampton, MA, USA) was used to plot
the graphs. The data were statistically analysed using IBM SPSS statis-
tical software (version 24.0, SPSS, INC., Chicago, IL, USA) and one-way
analysis of variance (ANOVA). All samples were measured three times
and the results were expressed as mean =+ standard deviation. The
Duncan's multiple range test was used to determine significant differ-
ences between samples (p < 0.05).

3. Results and discussion
3.1. Zeta potential and particle size

The zeta potential, average particle size and PDI of WBC and CNF are
shown in Table 1. Compared to WBC, the absolute value of zeta potential
was significantly increased in CNF. The significant change in zeta po-
tential is mainly attributed to the large number of carboxyl groups
introduced during TEMPO oxidation (Alizade et al., 2024). Moreover,
ultrasound treatment can shear micron-sized cellulose to form nanosized
CNF, which results in the average particle size of CNF being significantly
smaller than the WBC (Lin, Yang, Kong, et al., 2024a). In addition, CNF
showed a narrower particle size distribution (Fig. 1A) and lower PDI
compared to WBC. This may be due to the homogeneity of CNF pro-
moted by TEMPO oxidation (Tang, Wang, Bai, et al., 2024). Jiang et al.
also showed a more concentrated particle size distribution of CNF of
bamboo shoots after TEMPO oxidation treatment (Jiang et al., 2024).

3.2. FTIR analysis

The FTIR spectra of the samples are shown in Fig. 1B. In general, the
peak at 893 cm ! represents the bending vibration of the C—H bond
(Zhe Li et al., 2024). The peaks at 1105 em~! and 1155 ecm™! are
attributed to the glycosidic ether bond of C-O-C and the ring breathing of
C—C, respectively. These two bands can indicate the cellulose content in
WB, WBC and CNF (Abbasi et al., 2024). The intensity of the peak at
1105 cm ™! was significantly higher in WBC and CNF than in WB. This is
mainly attributed to the removal of lignin and hemicellulose during
alkali treatment and bleaching. Moreover, the peaks at 1318 cm™* and
1368 cm™! represent the parent chains of the cellulose molecule
(Ebrahimi et al., 2024a; Ebrahimi et al., 2024b). Similarly, the peaks in
these two bands were significantly stronger in WBC and CNF than in WB.
In addition, the peak at 1545 cm ™! may indicate a vibration of the C=C
aromatic backbone in lignin (Ebrahimi et al., 2024a; Ebrahimi et al.,
2024b). With the removal of lignin, this peak largely disappeared in
WBC and CNF. In all samples, a broad peak corresponding to the
stretching vibration of the -OH group appeared near 3300 cm™*. How-
ever, the intensity of the peak near 3300 cm ™! in CNF decreased, a peak
corresponding to the sodium carboxylate group appeared at 1612 cm ™

Table 1
Zeta potential, average particle size and PDI of WBC and CNF.
Zeta potential (mV) Average particle size (nm) PDI
WBC —21.36 £ 2.74 2582.18 £ 321.23 0.62 £ 0.06
CNF —53.46 + 2.26 522.58 + 83.57 0.46 £+ 0.07
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Fig. 1. Particle size distribution (A) of WBC and CNF. FTIR spectra (B), TGA (C) and DTG (D) curves of WB,WBC and CNF.

at the same time. This is due to the oxidation of the -OH group on the oxidized cellulose showed an oxidatively formed C = O stretching peak
surface of cellulose to -COONa under alkaline conditions (Jiaying Zhu at 1600 cm ™! (Piao et al., 2022).
et al., 2024). Piao et al. also found that the FTIR spectra of TEMPO
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Fig. 2. SEM images (A) and XRD patterns (B) of WB,WBC and CNF. EAI and ESI (C) of different concentrations of CNF. Different letters indicate significant dif-
ferences (p < 0.05).
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3.3. TGA analysis

The thermal stability of the samples was analysed using TGA and
derivative thermogravimetric (DTG) curves. The results are shown in
Fig. 1C and Fig. 1D. All the samples showed a slow phase of weight loss
between 30 °C -150 °C. This is mainly attributed to the evaporation of
water (Zhong et al., 2024). In addition, the maximum degradation of
both WBC and CNF was lower than the WB as observed by the DTG and
TGA curves. The maximum degradation of WB, WBC and CNF corre-
sponded to temperatures of 306.333 °C, 340.5 °C and 246.333 °C,
respectively. This is mainly due to the lignin and hemicellulose in WB
being more readily degraded and at lower degradation temperatures
compared to cellulose (Xiao et al., 2019). Bhupender et al. also reported
that cellulose materials containing lignin were more easily degradable
(Mahur et al., 2023). This is also the reason why the maximum degra-
dation temperature of WB is lower than that of WBC. Moreover, during
the TEMPO oxidation process, the increase of oxidation contributed to a
decrease in the degree of cellulose polymerisation, thus leading to a
rapid depolymerisation and decomposition of cellulose at 246.333 °C in
CNF. And the high surface area of CNF exposes its surface more to heat,
leading to the lower thermal stability than WB and WBC (Kurd et al.,
2024).

3.4. XRD analysis

The crystal structure of the samples was analysed using XRD and the
XRD patterns of the different samples are shown in Fig. 2B. As seen in the
figure, there were two characteristic diffraction peaks at 16.2" and 22.4°
for both WBC and CNF, corresponding to the cellulose type 1 structure in
the cellulose sample (Wu et al., 2024). According to the study, the cel-
lulose type 1 structure has stronger hydrophobic interactions and con-
tributes to the stability of Pickering emulsions (Dai et al., 2020). In
contrast, WB only had a broad peak between 15°-25" which could come
from the amorphous part. This was consistent with the results of Quan
et al. (Quan et al., 2024). And there was a significant increase in the
intensity of the major crystalline peaks at 22.4 for WBC and CNF
compared to WB, which were attributed to purification processes such as
alkali treatment and bleaching.

3.5. SEM analysis

The SEM images of the samples are shown in Fig. 2A. Large numbers
of spherical particles and lumpy structures appeared in the image of WB.
This is mainly starch and protein present in the WB. And during the
crushing process, the starch and proteins were mixed to form large
lumpy structures (Mouzakitis et al., 2024). After alkali treatment and
bleaching, smooth-surfaced rhizomatous fibrous structures have
emerged in WBC compared to WB. This is mainly due to the removal of
the non-cellulose fraction such as lignin. In addition, flat and dense
laminar fibrous structures were found in the WBC (Saini et al., 2023). In
contrast, CNF was separated from the original fiber bundles after
TEMPO and ultrasound treatments, showing a significant reduction in
diameter and a distinct filamentous structure (Lin, Yang, Kong, et al.,
2024a). This also presented a similar structure to the CNF of potato
residue separated using ultrasound combined with high pressure ho-
mogenization by Liu et al. (X. Liu, Sun, et al., 2023).

3.6. EAI and ESI

The emulsifying ability of CNF and the ability to keep the emulsion
from delamination were analysed using EAI and ESI (Huang et al.,
2021). As shown in Fig. 2C, the EAI gradually decreased with the in-
crease of CNF concentration. This may be due to the fact that CNF lacks
hydrophobic groups such as propyl itself, resulting in a low adsorption
rate and adsorption capacity of CNF at the oil-water interface. Lin et al.
also reported the increase in the concentration of citrus peel
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nanocellulose leading to a decrease of surface hydrophobicity (Lin,
Yang, Qi, et al., 2024). As the concentration of CNF increased, the hy-
drophilicity of CNF was further strengthened, and the emulsifying
ability of CNF on the oil phase was weakened, which could not suffi-
ciently emulsify the oil droplets (Usurelu et al., 2024).

Compared to EAI, ESI was positively correlated with the concentra-
tion of CNF. This is related to the structure of the CNF itself. With the
increase of CNF concentration, the more particles adsorbed on the sur-
face of oil droplets, the CNF will spontaneously kink and entangle to
form a thicker interfacial layer in the vicinity of the oil droplets, pre-
venting the aggregation and fusion between the oil droplets (Qin et al.,
2023a). Therefore, the increase in CNF concentration improved the
stability of the emulsion, leading to an increase in ESI.

3.7. Zeta potential and particle size of emulsions

Particle size and size distribution are often used to describe the de-
gree of aggregation of droplets in emulsions, and zeta potential is used to
characterise the magnitude of electrostatic attraction or repulsion be-
tween droplets, which are closely related to the stability of emulsion
systems (Jianyu Zhu et al., 2023). The particle size and zeta potential of
the emulsions prepared with different CNF concentrations are shown in
Fig. 3A. As the increase of CNF concentration, the absolute value of zeta
potential of the emulsion gradually increased. When the CNF concen-
tration was 1 %, the zeta potential of the emulsion was —53 mV, at
which time the strong electrostatic repulsion between the emulsion
droplets helped to maintain the stability of the emulsion. Furthermore,
the rise in the absolute value of the emulsion zeta potential is mainly due
to the increase in the concentration of carboxyl groups. Since CNF
contains a large number of carboxyl groups, the increase in CNF content
leads to the higher surface charge density and absolute value of zeta
potential of the emulsion (C. Yan et al., 2023). However, the emulsion
particle size gradually increased with the rise of CNF concentration. This
showed opposite results to previous studies on CNF-stabilized Pickering
emulsions. The reason for this result may be the spontaneous binding of
CNF into aggregates through hydrogen bonding interactions, leading to
agglomeration of CNF and contributing to the increase of emulsion
particle size (Usurelu et al., 2024).

Additionally, the particle size distributions of the emulsions are
shown in Fig. 3B. The particle size distributions of the emulsions stabi-
lized with 0.2 % and 0.4 % CNF were mainly concentrated below 2000
nm. As the concentration further increased, the particle size distribution
peak of the emulsions also showed a significant rightward shift. This also
presented the same trend with the average particle size of the emulsions.

3.8. Rheological properties of emulsions

The viscosity of emulsions prepared by different concentrations of
CNF is shown in Fig. 3C. Along with the increase of shear rate, all
samples showed shear thinning. The fluid properties of emulsions are
usually influenced by the interactions between emulsifier molecules in
the continuous phase (Chen, Li, et al., 2024). Consequently, under stress
of shear, the fiber network structure of the CNF breaks into individual
fibres, which are usually aligned along the direction of flow, leading to a
decrease in the viscosity of the continuous phase and shear thinning of
the emulsion (Fang, Tian, Huang, et al., 2024). In addition, as shown in
Fig. 3C, the viscosity of the emulsion was positively correlated with the
concentration of CNF. On the one hand, an increase in CNF content re-
duces the distance between individual fibres, encouraging them to
contact and entangle with each other to form a dense cellulose network,
which prevents the flow of emulsion droplets and increases the viscosity
of the emulsion (Y. Liu, Shi, et al., 2023). Shang et al. also reported that
CNF improved the viscosity of emulsions by promoting the formation of
a three-dimensional network structure (Shang et al., 2023). On the other
hand, CNF contains a large number of polar groups such as carboxyl and
hydroxyl groups, providing it with a strong hydrophilicity and ability to
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Fig. 3. Zeta potential, average particle size (A), particle size distribution (B), rheological properties (C) and CI (D) of emulsions prepared with different concen-

trations of CNF. Different letters indicate significant differences (p < 0.05).
bind water. This will make the mobility of the water molecules in the

emulsion decrease and the viscosity of the emulsion increase (Dong
et al., 2022).

3.9. Microstructure of emulsions

To further investigate the underlying mechanism of the stabilization
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of Pickering emulsions by CNF, the distribution of oil droplets and CNF
in the emulsions was observed using fluorescence microscopy. Fluores-
cence microscopy images of emulsions stabilized with different con-
centrations of CNF are shown in Fig. 4A. When the CNF content was 0.2
%, there was only a small amount of CNF adsorbed at the oil-water
interface and on the surface of oil droplets, and some CNF was
dispersed in the continuous phase. Therefore, 0.2 % CNF could not
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Fig. 4. Fluorescence microscope pictures (A) and appearance (B) during storage of emulsions prepared with different concentrations of CNF.
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effectively cover the oil droplets and entangle in the continuous phase to
form an extensive interlocking cellulose network, thus inhibiting the
aggregation of oil droplets (Usurelu et al., 2024). In addition, when the
concentration of CNF reached 0.6 % or more, a large amount of CNF
covered the surface of oil droplets to form an interfacial barrier, pre-
venting the aggregation and fusion between oil droplets (Tan et al.,
2024). Meanwhile, the long and flexible CNF spontaneously bonded and
entangled by hydrogen bonds to form a viscous cellulose network in the
continuous phase (R. Guo et al., 2024). And the strong cellulose network
formed by CNF can act as a physical barrier to hinder the movement and
aggregation of oil droplets, thus improving the stability of the emulsion.
Cui et al. also recorded that high concentrations of nanocellulose could
completely form a continuous network through van der waals forces and
hydrogen bonds interactions, allowing oil droplets to be uniformly
captured (Cui et al., 2023). Thus, high concentration of CNF can effec-
tively improve the stability of emulsion. This result also shows the same
trend as that of ESI.

3.10. CI of emulsions

Storage stability of emulsions is an important factor affecting the
shelf life of emulsions in food applications. CI is commonly used to
evaluate the stability of emulsions during storage (Wang, Lin, et al.,
2024). The CI of the emulsions prepared by different concentrations of
CNF is shown in Fig. 3D. The CI of the emulsions prepared with 0.2 %,
0.4 % and 0.6 % CNF increased with time. According to the appearance
pictures of the emulsions (Fig. 4B), the emulsions prepared with 0.2 %
and 0.4 % CNF showed creaming in 4-20 days, while the emulsions
prepared with 0.6 % CNF presented only slight creaming in 16-20 days.
The upper layer exhibited a milky layer and the lower layer was trans-
parent. This may be because the relatively low concentration of CNF
cannot be sufficiently adsorbed on the surface of the oil droplets, and the
small amount of CNF dispersed in the continuous phase fails to provide
sufficient electrostatic repulsion, leading to the occurrence of creaming.
In addition, the emulsions stabilized with 0.8 % and 1 % CNF both
showed a CI of 0 for 0-20 days, and their emulsion appearance also
displayed a homogeneous milky white colour with no phase separation
(Fig. 4B). On the one hand, emulsions prepared by 0.8 % and 1 % CNF
have a high viscosity. This will inhibit the movement of oil droplets and
prevent their aggregation and fusion (Phosanam et al., 2023). On the
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other hand, the high concentration of CNF tends to form an ordered
cellulose network in the continuous phase and provides a strong elec-
trostatic repulsion to prevent the proximity of oil droplets to each other,
thus improving the stability of the emulsion (Lv, Zou, et al., 2024).
Similarly, Qin et al. also found that bacterial nanocellulose oxidized by
TEMPO prevented the aggregation of oil droplets by adsorbing at the oil-
water interface, resulting in emulsions without creaming after 15 days of
storage (Qin et al., 2023b).

3.11. Thermal stability of emulsions

As shown in Fig. 5A, the 1 % CNF-stabilized emulsion showed an
increase in average particle size after heating, but there was no signifi-
cant change in average particle size with increasing temperature. The
microscope pictures of the emulsions also showed a slight aggregation
and fusion of the oil droplets after heating, but there was no significant
change in the state of the droplets as the temperature increased (Fig. 5B).

This is mainly attributed to the cellulose network structure formed
by CNF entanglement that limits the movement and aggregation of oil
droplets, promoting better thermal stability of CNF-stabilized emulsions
(Lin, Yang, Kong, et al., 2024b). In addition, the absolute value of the
zeta potential of the CNF-stabilized emulsions decreased after heating,
but no significant decrease in the absolute value of the zeta potential of
the emulsions was observed when they were heated from 50 °C to 90 °C.
And at different temperatures, the absolute value of zeta potential of
CNF-stabilized emulsions was higher than 44 mV, indicating strong
electrostatic repulsion between emulsion droplets at this time to main-
tain the stability of the emulsions. This also presented similar results to
the study by Chen et al. (S. Chen et al., 2023).

In contrast, the 1 % SPI-stabilized emulsion showed a significant
increase in mean particle size when heated to 50 °C. This may be due to
SPI thermal denaturation leading to reduced solubility and hence for-
mation of aggregates (Sun et al., 2022). Interestingly, the average par-
ticle size of the emulsions showed a decreasing trend from 60 °C to 90 °C
(Fig. 5C). With the increase of temperature, the hydrophobic amino
acids inside the SPI are exposed, resulting in higher surface activity and
EAI of the SPI at the oil-water interface. This result is confirmed by the
weakening of aggregation between oil droplets when heated to 90 °C
(Fig. 5D). More oil droplets are covered by the SPI, reducing the particle
size of the emulsion (Ma et al., 2022). Moreover, the absolute value of

50 °C 80 °C
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70 °C

70 °C 80 °C 90 °C

Fig. 5. Average particle size and zeta potential of CNF-stabilized (A) and SPI-stabilized (C) emulsions at different temperatures. Microstructure of CNF-stabilized (B)
and SPI-stabilized (D) emulsions at different temperatures. Oil phase was stained red using Nile Red. Different letters indicate significant differences (p < 0.05). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the zeta potential of the emulsions gradually decreased with increasing
temperature, indicating that the SPI-stabilized emulsions had lower
thermal stability compared to CNF.

3.12. Salt ion stability of emulsions

As shown in Fig. 6A, the average particle size of CNF-stabilized
emulsions was positively correlated with NaCl concentration. It can
also be seen from the microscope images that the oil droplets of the
emulsions with NaCl were aggregated and fused to form larger oil
droplets compared to the control group (Fig. 6B). In contrast, the SPI-
stabilized emulsions showed a more substantial increase in average
particle size with increasing NaCl concentration (Fig. 6C). Significant
aggregation between droplets also occurred compared to the control
group (Fig. 6D). This is all related to the electrostatic shielding effect
produced by Na'. The large amount of Nat neutralises the negative
charges carried by CNF and SPI, leading to a weakening of the electro-
static repulsion between emulsion droplets and aggregation of droplets
(Zhao, Chang, et al., 2024). The decrease in the absolute value of the
zeta potential of emulsions stabilized by CNF and SPI confirms this
reason.

3.13. Mechanism of stabilization of Pickering emulsions by WB CNF

The potential mechanism of WB CNF to stabilize the Pickering
emulsion is shown in Fig. 7. Firstly, CNF is adsorbed to the oil-water
interface to form Pickering emulsions. In one aspect, Low concentra-
tions of CNF (under 0.6 %) cannot completely cover the oil droplets and
form a strong physical barrier around the droplets to inhibit droplet
aggregation. In contrast, high concentrations of CNF (0.6 % and above)
are adsorbed on the surface and around the oil droplets, thus forming a
thicker interfacial layer around the droplets and preventing them from
agglomerating. On the other hand, low concentrations of CNF are unable
to form an effective cellulose network in the continuous phase and can
only exist in a fragmented form. High concentrations of CNF can spon-
taneously bind in the continuous phase and form a dense three-
dimensional network structure between the oil droplets to inhibit the
free movement and fusion of the oil droplets (Zhang et al., 2024a; Zhang
et al., 2024b).

Besides, CNF has the property of changing the viscosity of the
aqueous phase of the emulsion. High concentrations of CNF tend to
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overlap and link together to form entangled networks and macrogels
that can act as thickeners in aqueous media at low concentrations, thus
contributing to emulsion stability (S. Guo et al., 2022). Moreover, the
generation of very high viscosity and gelatinous behaviour of the me-
dium is able to trap a continuous phase between the droplets in the
network, thus inhibiting creaming of the emulsion (Szlapak Franco
et al., 2020). Meanwhile, the increase of CNF concentration enhances
the structure of the continuous phase and forms larger aggregates. The
adsorption energy of the aggregates is greater than the repulsive force
between CNF and the oil-water interface, enabling CNF to adsorb to the
oil-water interface more easily to stabilize the emulsion. Pinto et al.
found a similar phenomenon in their study on the stabilization of
Pickering emulsions by bacterial nanocellulose (Pinto et al., 2024).

Furthermore, from the optical microscope picture in Fig. 7, a large
number of elongated CNF were dispersed among the emulsion, while the
droplets were distributed around the CNF. This reveals that the CNF may
act as continuous anchors to regulate the distribution of droplets in the
emulsion. These structures can prevent the aggregation and fusion of
droplets, thus improving the stability of the emulsion. Zhao et al. also
reported that TEMPO oxidized nanocellulose could stabilize the emul-
sion by forming this special anchoring structure (Zhao, Zhang, et al.,
2024).

4. Conclusions

CNF from WB was prepared by TEMPO oxidation and ultra-
sonication. Zeta potential and FTIR results indicated that the hydroxyl
groups of cellulose were successfully oxidized to carboxylic acid groups.
TGA showed that the thermal stability of CNF was reduced. The pre-
pared CNF was found to be filamentous and entangled by SEM, and the
cellulose type 1 structure of CNF suggested the potential advantage of
stabilization of Pickering emulsions. In addition, Pickering emulsions
were prepared using CNF and the stability of the emulsions was char-
acterized. Finally, it was found that CNF was able to adsorb on the
surface and around the oil droplets to provide a strong electrostatic
repulsion, preventing proximity of the oil droplets. The unadsorbed CNF
present in the continuous phase then entangled with each other to form
a strong cellulose network structure, thus limiting the free movement of
the emulsion droplets to aggregate. Moreover, the CNF could connect in
the aqueous phase to form entangled networks and gels to increase the
viscosity of the aqueous phase, thus inhibiting creaming and phase
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50 mM 100 mM 150 mM 200 mM 300 mM
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Fig. 6. Average particle size and zeta potential of CNF-stabilized (A) and SPI-stabilized (C) emulsions at different ion concentrations. Microstructure of CNF-
stabilized (B) and SPI-stabilized (D) emulsions at different ion concentrations. Oil phase was stained red using Nile Red. Different letters indicate significant dif-
ferences (p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Mechanism diagram of WB CNF to stabilize Pickering emulsion.

separation of the emulsions and further improving the stability of the
emulsions. It was worth mentioning that CNF-stabilized emulsions also
showed excellent thermal and ionic stability. These results may provide
some new ideas for the high value utilization of WB and offer theoretical
guidance for the application of CNF from other agricultural waste
sources in emulsions. However, this study only evaluated the effect of
WB CNF on the stability of low oil-phase Pickering emulsions and lacked
the study of WB CNF in medium and high internal phase Pickering
emulsions. This limits the application of WB CNF in the food industry to
some extent. Future research should focus on the stabilizing ability of
WB CNF for higher oil phase emulsions.
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