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Figure 8. Droplet size distribution of the O/W Pickering emulsions stabi-
lized by CNCs (a) and CNFs (b) homogenized by HSM (—@—) or HPH
treatment (—O—).

stand the impact of the morphological properties of NCs on the
viscosity of the emulsions and its relation to stability, rheolog-
ical properties of the emulsions were evaluated. The Pickering
emulsions stabilized by CNCs and CNFs exhibited typical shear-
thinning behavior, wherein the apparent viscosity decreased with
increasing shear rate. Specifically, for CNFs, this behavior was ob-
served across the entire shear rate range of 0.1 to 100 s~1, while
for CNCs, a plateau was reached at shear rates higher than 1s7'.
This behavior is linked to the structural deformation of the emul-
sion, with the breakdown of entangled 3D networks and orien-
tation along flow lines occurring more easily for CNCs emul-
sions (Figure 10).1°0¢1] Moreover, CNFs contributed to increased
emulsion apparent viscosity values!®?] compared to an equivalent
amount (mg mL™!) of CNCs, likely due to their greater flexibil-
ity and defibrillation, allowing the formation of internal entan-
glements in the continuous phase. These entanglements, com-
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Table 2. Particle size distribution (expressed as characteristic diameters
and span) of Pickering emulsions homogenized by HSM or HPH treat-
ment and stabilized by CNCs and CNFs.

O/W Pickering emulsion
stabilized by CNFs

O/W Pickering emulsion
stabilized by CNCs

HSM HPH HSM HPH
d(0.1) [um] 2 1 3 1
d(0.5) [um] 70 1 30 2
d(0.9) [um] 180 2 79 3
D[4,3] [um] 77 1 42 2
D[3,2] [um] 6 1 8 1
Span (—) 3 1 3 1

bined with the Van der Waals- or hydrogen bond-mediated fiber-
to-fiber interactions, restrict the movement of the oil droplets and
enhance emulsion stability.

2.3. Stability of NCs-Stabilized Pickering Emulsions

Emulsifying activity and emulsion stability, evaluated through
EATI and ESI values, respectively, are recognized as crucial param-
eters for assessing the emulsifier’s efficacy in forming a stable
emulsion. EAI and ESI values, presented in Table 3, are greatly
influenced by the hydrophobicity and ionic charge of CNCs and
CNFs. A significantly (p < 0.05) higher value of interfacial area
stabilized per unit of weight (EAI = 186 + 4 m? g~') was observed
for CNCs compared to CNFs, likely attributed to the smaller
molecules of CNCs, facilitating quicker diffusion and adsorption
onto the oil-water interface.(®*64]

This behavior can be explained in terms of the observed differ-
ences in interfacial tension (14 and 19 mN m~! for CNFs CNCs,
respectively, at 2000 s), which are expected to influence emul-
sifying performance. This includes their ability to interact with
the oil-water interface and facilitate droplet formation, while the
high surface charge density enhances droplet stability through
electrostatic repulsion.l>®

Simultaneously, ESI was found to be 0.14 + 0.03% and
0.33 + 0.09% for CNCs and CNFs-stabilized emulsions, respec-
tively. The higher ESI observed for CNFs-stabilized emulsion sig-
nificantly differed (p < 0.05) from that stabilized with CNCs,
likely due to the greater molecular flexibility of CNFs, a cru-
cial factor in forming a compact interfacial layer and promoting
emulsion stability.

Remarkably, the results in Table 3 show that the effect of
HPH was more pronounced for CNFs-stabilized emulsions than
for CNCs-stabilized ones: EAI values increased tenfold for the
former and only doubled for the latter upon HPH processing,
aligning with the morphological data discussed earlier. There-
fore, thanks to HPH treatment, the emulsification ability (EAI) of
CNFs becomes comparable to that of CNCs. The capability to sta-
bilize emulsions (ESI) was higher in CNFs-stabilized emulsions,
primarily due to the higher viscosity of the continuous phase,
which slowed down gravitational separation phenomena.

To assess the long-term stability of various types of NCs
in Pickering emulsions, changes in microstructure and mean
droplet diameter were monitored over a 10-month period at 5 °C.
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Figure 9. Schematic illustration of stabilization mechanisms of CNCs- and CNFs-based Pickering emulsions.
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Figure 10. Rheological properties of emulsions prepared by HPH and sta-
bilized by CNCs (—@—) and CNFs (—@—).

Figure 12 presents microscope images of emulsions stabilized by
CNCs and CNFs. Visual observations show that CNCs efficiently
stabilized Pickering emulsions, without exhibiting signs of pre-
cipitation or flocculation throughout the entire storage period.

Table 3. Emulsifying activity (EAl) and emulsion stability (ESI) parameters
of Pickering emulsions homogenized by HSM or HPH treatment and sta-
bilized by CNCs and CNFs.

O/W Pickering emulsion
stabilized by CNCs

O/W Pickering emulsion
stabilized by CNFs

HSM HPH HSM HPH
EAI[m? g7']  89.49+6.60° 186.03 +4.40¢ 16.60 + 1.54*  150.02 + 2.98°
ESI [%] 0.05+0.01*  0.14+003*  0.15+003  0.33+0.09

Different letters denote significant differences (p < 0.05) among the different samples
within each row (n = 3).
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The appearance of CNCs-stabilized emulsion indicated no phase
separation after 10 months.

Interestingly, after 10-month of storage, the mean droplet di-
ameter of the emulsions decreased compared to the freshly pre-
pared samples (Figure 12), indicating an unusual phenomenon,
contrary to the coalescence of the particles, which could instead
be expected during emulsion extended storage. This behavior
can presumably be attributed to different mechanisms!®: i) the
strong electrostatic repulsion due to the high surface potential of
the CNCs-coated oil droplets ({-potential of —46 mV (Table 1));
ii) the strong steric repulsion due to the rearrangement of CNCs
layers around the droplets’ surfaces, forming a network structure
that effectively prevents oil droplets from coalescing into larger
droplets during the emulsion aging process!®!; and iii) the irre-
versible adsorption of the CNCs at the oil droplet surfaces based
on the Pickering stabilization.

In contrast, flocculation of the emulsions prepared with CNFs
is evident at the end of the storage period, with the formation of
aggregates visible to the naked eye and under optical microscopy
(Figure 11). Generally, smaller particles stabilizing the water-oil
interface require less energy for removal. In the present case,
lower stability is associated with larger particles, possibly due to
the bridging flocculation of CNFs, aligning with the observed in-
crease in CNFs-based emulsion viscosity due to fiber entangle-
ments in the continuous phase.

The formation of aggregates is also evident from the parti-
cle size distribution data in Figure 12, possibly arising from
CNFs chain interactions leading to droplet flocculation through
a particle bridging mechanism at water—oil interface. Moreover,
the EAI and ESI values of the emulsions were determined after
10 months of storage. Emulsions, post-storage period, exhibited
lower EAl values than those freshly prepared (54.27 +4.02 m? g~}
and 45.23 + 4.16 m? g~! for CNCs and CNFs, respectively), but
constant ESI values (017 + 0.10% and 0.32 + 0.02% for CNCs
and CNFs, respectively).

In addition to assessing the 10 months of storage, the influ-
ence of the external environmental stimuli, i.e., temperature,
ionic strength, and pH on the physical stability of the Pickering
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(b)

Figure 11. Visual observation and micrographs of (a) freshly prepared Pickering emulsions and (b) emulsions after 10-months of storage at 5 °C (10x
of magnification) stabilized by CNCs and CNFs are presented in the first and second rows, respectively.
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Figure 12. Droplet size distributions of CNCs and CNFs stabilized emulsions on day 0 (--- dotted line) and 10-months of storage (— solid line).
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emulsion is of interest for application in in different fields. To
this purpose, further studies are required for a comprehensive
understanding of emulsion stabilization mechanisms.

The droplet size distribution measurements confirmed the mi-
croscopy observations, showing a decrease in droplet volume di-
ameter for CNCs and an increase in CNFs after 10 months of
storage (Figure 12). Remarkably, both CNCs- and CNFs-stabilized
emulsions initially exhibited monomodal distributions, charac-
terized by relatively small span values (1.17 and 1.40 for CNCs
and CNFs, respectively) and transitioned to bimodal distributions
during storage, with significantly larger span values (8.28 and
5.82 for CNCs and CNFs, respectively).

3. Conclusion

This study focuses on applying TEMPO-mediated oxidation to
softwood kraft pulp Celeste 85 to obtain CNCs or CNFs, both pos-
sessing distinctive properties in terms of morphology, carboxy-
late group content, and wettability, are suitable for the stabiliza-
tion of Pickering emulsions. These NCs are found to be suit-
able for stabilizing Pickering emulsions. The results show that
the obtained CNCs, featuring a needle-like structure of ~3 nm
in thickness and ~170 nm in length, and CNFs, characterized
by a fibrous structure with dimensions of ~10 nm in thickness
and a few micrometers in length, effectively stabilize 5 wt% sun-
flower oil-based Pickering emulsions at a dosage of 0.5 wt%. De-
spite the significant morphological differences between CNCs
and CNFs, both contribute to forming an interconnected network
structure within the emulsion droplets, promoting efficient steric
and electrostatic stabilization. Remarkably, when emulsions are
produced via HPH, the treatment has a more pronounced effect
on emulsification ability and stability on CNFs, likely attributed
to a defibrillation process, enhancing CNFs performance to the
level of CNCs. These results provide specific insights into how
tailoring the properties of nanostructured cellulose during fabri-
cation, through TEMPO-mediated oxidation and HPH, can be a
straightforward strategy to influence the behavior and stability of
Pickering emulsions. Specifically, CNCs can be employed in the
stabilization of emulsions for low-viscosity applications, such as
drinks and beverages, owing to the finer attainable emulsion size
and span values. On the other hand, CNFs could find application
in creams, sauces and dressings, benefiting from their higher ap-
parent viscosity and the robust 3D-network formed by entangled
fibers.

4. Experimental Section

Materials:  Northern bleached softwood kraft pulp (Celeste 85) was a
kind gift of SCA (Sundsvall, Sweden). This pulp was manufactured through
a totally chlorine-free thermomechanical process and flush-dried.

Peanut oil, purchased from a local market (Olio di Semi di Arachide
Giglio Oro, Firenze, ltaly), was used as the oil phase in the experiment.
According to the manufacturer’s specifications, its composition on weight
basis, comprises 18 wt% of saturated fatty acids, 46 wt% of monounsatu-
rated fatty acids, and 28 wt% of polyunsaturated fatty acids.

Sodium dodecyl sulfate (C;,H,5Na0O,S, ACS GR, 99.0%, PanReac,
Barcelona, Spain) was used as received without further purification. Milli-
Q water (obtained with Barnstead Pacific TIl Water, Thermo Scientific,
Waltham, MA, USA) was used throughout the course of this study.
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Preparation of NCs: TEMPO-mediated oxidation of cellulose pulp was
conducted following the method of Saito and Isogai (Saito & Isogai, 2004),
with slight modifications, as herein reported. To obtain CNCs, 5 g of Ce-
leste 85 pulp were swollen in 400 mL H,O. Subsequently, a solution con-
taining 83 mg of 2,2,6,6-Tetramethylpiperidine-Toxyl (TEMPO, CgHqgN,
>98.0%, Alfa Aesar Chemicals, Ward Hill MA, USA), the reaction catalyst,
and 0.5 g of sodium bromide (NaBr, >99.99%, Carlo Erba, Milan, Italy),
the catalyst re-cycling, in 100 mL H,O were added to the pulp suspension.
The reaction was started by adding 18 mL of sodium hypochlorite con-
taining 6-14% active chlorine (NaClO, Sigma—Aldrich, Milan, Italy), the
primary oxidant. The pH of the reaction mixture was maintained within
the interval 10.5-11 by incremental addition of NaOH until a constant pH
was achieved, typically after 4 h. Subsequently, the suspension was rinsed
several times with H,O and was subjected to tip sonication at 80% power.
The sonication process was carried out using a Bandelin Sonuplus ultra-
sonicator system (Berlin, Germany) on suspension aliquots of 35 mL vol-
ume. For the production of CNFs, the same procedure was employed, with
the exception that a reduced quantity of TEMPO (12.5 mg) was used, and
the reaction was terminated after 2 h.

Preparation of Pickering Emulsions: Coarse O/W emulsions were pre-
pared by mixing peanut oil (5 wt%) with the aqueous phase (95 wt%)
containing 0.5 wt% of CNCs or CNFs in ultrapure H,0O. The mixing pro-
cess was carried outin a HSM (MIULab MT-30 K Handheld Homogenizer,
Hangzhou, China) operating at 35 000 rpm for 5 min within an ice bath.
Subsequently, the obtained coarse emulsions underwent further treatment
through a HPH process at 80 MPa under recycle mode, for 15 equivalent
passes, with the heat exchangers set at 5 °C. The HPH was performed
using a laboratory setup, specifically an orifice-type homogenizer, as pre-
viously described in detail by Pirozzi et al.[42]

NCs Characterization: Atomic Force Microscopy (AFM) images were
captured using an NT-MDT P47H probe microscope (Apeldoorn, Nether-
lands) scanning operated in the semi-contact mode with a tip spring con-
stant of 40 N m~". Detailed information regarding the size and morphol-
ogy of the CNCs and CNFs, produced by the TEMPO-mediated oxidation
procedure, was obtained by analyzing these images with the Gwyddion
2.59 software.

Infrared spectra of CNCs and CNFs were acquired utilizing a Nicolet
IN10 microFTIR instrument (Thermo Fisher Scientific, Waltham MA, USA)
in transmittance mode. For this purpose, drops of CNCs’ and CNFs’ sus-
pensions were deposited on ZnSe optical windows and left to dry in an
oven.

The carboxylation of CNCs and CNFs was determined through conduc-
tometric titration using a Delta Ohm 2256 instrument (Padova, Italy). The
samples were initially adjusted to pH 2.8 by the addition of HCl. Subse-
quently, the solution was titrated with 0.5 M NaOH. The degree of oxi-
dation (OD), representing the carboxyl content per weight of CNCs and
CNFs (umol mg™1), was calculated using Equation (1):

c-v

oD === 0)

where C is the concentration of the NaOH solution, and m is the total
mass of CNCs and CNFs measured after oven drying the suspensions. V
is the volume of the NaOH solution added to reach complete ionization
of COOH groups, which was obtained by fitting the experimental titration
curve.l97]

The interfacial tensions of NCs (0.5 wt%) were determined through the
pendant drop method using a contact-angle meter (KSV Instruments LTD
CAM 200, Helsinki, Finland), equipped with an image analysis software.
Briefly, a syringe equipped with a stainless-steel needle (0.71 mm in di-
ameter) filled with the aqueous phase containing nanoparticles was sub-
merged into the oil phase within a glass cuvette. Throughout the exper-
iments, the initial volume of the formed drop was ~30 pL. The contact
angle meter recorded the dynamic change of the water—oil interface, and
the Young-Laplace equation was subsequently used to calculate the in-
terfacial tension. Distilled water was used as the control in these experi-
ments. Interfacial tension (y) measurements were performed over a pe-
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riod of 2500 s, and equilibrium interfacial tension values were estimated
using the exponential decay model of Equation (2)[®%I:

12

Y=Vt (0—7u0)E ™ (2)

where y is the asymptotic interfacial tension, y is the initial interfacial
tension, 7, is the characteristic time for the arrangement of the molecules
at the water—oil interface, and t is the time variable.

The ¢{-potential of the cellulose nanoparticles in water was measured
by dynamic light scattering (DLS) and electrophoretic mobility using a Ze-
tasizer Nano (ZEN3600 Malvern Instruments Ltd., Malvern, UK) at 25 °C.

Pickering Emulsions Characterization: The microscopic structure of
Pickering emulsions prepared with CNCs and CNFs was observed using
the optical inverted microscope Nikon Eclipse (TE 2000S, Nikon instru-
ments Europe B.V., Amsterdam, The Netherlands).

The emulsions size distributions were measured via laser diffraction
using a Mastersizer 2000 instrument (Malvern instrument Ltd., Malvern,
UK), applying the Fraunhofer approximation, which does not require prior
knowledge of the optical properties of the sample. The temperature of the
cell was maintained at 25 + 0.5 °C throughout the measurements. Charac-
teristic diameters d(0.1), d(0.5), and d(0.9), representing 10th, 50th (me-
dian value), and 90th percentile of the cumulative size distribution of the
suspensions, were determined. Additionally, the surface-weighted mean
diameter D[3,2] and volume-weighted mean diameter D[4,3] were calcu-
lated according to Equations (3) and (4), respectively:

by ”fd?
i ”r‘d,'z

D [3,2]= (3)

2 ”'fdf

D [4,3]= >

*

where n; is the number of particles of diameter d;.
The relative span factors were calculated according to Equation (5), to
express the distribution width of the droplet size distribution:

d(0.9) —d(0.1)

SPan = ——103)

)

The surface coverage (SC) of NCs of the internal phase of the Pickering
emulsions was given by the ratio of the theoretical maximum surface area
by the particles (Sp) to the total surface displayed by the oil droplets (Sy),
as per Equation (6)[¢°-711:

Sp _ mp - D3, 2]

sc=2f =
Sy 6-h-pp-V

()

where mp represents the mass of NCs in the Pickering emulsion (g), D[3,2]
is the surface-weighted mean diameter, h is the thickness of cellulose fibers
(average thickness of CNCs and CNFs fibers is 3.0 = 0.5 and 10 nm, re-
spectively, as estimated through AFM), p;, is the cellulose density (1.6 g
cm™3), and V is the volume of oil used in the Pickering emulsion (mL).
The rheological properties of Pickering emulsions were characterized
using a rotational rheometer (AR 2000 rheometer, TA instruments, New-
castle, DE, USA), equipped with a concentric cylinder (15 mm stator inner
diameter, 28 mm rotor outer diameter, 42 mm cylinder immersed height,
2° cone angle). Viscosity curves were obtained by varying the shear rate
from 0.1 s™! up to 200 s~', with the temperature maintained at 20 °C.
The stability of the emulsions was determined using the turbidimet-
ric method.[7?] Absorbance values of freshly prepared emulsions (ty) and
after 30 min (t3) were recorded at 500 nm against a blank (dilution solu-
tion), following the introduction of 50 uL of emulsion into 5 mL of 0.1 wt%
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sodium dodecyl sulfate (SDS) solution. Turbidity (T) was calculated using
Equation 7:

T=2303. A 0F @
oP

where A is the absorbance of the sample at ty and 500 nm, DF is the dilu-
tion factor, and OP is the optical path (1 ¢cm, in the used equipment).

The emulsifying activity index (EAI) and the emulsion stability index
(ESI) were calculated using Equations (8) and (9), respectively.

m? T
EAl{ —|=2 ————— 8
<g> (1-9)-C- 1000 @)
EAI,,
ESI (-) = ———— - 100 9
=) EAI, — EAI, @)

where T is the turbidity, 9 is the volume fraction of oil in the emulsion,
and C (g mL™") is the initial concentration of NCs. EAl,y and EAlq are
the emulsifying activity indexes calculated at 0 and 30 min, respectively.

Statistical Analysis: The experiments were conducted in triplicates,
and the resulting values are presented as mean + standard deviation. Sta-
tistical analysis was performed to identify significant differences, with a
significance level set at p < 0.05. The analysis was carried out using the
SPSS 20 statistical package (SPSS Inc., Chicago, IL, USA). The one-way
analysis of variance (ANOVA) was employed to assess overall differences
among groups, followed by Tukey’s test for post-hoc analysis. It is note-
worthy that the data exhibited a normal distribution, validating the appro-
priateness of the selected statistical tests.
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