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Abstract
In this work, nanocellulose particles were obtained from eucalyptus �bers by high-pressure
homogenization (CNF) and by high-intensity ultrasound (SCNF). The nanocellulose was applied as a
solid emulsi�er for soybean oil in water (O/W) emulsions. The adding of 0.25 - 1 wt.% of both CNF and
SCNF produced stable O/W emulsions without conventional surfactants. SCNF emulsions showed the
highest stability and displayed the narrowest size distribution. Zeta potential values (-40 to -70 mV)
indicated an electrical barrier to the droplet coalescence. The rheological behavior of O/W emulsions
stabilized with CNF and SCNF was described by the Herschel-Buckley model. O/W emulsions produced
with nanocellulose particles behave as shear thinning �uid, and their behavior index ranged from 0.33 to
0.68. Both CNF and SCNF emulsions displayed maximum yield stress at a particle concentration of
0.5wt.% and 0.75wt.%, respectively. Besides, the prepared O/W emulsions using 0.5 to 1.00 wt.% CNF or
SCNF did not showed phase separation until 30 days of rest. The data point out to the feasibility of using
nanocellulose as a natural emulsi�er, which can replace conventional surfactants.

Novelty Statement
The wastes biomass from the agriculture and forest activities, are renewable materials currently
recognized as a valuable source of energy and chemical products. Cellulose is the main component of
lignocellulosic biomass, and it has been converted into value-added materials. Recently, cellulose
nanoparticles have been produced to be used as an emulsion stabilizer, replacing conventional
surfactants. Nanocellulose particles were successfully generated by means of high-energy ultrasound, an
intensive energy process, displaying useful properties to stabilize oil-in-water (O/W) emulsions. Surface
properties of cellulose nanoparticles were determined. The equivalent hydrophilic-lipophilic balance for
nanoparticles was assessed by comparison with conventional fossil-derived surfactant. The Pickering
soya oil-in-water emulsions were very stable, showing their usability as emulsion stabilizers. O/W
emulsions display a shear-thinning behaviour.

Introduction
Biomass-derived products have been pointed out as promising substitutes to fossil products in a variety
of applications. Biomass is a renewable source that includes organic materials produced by
photosynthesis, living microorganisms of animal origin, vegetable, and algae [1]. Lignocellulosic biomass
has a high potential to originate valuable products, because of its intensive energy content. The
agricultural and livestock residues, as well as forestry wastes are usual sources of lignocellulosic
biomass. The biomass recovered from these residues and wastes are especially important due to their
minor impact on the food sector and high conversion to biofuels [2, 3]. Cellulose extracted from
lignocellulosic biomass has found valuable applications, such as the production of nanoparticles with
industrial usage. Cellulose nanoparticles have been applied as solid colloidal particles, which could be
used as a special type of surface-active agents in emulsion stabilization [4-6]. Dispersed liquid systems
stabilized by solid particles are termed Pickering emulsions. In these systems, the solid particles adsorb
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irreversibly at �uid-�uid interfaces, increasing emulsion stability [7,4]. The particles used in the Pickering
emulsions include colloidal silica particles [8], carbon nanotubes [19 9], cyclodextrin [10], poly(lactic acid)
microspheres [11] and cellulosic material with at least one dimension in the nanometer scale or
nanocellulose [12, 5].

Conventional emulsi�ers are amphiphilic molecules that contain polar and nonpolar groups on their
chemical structure. The emulsi�er molecules are oriented in such a way that their hydrophobic and
hydrophilic ends interact at the interface between the oil and water phases, composing an interfacial �lm
that de�nes the properties of the whole system. The adsorption of surface-active molecules in the
interface decreases the surface tension and stabilizes disperse particles [13]. Compounds derived from
fossil sources are the most commonly used as emulsi�er agents in the emulsion formulation. However,
petroleum-derived surfactants usually are expensive and obtained from non-renewable sources. Fine-
divided cellulose can adsorb on the interface and stabilize the system, acting as an alternative emulsi�er.
Nanocellulose is a renewable promising substitute for petroleum-derived emulsi�ers in the oil-in-water
(O/W) emulsion stabilization process because it can eliminate some allergenic and cytotoxicity effects
caused by synthetic emulsi�ers [14, 6, 15,16]. Besides, nanocellulose can strongly adsorb at the oil-water
interface to form a steric barrier during the emulsion formation, protecting the emulsion droplets of
flocculation or coalescence [4].

Nanocellulose can be produced by bacteria, marine animals such as tunicates, and extracted from algae,
fungi [17,18], and mainly from biomass lignocellulosic materials derived from agriculture and forestry
activities [19,20,21]. Lignocellulosic �bers are essentially constituted of hemicellulose (20-40 wt.%),
cellulose (40-60 wt.%), and lignin (10-25 wt.%) [22]. Cellulose is crystalline and presents strong
intermolecular hydrogen bonds between chains and a very stable molecular chemical structure.
Consequently, the reduction of cellulose into nanostructured particles requires a high-energy
intensi�cation process [23].

Cellulose nanostructures are mainly produced by means of chemical treatments (acid hydrolysis),
mechanical methods (ball milling, high-pressure homogenizer, high-Intensity ultrasound, and others), and
biological processes (enzymatic hydrolysis) [18,20,23]. Chemical and biological methods have hard
disadvantages concerning the production of acidic residues and the process cost [24]. Among the
mechanical methods, the high-pressure homogenizer (HPH) can be considered a promising and
sustainable alternative for producing cellulose nano�bers due to its simplicity and high e�ciency [18].
Nevertheless, the HPH method produces cellulose nano�bers with a wide diameter distribution, which
could make the �nal product reproducibility unfeasible for O/W emulsions [4 7]. On the other side, the
high-intensity ultrasound (HIUS) method can be used after HPH to produce cellulose nano�bers (CNF)
with improved diameter distribution. The HIUS must generate non-toxic waste, in an aqueous medium,
and consume low energy [24]. Specially, the adequate stabilization of the food emulsions is a challenge
because of tight requirements for suitable emulsi�ers for edible purposes [25,26]. Consequently, the
interest in sustainable and suitable compounds that act as stabilizers for food-grade emulsions has been
growing [27].
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Emulsions are thermodynamically unstable systems consisting of two immiscible liquids, in which one
phase is dispersed in the form of droplets with microscopic or colloidal size and surrounded by a
continuous phase [28,29]. The natural instability of emulsions arises from the production of a positive
Gibbs energy during the mixing process between the continuous and the disperse phase; consequently,
O/W emulsions tend to exhibit an ordinary tendency of phase separation [30,20]. Aiming to reach a
kinetic stabilization that allows their commercialization, most marketable emulsions use expensive and
non-renewable emulsi�ers constituted mainly by active compounds as a surfactant or surface-active
polymers [30,7,31]. Emulsi�ed systems are present in several industrial areas, such as petroleum [32,33]
cosmetics [34], pharmaceuticals [35], agrochemicals [36], and food [37,25].

The preparation of emulsion generally requires the dispersion of the phases using energy as agitation,
homogenization, or ultrasound and the presence of emulsi�ers to compensate the natural instability of
the system [27,38].

Several studies describe the extraction of CNF from lignocellulosic �bers to act as emulsifying agent.
Tonoli et al. (2012) [39] obtained CNF from eucalyptus Kraft pulp by milling and HIUS process (~ 80 W)
for 7 h. Cheng et al. (2009) [40] evaluated the extraction of CNF from regenerated cellulose �bers, pure
cellulose �bers, and microcrystalline cellulose using HIUS (~ 1200 W) for 30 min. The use of a high-
energy process to prepare the emulsions contributed to increasing the stability of the emulsions. Costa et
al. (2018) [27] observed that the use of ultrasound promotes a slower time for emulsion separation
compared to the use of rotor-stator. Nechyporchuk et al. (2016) [41] described the rheological behavior of
aqueous suspensions of CNF as shear thinning and thixotropic. Karppinen et al. (2012) [42] veri�ed that
at high shear rates (from ~10 s-1), a continuous increase of shear stress as a function of shear rate.
Shearing �ow measurements have been used as a tool for the characterization of the cellulose �brillation
degree. In general, an increase of the viscosity as a function of �brillation level has been reported
[41,43,44].

In the O/W emulsions with edible triglyceride oils, is commonly seen the broad oil droplet size distribution
[45]. The soyabean oil is a mixture of glycerides, mainly 50.8% of linoleic acid, 22.8% of oleic acid, and
10.7% of palmitic acid [46]. The presence of different compounds in the oil allows the formation of a
wide range of droplet sizes during emulsi�cation. Besides, the coexistence of dispersed droplets of
different sizes can result in the formation of a droplet cluster structure in the emulsions.

Although an extensive number of studies have been devoted to applying nanoparticle as a stabilizer for
Pickering emulsions, some surface properties of the cellulose particles are still not fully described to
achieve the adequate emulsion stabilization. In this work, the hydrophilicity (from contact angle
measurements) and hydrophilic-lipophilic balance (HLB) (from the comparison with conventional
emulsi�ers) were investigated with regard to their impact on the emulsion stability and rheology. The
cellulose nanoparticles (CNF) were extracted from the eucalyptus by means of the HPH process and was
used to obtain SCNF samples by means of HIUS. The obtained CNF and SCNF were characterized and
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used as a solid emulsi�er in soya oil in water emulsions. Pickering 10 wt.% oil in water emulsions were
prepared using 0.25-1.00 wt.% of CNF or SCNF nanoparticles.

Materials And Methods
Materials

Cellulose nano�bers (CNF) were kindly supplied by Suzano Papel e Celulose (SP, Brazil) as a 2.3 wt.%
aqueous suspension from Eucalyptus Grandis extracted using HPH. Commercial soya oil (Liza®, Brazil)
was used without further puri�cation. Deionized water (pH 5.00 ± 0.01) was obtained from the Sppencer®

deionizer. Non-ionic ethoxylated nonylphenol surfactants (ULTRANEX® NP) containing different
ethoxylation degrees (4 EO, 8 EO, 10 EO, and 100 EO) was supplied by Oxiteno S/A (SP, Brazil).

Production of cellulose nano�bers by HIUS [47,48] 

The sonicated cellulose nano�bers (SCNF) were prepared from the dispersion of 10 g of 2.3 wt% CNF
aqueous suspension into 150 mL of deionized water using a high intensity ultrasonic (HIUS, Cole-Parmer
brand, CPX750 - 750 W) with titanium alloy tip of 13 mm diameter for 30 min at 525W and 20kHz. The
system was immersed in a cooling bath to keep the mixture temperature always constant and below 25
oC during the process. After sonicating, SCNF was maintained at 5 °C for 24 h and then, rotated in a
centrifuge (Nova Instruments, NI1803, Brazil) for 7 min at 8000rpm (about 1.120g) to remove the residual
water.

The energy consumption for extraction of nanocellulose can be determined based on the methods
reported in the literature [49,50,51] for calculation of energy consumption of nanocellulose production.
Frone et al. (2011) [52] extracted nanocellulose from microcrystalline cellulose using only HIUS for 10-20
min which consumed 330-1333 MWh/ton.

Characterization of Soybean oil

The pH measurement of the soybean oil was performed in triplicate on a digital bench pHmeter (pH1800,
Gehaka). The water content of soybean oil was determined in triplicate using a Karl-Fischer V30
volumetric titrator, Mettler Toledo. The mixture 60/40 wt.% methanol/chloroform was used to solubilize
the soybean oil in water titration test. Soybean oil density and viscosity were measured on the Anton Paar
Stabinger SVM 3000 Viscometer at temperatures ranging from 10 to 70 °C.

Four O/W emulsions were prepared using 1 wt.% of a commercial emulsi�er ULTRANEX® NP with
different ethylene oxide numbers (EO) - 4 EO, 8 EO, 10 EO, and 100 EO. Stability tests of Ultranex-stabilized
emulsions were used to assess the optimal hydrophilic-lipophilic balance (HLB) of the soybean oil. The
most relevant properties of soybean oil are summarized in Table 1.

CNF and SCNF characterization
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CNF and SCNF morphology

Atomic force microscopy (AFM), NX10 Park Systems, was applied to assess the CNF and SCNF
morphology. The GMR Nanosensor tip was used at a resonance frequency of 7 kHz under a constant
force of 2.8 N/m. The AFM images were analyzed using Gwyddion® software.

Thermogravimetric analysis

Thermogravimetric analyses (TGA) of CNF and SCNF samples were performed using a Netzsch STA 449
F3 model from Jupiter® in the temperature range from 25 to 600 ºC under nitrogen atmosphere, with a
heating rate of 10 ºC.min-1 and �ow rate of 50 mL/min.

Fourier Transform Infrared Spectrophotometer (FTIR)

Fourier-transform infrared spectroscopy (FTIR) measurements of CNF and SCNF samples were
performed on the ATR mode (Perkin Elmer Frontier, 100 FT-IR), from 4000 to 650 cm-1 with 4 cm-1

resolution and 32 scans in an environment with controlled temperature and humidity.

Wettability behavior

The hydrophilicity of CNF or SCNF sample was assessed from the wettability determination, using an
optical tensiometer (Attension Theta model, Biolin Scienti�c, Sweden). The sample preparation for
wettability analysis consists of drying suspensions of water/CNF (or SCNF) in an oven at 100 °C until
whole water removal to forming a solid �lm. Wettability was determined by means of the static contact-
angle measurement from the deposition of a deionized water droplet (~ 34 μL) on the surface of CNF and
SCNF �lms. The deposited droplet image was recorded using a high-speed video camera, and the droplet
pro�le was numerically resolved and adjusted to the Young-Laplace equation.

Surface tension of CNF and SCNF aqueous suspensions

The surface tension of water/CNF or SCNF suspensions was determined in triplicate at 20 oC using a
Theta Lite optical tensiometer (Attension, Sweden) which captures successive images of the drop of �uid
under analysis. One droplet of the solutions containing 0.25; 0.50; 0.75 and 1 wt.% of CNF or SCNF was
formed at the tip of a syringe. The shape of the drop was analyzed using the axisymmetric drop shape
analysis (ADSA) method, based on the Laplace equation, to determine the surface tension as a function
of time. Surface tension measurements were based on a methodology previously reported by Vieira et al.
(2018) [53].

Preparation and characterization of O/W Pickering Emulsions

O/W emulsifying procedure
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O/W emulsions with 10 wt.% of soybean oil and 90 wt.% of aqueous suspension of nanocellulose
particles (CNF or SCNF) were prepared. The concentration of nanocellulose particles in the aqueous
dispersions were 0.25, 0.50, 0.75, and 1 wt.%. The procedure for O/W emulsion preparation was based on
the previous emulsi�cation methodology reported by Santos et al. (2014) [54]. O/W emulsions were
prepared by dispersing soybean oil in an aqueous dispersion at the speci�ed temperature (21-23 oC) and
then they were mixed for a total period of 1 min using a high-intensity ultrasound system (HIUS 525 W
and 20 kHz, Cole-Parmer brand, CPX750-750 W). The emulsion type was con�rmed by dilution tests. The
pH of the aqueous phase was adjusted to 5.0. Nanocellulose aqueous suspensions were previously
prepared with concentration ranging from 0.25 to 1 wt.%. Firstly, the soybean oil was added to the
nanocellulose aqueous suspension and stirred for 30 s using HIUS. The pre-emulsion was slightly mixed
by manual stirring for 10 s. Finally, the mixture was stirred again for another 30 s using HIUS, resulting in
the �nal emulsion.

Emulsion stability

The stability of the emulsions with 0.25, 0.50, 0,75 and 1.00 wt.% of CNF or SCNF was evaluated using
measures of phase separation of the emulsions when subjected to the bottle test using centrifugation
(Nova Instruments Centrifuge, NI1803). In this test, the emulsions were placed in 60 mL graduated test
tubes and subjected to centrifugation at 2000 rpm (centrifugal force of 280 g) for 10 min. at 25 oC. In
addition, the stability of the emulsions with 0.25, 0.50, 0.75 and 1.00 wt.% of CNF or SCNF, and emulsions
with 1.00 wt.% of ULTRANEX® NP (with 4 EO, 8 EO, 10 EO, and 100 EO) were assessed under rest after 30
days. In these tests, the volume of separated water was monitored as a function of time. Both in the
bottle test and in the assessment at rest, stability was evaluated as the volumetric percentage of
separated aqueous phase, based on the amount of water separated from the emulsion after the test or
aqueous phase resolved (AR), according to Eq. 1.

AR = (amount of aqueous phase separated after testing / total amount of water added) x100 (1)

ζ-potential

Zeta potential of the O/W emulsions was assessed using a Zeta Potential Meter (Zetasizer NanoZS). Z-
potential values were related to the emulsion stability.

Droplet size and size distribution

The droplet size and size distribution were investigated with an optical microscope (Zeiss Axio Scope
A.1) coupled to a CCD camera for image acquisition. The images were analyzed, and the diameters of the
droplets were individually measured using ImageJ® software. The particle size was analyzed for
populations of 800 droplets, and classi�ed according to the statistical class interval. The stable
emulsions were assessed by examining the emulsion’s average droplet size, evaluated using the Sauter
diameter, D3,2, and by examining the droplet size distribution. The Sauter diameter was calculated
according to Equation 2.
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Rotational rheology

The rheological behavior of the samples was evaluated through the �ow and viscosity curves. The �ow
and viscosity curves of the CNF and SCNF aqueous suspensions (1 wt.%), soya oil, and O/W emulsions
were obtained using an MCR-502 model rheometer (Anton Paar). The rotational test was carried out on
25 mm parallel plates under controlled shear rate in the range of 0.01 to 100 s-1 at 24 ºC.

Results And Discussion
Characterization of CNF and SCNF samples

Figure 1 presents AFM micrographs and the weighted average diameter for CNF (a and c) and SCNF (b
and d) samples.

CNF and SCNF that were submitted to the HPH and HIUS process, showed nano�bers of cellulose with
random orientation, as shown in Figure 1a and b.

The weighted average diameter values determined from AFM for the samples to be close to 100 nm for
SCNF and 236 nm for CNF with a length higher than 1 µm, indicating that sonication was effective to
�brillate CNF sample. This �brillation occurs because during sonication homogenizing process promotes
an increase in the collision rate between the particles generating high shearing.

Figure 1 c and d show that the length distribution of the CNF was from 20 to 700 nm and from 50 to 250
nm for SCNF.

Wang et al. (2017) [23] extract CNF from eucalyptus citriodora by HPH and obtained particles with the
diameter ranged from 20 to 100 nm and length in the range of 900-1300 μm.

The use of high-intensity ultrasound produces narrower and monodispersed SCNF samples. Cellulose
�bers with a smaller diameter and shorter length are more suitable to be used as emulsion stabilizers
because of the increased surface area. Fine-powdered particles can accommodate better onto the oil
droplet surface, constituting an interfacial �lm that acts as a barrier to coalescence [7, 27].

The TGA/DTG curves and FTIR spectra of the CNF and SCNF samples are shown in Figure 2.

Both CNF and SCNF samples presented two mass-loss processes under heating assessed by the �rst
derivative on TGA curves (Figure 2b). The �rst mass-loss process was found at about 80 °C and it is
attributed to the evaporation of residual humidity. The second mass-loss process occurring at about 205-
390 oC is related to cellulose degradation that include the mechanisms of depolymerization, dehydration,
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cleavage of secondary bonds and formation of charred residue [55]. The onset temperatures (Tonset) for

CNF and SCNF occurred at 205 and 215 oC, respectively, indicating an increase in the thermal stability
(about 10 oC) of the SCNF sample which could be induced by the sonication of the nano�bers samples.
The degradation temperature for SCNF is higher due the �brillation of the CNF that occurred during the
HIUS process, which results in the partial removal of the amorphous fraction such as hemicellulose, lignin
or amorphous cellulose from the CNF sample. Whereas the maximum degradation temperatures were
found at 321 and 336 oC for CNF and SCNF, respectively. The solid residue at 600 ºC of the CNF and
SCNF are about 23 and 19 %, respectively.

On the other hand, no signi�cant difference in the chemical composition of the CNF and SCNF samples
was observed, as shown by the cellulose characteristic peaks on the FTIR spectra in Figure 2c and d. The
band at about 895 cm-1 is related to the asymmetric deformation of the -CH2 groups in cellulose. The

bands at about 1040 cm-1 and 1060 cm-1 are characteristics respectively of the symmetrical and
asymmetrical stretching of C-O-C groups. The band at 1160 cm-1 can be attributed to the stretching of the
C-O-C antisymmetric bond present predominantly in cellulose, although it may also be present in other
polysaccharides such as hemicellulose [55].

The band at about 3327 cm-1 observed for CNF and SCNF is associated with the vibration of
intermolecular hydrogen bonds of the cellulose [55]. However, this band is more intense for the SCNF
sample, indicating that soni�cation facilitated access to hydroxyls groups and consequently interaction
with water, which may increase the hydrophilicity. As expected, none of the samples presented bands at
1730 cm-1 is assigned to stretching of unconjugated -C=O group in hemicellulose, and the bands at 1600
and 1510 cm-1 which are attributed to the C=C stretch vibration that is characteristic of lignin [56-60].

The average contact angle (θ) for the CNF sample was 79.5 (± 5.2) degrees, while θ value was
approximately zero for SCNF. The data show that soni�cation can change the nanocellulose surface
wettability from neutral to fully water-wet. The difference in hydrophilicity of nanocellulose samples
extracted by mechanical methods (HPH or HIUS) was also observed by Costa et al. (2018) [27], Tang et
al. (2019) [61] and Yang, Li and Fan (2020) [62]. Costa et al. (2018) [27] which studied CNF-stabilized
emulsions produced using HPH or HIUS in different conditions veri�ed that both process promote a
decrease in contact angle values of CNF samples. In the ultrasound process, the cavitation phenomenon
can promote partial degradation of crystalline regions of CNF resulting in the formation of hydrophobic
domains, and consequently, reduction of contact angle values. A water-wet behavior points out to a better
particle dispersion in aqueous phase, while a neutral behavior represents a better accommodation on the
oil-water interface. The variation of the static contact angle (θ) revealed the occurrence of surface regions
with different wet-behavior, which explain the neutral wetting behavior attributed to some cellulose
samples [62]. Good interaction between CNF and SCNF particles and the aqueous dispersed phase can
prevent the droplet coalescence and coagulation processes.

Characterization of soybean oil
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The pH, moisture content, density, viscosity, surface tension, and hydrophilic-lipophilic balance of
soybean oil are presented in Table 1.

The commercial soybean presented pH close to neutral (slightly acid) at 25oC. According to McClements
(1999) [25] low pH value for the oil in�uences the formation and characteristics of the O/W emulsion, in a
way that more acidic media facilitates the coalescence of oil droplets. Dynamic viscosity and density
curves of soybean oil were performed as a function of temperature. The �tting of an Arrhenius-type
equation for the viscosity allows determining the activation energy for viscous �ow (Ea) for soybean oil

as 27.5 kJ.mol-1.

The surface tension of the soybean oil is slightly higher than that for the oleic acid [63]. The optimum
hydrophilic-lipophilic balance (HLBopt) for the oil emulsi�cation was determined by measuring O/W
emulsion stability. For determination of HLBopt, the soybean oil in water emulsions were prepared using 1

wt. % of ULTRANEX® NP with HLB values of 8.9, 12.3, 13.3, and 19, and these emulsions presented Sauter
diameter (D3,2) values of 5.25, 3.49, 6.64, and 5.75, respectively. A shallow minimum is set for the 8 EO
surfactant, which has an HLB equal to 12.3. This means that oil emulsi�cation requires a hydrophilic
surface-agent. Contact angle measurements have proved that CNF and SCNF achieved hydrophilic
properties, being prone to act in the soybean oil emulsions.

Properties of CNF and SCNF aqueous suspensions

Figure 3 shows the surface tension of cellulose nano�bers aqueous dispersions. It can be observed that
water suspensions with 0.25 wt.% of CNF or SCNF presented a similar value of surface tension (about 71
mN/m), close to the water surface tension. The increase of the cellulose nano�bers concentration
promotes decreases in the surface tension of the dispersions, reaching until 64.8 mN/m for CNF and 49.9
mN/m for SCNF suspension at a concentration of 0.75 wt.%. For concentrations higher than 0.25 wt.%,
the surface tension of SCNF dispersions was substantially smaller than that of CNF dispersion. It was not
possible to determine the surface tension of the 1 wt.% of SCNF suspension because its high viscosity
avoids the suspension droplet insertion into the small opening-diameter syringe. These results indicate a
higher surface activity for the sonicated sample (SCNF), which is probably related to the SCNF smaller
diameter and higher hydrophilicity that would result in a more adequate surface arrangement and better
coverage of the surface area.

Flow curves (Figure 4a) evaluated under shear-rate ranging from 10-2 to 102 s-1, and viscosity curves
(Figure 4b) describe the rotational rheology of aqueous suspensions containing 1 wt.% of CNF and SCNF.

The �ow curves in Figure 4a show that the yield stress (25.6 (± 4.3)) for SCNF dispersion was found to be
approximately 10-fold higher than the yield stress (2.6 (±0.1)) produced by CNF dispersion. Besides,
SCNF suspensions are more viscous than CNF suspensions across the fully shear rate range studied.
Both SCNF and CNF suspension exhibit high viscosity at low shear. On this point, the suspension
viscosity at 1 s-1 is about 3,000 mPa s for CNF and about 48,000 mPa s for SCNF suspensions. The
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higher viscosity and higher yield stress indicate a higher level of �brillation of SCNF that can result in a
strong 3D gel network. The higher �brillation degree of SCNF compared to CNF is supported by AFM data.

The viscosity of the dispersion is higher than pure water viscosity, indicating the presence of an
arrangement of CNF and SCNF solid particles in suspensions. CNF dispersion displayed lower resistance
in the initial �ow and more pronounced shear-thinning behavior than SCNF dispersion, which is related to
the droplet size and surface properties. The viscosity curves in Figures 4 b display a signi�cant shear
thinning behavior for CNF and SCNF suspensions with 1 wt.% of cellulose particles. Shear thinning
behavior has been often reported to cellulose nanoparticle dispersion [4,18,41,43,44,64,65].

Flow curves obtained from rotational rheology measurements for nanocellulose dispersion samples were
modeled to assess the rheological behavior. The Herschell-Buckley rheological model (Equation 3) was
�tting to the rheological data from Figures 4 b.

In Equation 3, t represents the shear stress, g represents the shear rate, K is the consistency index, n is the
behavior index, and t0 is the yield stress. HB model was accurately �tted to the experimental data,
producing an adjusted coe�cient of 0.99. CNF aqueous suspensions were evaluated in the range of 0.01-
1000 s-1, while SCNF aqueous suspension was evaluated in the range 0.1-100 s-1. Disturbs on the
viscosity at high shear rate produced a randomicity of data that became unfeasible to adjust any
rheological model at shear rates higher than 100 s-1 for SCNF aqueous suspension, which is probably
related to SCNF particle aggregation in solution that can produce coarse particle dispersion. The
rheological parameters calculated from the Herschel-Buckley model are presented in Table 2. The
behavior index con�rms the intense pseudoplastic behavior for both suspensions.

Sabet et al. (2016) [66] reported similar results of the rheological behavior of micro�brillar cellulose
aqueous suspensions prepared using different levels of re�ning energies The micro�brillar cellulose self-
associates on an entangled 3D gel network. At shear stress higher than the yield stress, shearing forces
deform and break the network structure resulting in shear-thinning behavior. After structure breaking,
micro�brillar cellulose to align along the shear direction promoting further shear thinning at higher shear
rates region.

Zeta potential (ζ) of aqueous suspensions of CNF and SCNF containing 1 wt.% of dispersed particles
were - 8.2 and - 13.2 mV, respectively. Sonicated eucalyptus cellulose presented in previous works has
shown a similar range for zeta potential (−19.1 ± 0.4 mV) [39]. Lu et al. (2014) [67] has stated that |ζ| > 30
mV is related to the high dispersion capacity in water, while |ζ| values lower than 30 mV indicate low
dispersion stability. Thus, the low value of absolute zeta potential of the aqueous suspensions of CNF
and SCNF indicates that their surface charges would favor the agglomeration of the nanocellulose.

Characterization of O/W Pickering Emulsions
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O/W emulsions, named as ECNF and ESCNF, respectively, were obtained from the intermittent
emulsi�cation of 10 wt.% of soybean oil in 90 wt.% of aqueous dispersion with CNF or SCNF
concentrations of 0.25, 0.5, 0.75, and 1 wt.%. Figure 5a and 5c show images of ECNF and ESCNF that
were prepared using cellulose nano�bers without hydrophobic modi�cations.

The stability of ECNF and ESCNF was veri�ed by means of centrifugation (Fig. 5a) and at rest (Fig. 5c),
and it was observed a strong tendency to creaming for both emulsions with CNF or SCNF. Gestranius et
al. (2016) [68] related the similar results for dodecane/water emulsions with CNF extracted from bleached
birch pulp, TEMPO-oxidized cellulose nano�brils (T-CNF) and CNC.

The bottle test resulted in percentages of aqueous phase-resolved as a function of the concentration of
the CNF or SCNF, as shown in Figures 5b and 5d.

Even for emulsions with a low concentration of cellulose nano�bers (0.25 wt%), the formation of an O /
W emulsion occurred for both emulsions that used CNF or SCNF. This concentration is less than that
generally required when conventional surfactants are used [7]

The blue dotted line shown in Figure 5a referring to the emulsions after centrifugation highlights the
separation of the oil phase. The red dotted line (Fig. 5a) marks the separation of aqueous phase-resolved
whose quanti�cation is shown in Fig. 5b.

Figure 5b shows the results of percentages of aqueous phase-resolved as a function of the concentration
of the CNF or SCNF and indicate that ESCNF dispersion has the highest stability, irrespective of the
nanoparticle concentrations. The high nanoparticle concentration in the aqueous dispersion promotes
high stability of Pickering emulsions.

Figure 5c displays a comparative picture of ESCNF, ECNF, and emulsion prepared with ethoxylated
nonylphenol. At 1 wt.% suspension concentration, the emulsion stability after 30 days at rest followed the
order: ESCNF > ECNF > ULTRANEX. The ethoxylated nonylphenol produced the most unstable emulsions.
Emulsions prepared with ULTRANEX® NP 40 presented 37.5 % aqueous phase-resolved after 10 days, and
87.5 % after 30 days. On the other hand, no phase separation was observed for the ECNF and ESCNF at
the same concentration (1 wt. %), and in 0.25 wt.% content, ESCNF present more stability compared to
ECNF after 30 days at rest (Figure 5 d). Concluding, O/W emulsions using CNF or SCNF

This result is very promising because the prepared oil-in-water emulsions using 0.5 to 1.00 wt.% CNF or
SCNF did not showed phase separation until 30 days of rest. Gestranius et al. (2016) [68] reported for
dodecane / water emulsions containing from 0.1 to 1.5 wt% of CNF and TEMPO-CNF a phase separation
in 1h and 50 h, respectively. Yokota et al. (2019) [69] prepared O/W emulsions with 0.1 or 0.2 wt.% of CNF
extracted by aqueous counter collision system using various non-polar solvents and observed phase
separation before 1 h.
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CNF without modi�cation can promote stability for long time of Pickering emulsion. Bai et al. (2018) [70]
explored the synergism between CNC and CNF in order to increase the stability of Pickering emulsions.
For O/W Pickering emulsions with CNC and low oil volume fraction, the induction of depletion
stabilization due adding CNF occurred only for the non-adsorbing CNF, that form a novel system with
spherical droplets and the high-aspect cellulose nanorods. This system stabilize Pickering emulsions for
an extended period (7 months).

Nanocellulose adsorbs irreversibly in a way that the emulsion can be e�ciently stabilized [7]. The higher
stability of ESCNF is probably related to the higher surface activity of the SCNF [71]. The bottle test
con�rms that CNF and SCNF can e�ciently act as a stabilizer of O/W interfaces. The high continuous-
phase viscosity, as found in CNF and SCNF aqueous dispersions, contributes to increasing the emulsion
stability, reducing de-stabilization phenomena that come from interfacial mass diffusion [72].

The slower creaming rate due to the formation of smaller oil droplets could also be associated with an
easier accommodation of nanocellulose with a lower aspect ratio onto the interface of the droplet during
emulsi�cation using ultrasound.

The stability of the emulsions was also assessed by means of zeta potential measurements as shown in
Figure 6.

All emulsions showed ζ-potential greater than -30 mV, similar to zeta potential values presented by Hong,
Kim, Lee (2018) [73], which used a mixture of conventional emulsi�ers (Spans® and Tweens®). All O/W
emulsions prepared with CNF or SCNF showed ζ-potential values between about - 45 to - 60 mV (Figure
6), which are lower than the values of the aqueous suspensions with 1 wt.% of CNF and SCNF (- 8.2 and -
13.2 mV, respectively). Costa et al. (2018) [27] used HIUS and HPH and Ni, Li and Fan (2020) [74] used
HPH to produce O/W emulsions with CNF, and observed that application of HPH or HIUS led to a decrease
of ζ-potential values for the emulsions. The HPH and HIUS process can promote the contact of cellulose
with oxygen resulting in the generation of negative charge on the cellulose nano�bers surface due to the
partial oxidation of the particles.

The zeta potential values indicate that there is su�cient repulsive force between the dispersed droplets to
keep them away from each other to prevent their coalescence [62].

The emulsi�cation degree is directly related to the droplet size [45].

Figure 7 shows the optical micrographs of ECNF and ESCNF, and particle size distributions. All emulsions
micrographics display discrete oil droplets with Sauter diameters (D3,2) lower than 47 μm.

Li, Wang, Wu (2019) [4] prepared O/W emulsions using a high shear homogenizer by mixing dodecane
(10-50 v%) and different contents (0.1 - 0.5 wt.%) of nano�brillated bacterial cellulose (average width =
127 - 97 nm) suspensions, obtaining D3,2 of about 12-13 µm. Smaller D3,2 is associated with the higher
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kinetic stability because of the reduction of the effects of the gravitational phase separation, once the
droplets velocity is proportional to the radius square.

Cunha et al. (2014) [75] extract CNF from softwood sul�te pulp �bers using enzyme, mechanical beating
and homogenization process, and cellulose nanocrystals (CNC) by acid hydrolysis. CNF and CNC were
used in hexane:water (20:80) emulsions.

Figure 7 shows that ECNF and ESCNF present a narrow droplet size distribution, which illustrates the
e�ciency of the emulsi�cation process. The droplet size presented an average diameter of 3.3 ± 1.2 and
2.6 ± 0.8 μm for CNF and CNC, respectively in the stabilized emulsions.

The optical microscopy images of ECNF and ESCNF (Figure 7) show the presence of clusters of droplets.
Cunha et al. (2014) [75] who prepared Pickering oil-water emulsions using CNC and CNF, observed
clusters of droplets only for emulsions with CNF. They attributed these agglomerations to the high aspect
ratio (∼ 100 - 150) and long length of CNF (> 1μm).

Lu et al. 2019 reported the formation of droplet clusters in the O/W emulsions [45] and proposed two
main routes. By route I, well-coated small droplets are attached around the surface of larger ones (white
arrows in Figure 7) forming a planet-satellite-like structure. The route II considered that most particle
bundles are �exible and it can connect several droplets themselves and the simultaneous emulsi�cation
of these connected droplets in the different �ber parts can form a grape cluster-like structure (dashed
white line in Figure 7). Thus, the observed droplet cluster structure was the result of the formation of
these clusters by the two routes and by the strong repulsion of both due to the high steric hindrance as
two clusters approach [45].

Figure 8 shows the relationship between the Sauter diameter (D3,2) as a function of CNF and SCNF
concentrations in the O/W emulsions. ECNF showed lower D3,2 values for all concentrations of the CNF
compared to ESCNF.

The �owability of the edible emulsion system is an important aspect of the preparation, storage, and �nal
food products. Figure 9 shows the viscosity curves and �ow curves for the ECNF and ESCNF with
different concentrations of cellulose nanoparticles.

Rheological curves for both ECNF and ESCNF describe a typical shear-thinning behavior, characterized by
decreasing in viscosity along with the growth of the shear rate. The rheological behavior of ECNF and
ESCNF is similar to those from emulsions described in previous works [74,31,45]. At a given shear rate,
the viscosity of suspensions increased as a function of CNF and SCNF content. The increase of CNF and
SCNF content promotes slight changes in the shear-thinning pro�le of the O/W emulsions, suggesting
that the rheology behavior of the emulsions is affected by the content of the nano�brils. Similar results
have been reported by Li et al. (2020) [76].

Morphology of the CNF and SCNF nano�brils favor the entanglement with each other to form a strong
network structure, which is di�cult to destroy at low shear rate. At high shear rate, nano�ber networks are
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supposed to be destroyed, decreasing the ECNF and ESCNF viscosity as the concentration of dispersed
particles increases. Therefore, the �ow �eld became increasingly disturbed, due to the introduction of a
higher number of particles on the �ow line, resulting in a higher rate of energy dissipation, and
consequently increasing the emulsion viscosity [54, 77,78].

The Herschel-Buckley model (Eq. 3) was �tted to the emulsion rheological data in Figure 9 and the
Herschel-Buckley rheological parameters for 10 wt.% soybean oil in water emulsions are presented in
Table 3.

Equation 4 gives the limiting viscosity (µ0), which represents the viscosity at a shear stress equivalent to
the yield stress.

Table 3 shows the rheological parameters to the Herschel-Buckley model for the 10 wt.% O/W Pickering
emulsions stabilized with cellulose nanoparticles under the concentration range of 0.25-1 wt.%. The O/W
emulsions present a complex thixotropic and pseudoplastic behavior. The thixotropy phenomena are
related to the deformation of the dispersed oil droplets under shear and their orientation along the �ow
direction [54,79]. The behavior index shows that emulsions produced with SCNF display more intense
pseudoplastic phenomena, mainly in low particle concentration. The increase of the cellulose particle
concentration makes thinner the emulsions, with higher viscosity reduction to the emulsions containing
SCNF. This observation agrees with the data for droplet size and droplet size distribution shown in
Figures 7 and 8 that show emulsions produced with SCNF resulted in higher droplet size and higher
polydispersity, which allow higher droplet deformability and lower �ow resistance.

The higher particle content and higher consistency index K. K-parameter strongly affects the emulsion
viscosity. An increase of 4-fold in the particle concentration produces approximately an increase of 180-
fold and 40-fold on the K values for ECNF and ESCNF, respectively. Anyway, the emulsion viscosity was
always lower than 42 Pa.s. The emulsions containing 1 wt.% of solid particles did not produce yield
stress. The limiting viscosity (µ0) was affected by the Herschel-Buckley model parameters.

Conclusions
CNF and SCNF nanocellulose samples showed characteristics suitable to be applied as an emulsi�er
agent in O/W Pickering emulsions. High intensity ultrasonic application resulted in smaller diameter sizes
and more water-wet particles, improving the emulsifying process. Low concentrations (0.25 - 1 wt. %) of
CNF and SCNF resulted in stable emulsions, even in the absence of conventional surfactants. ζ-potential
values (- 40 to - 70 mV) showed that cellulose nanoparticles provided enough stability to the droplet
coalescence, indicating electric repulsion forces acting between droplets. The Pickering emulsions
stabilized with CNF and SCNF showed a strongly pseudoplastic rheological behavior, with substantial
yield stress. The prepared O/W emulsions using 0.5 to 1.00 wt.% CNF or SCNF did not showed phase
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separation until 30 days of rest. The results point out to the possibility of using nanocellulose obtained
from the paper industry byproducts as a natural emulsifying agent. Nanocellulose is obtained from
renewable sources and cellulose nanoparticles were proved to be able to replace conventional fossil
surfactants.
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Table 2. Rheological parameters of the Herschel-Buckley model for CNF and SCNF aqueous suspensions.

Table 3. Parameters of the Herschel-Buckley model as a function of concentration of the CNF and SCNF
of the emulsions.
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Figure 1

AFM micrograph and histograms of the diameter distribution of CNF (a and c) and SCNF (b and d).

Figure 2
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TGA curves (a), DTG curves (b), and FTIR spectra of the CNF and SCNF samples in the range: (c) 4000 -
650 cm-1 and d) 1800 - 800 cm-1.

Figure 3

Equilibrium surface tension of water/cellulose nano�ber suspensions as a function of CNF and SCNF
concentration.

Figure 4

(a) Flow curves for aqueous suspensions of cellulose nano�ber; (b) viscosity curves for 1 wt.% aqueous
suspensions of CNF and SCNF particles.
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Figure 5

(a). Photographs of the O/W emulsions with 0.25; 0.50; 0.75 and 1 wt.% of CNF or SCNF before and after
centrifugation; (b) Aqueous phase resolved (expressed as volume percentage, Vol.%) for O/W emulsions
as a function of concentration of CNF and SCNF after centrifugation (c) Photographs of the O/W
emulsions with 0.25; 0.50; 0.75 and 1 wt.% of CNF or SCNF and O/W emulsions with 1 wt.% of
commercial emulsi�er ULTRANEX® NP with n = 4, 8, 10 and 100; all before and after 30 days of rest.

Figure 6
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Zeta potential of O/W Pickering emulsions as a function of CNF and SCNF content.

Figure 7

Optical microscopy of the ECNF (a, b, c and d) and ESCNF (e, f, g and h) with 0.25, 0.50, 0.75, 1 wt.% of
CNF and SCNF. Histogram of the oil droplet diameter distribution inside the images.



Page 28/29

Figure 8

The Sauter diameter (D3,2) of oil dispersed droplets as a function of CNF and SCNF concentrations in the
ECNF and ESCNF.

Figure 9
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Rheological behavior of ECNF and ESCNF emulsions: (a and b) Viscosity curves; (c and d) Flow curves as
a function of the shear rate at 24 °C.
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