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Abstract: When existing at emulsion interface and continuous phase, dispersibility of water-soluble
flexible polymer chains has obvious effect on rheology and dielectric properties of whole emulsion.
CNF Pickering emulsion is a good system to research these properties with respect to their micro-
scopic phase structure, dielectric and rheological properties by using cellulose nanofibers (CNF) as
water-soluble Pickering emulsifier, liquid Paraffin as oil phase and DDAB as a cationic auxiliary
surfactant. The CNF- and DDAB-contents were systematically varied while the water to paraffin oil
ratio remained constant to discern the influence of the Pickering emulsifiers. Polarized optical mi-
croscopic images revealed that the droplets have tendency to become smaller size for higher CNF
content, but bigger size for higher DDAB content, which was proved by the fluorescent analysis for
CNF dispersibility with varying DDAB content. The dielectric damping exhibits a minimum, whose
value decreases with increasing DDAB- and CNF-content. Increasing the DDAB-content promotes
solubilization of CNFs in the aqueous phase and will increase the overall viscosity and yield points.
Similarly, a higher CNF-content leads to a higher viscosity and yield point, but at high DDAB-con-
tents the viscosity function exhibits an S-shape at intermediate CNF-content. To evaluate the results
further they were compared with CNF-dispersions (without oil-phase), which showed a surfactant
effect slightly on maximum stress but strongly on yield stress t,, indicating DDAB can promote the
formation of CNF network rather than the viscosity of whole system.

Keywords: cellulose nanofibers; CNF networks; physical entanglement; droplets clusters; startup
flow

1. Introduction
1.1. Overview of CNF stabilized emulsion systems

An emulsion is a dispersed system composed of an oil and an aqueous phase with
an emulsifier (surfactant or Pickering emulsifier) adsorbed at the interface. One of at-
tracted emulsifier: cellulose, the natural, environmental, and renewable material, consists
of dehydrated glucose units. These glucose (hexose) units comprise abundant hydroxy
and carboxyl moieties as hydrophilic groups and polymer backbone, and are widely ap-
plied as biocompatible emulsifiers and thickeners. Nanocellulose refers to ultra-fine cel-
lulose. It is an amphiphilic organic polymer, with a diameter between 1~100 nm. Cellulose
nanocrystal (CNC) [1-3], microfibrillated cellulose (MFC) [4-6], bacterial nanocellulose
(BNC) [7-10], and cellulose nanofibers (CNF) [11] belong to the class of nanocellulose. In
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general, emulsions stabilized with CNF or CNC can behave gel-like because of the strong,
irreversible cellulose adsorption at the O/W (oil/water) interface [2], using the steric inter-
facial stabilization [12]. As rod-like particles, CNC has near-perfect crystallinity (ca. 90%),
while CNFs with micrometer-long entanglements contain both amorphous and crystalline
domains [12-14]. Therefore, CNFs, particularly, their flexible chains and crystalline do-
mains, contribute to the complex properties at the interface and in the continuous phase.
Jiang et al. [15] have reported that an increase in CNF content increases the emulsions’
bulk storage and loss modulus, which is related to the dense network formation in the
bulk phase. Kalashnikova et al. [16] proved that long cellulose nanocrystals with densely
entangled chains can form ultrastable emulsions and interconnected network of low cov-
ered droplets (40%), compared with shorter nanocrystals that merely show a densely in-
terfacial absorption rather than the role in connection among each droplets. Li et al. [17]
studied different CNC particles fabricated from pure CNFs by hydrolyzation with sulfuric
acid-for 1, 2, and 4h. They reported that the viscosity curves of pure CNF emulsions pre-
sent a remarkable deviation comparing with curve of the mixture of CNF and crystallized
at shear rate ramp of 10~100 1/s, which proved the crosslinked feature in aqueous phase
affecting from CNF flexible matrixes rather than dense aggregation of rod-like CNC par-
ticles. Physical entanglements of CNFs and solid-like viscoelastic properties can be easily
created in aqueous phase due to the large aspect ratio and high flexibility of CNFs, even
at very low concentrations, and this sets them apart from short and rod-like CNC struc-
tures, which necessitate higher concentrations. In addition, CNF emulsions feature a cer-
tain shear-thinning behavior [17, 18].

1.2. Enhancement of interfacial adsorption using an auxiliary surfactant

Pickering particles cannot maintain the interfacial force balance merely by intermo-
lecular forces due to weak interfacial interaction associated with balanced contact angle
between aqueous and oil phases, possibly resulting in droplet rupture in the course of
rapid rheology profiles or long-term storage [19-21]. Hence, surfactants are often em-
ployed to overcome this issue. When the surfactant has a strong electrostatic attraction
with the Pickering stabilizers and dispersed droplets, it promotes the formation of com-
plex interfaces rather than desorption of the particles [22]. In other words, additional ionic
surfactants can establish a bridge between particles and dispersed droplets through
stronger ionic adsorption to enhance interfacial stability, which is essential for stabilizing
emulsion systems [23]. For instance, Hong et al. [24] studied the effect of addition of CTAB
(full name) on the improvement of the interfacial attraction between clays and oil and
increase in the interfacial modulus. These effects are strong enough to provide a barrier
against droplet coalescence. Similarly, Whitby et al. [25] concluded that the auxiliary sur-
factant (octadecylamine) is able to affect the aggregate’s state of Pickering particles (lapo-
nite) in water. Specifically, the surfactant affects the droplets’ size and prevent droplets’
coalescence in the emulsion by means of the synergistic and antagonistic interaction be-
tween laponite and octadecylamine, respectively [21]. In conclusion, the present of auxil-
iary ionic surfactants improve the interfacial adsorption of stabilizers at the interface by
stronger electrostatic connection. If not, interfacial modulus would decreased due to de-
sorption of interfacial localized [24].

It is vital for this article to discuss the distribution of CNF chains at the interface and
continuous phase in emulsion systems using changing CNF and auxiliary surfactant con-
tent. Polarized optical, electronic, and fluorescence microscopy and steady rheological
studies are analyzed to assess the droplet’s size, CNF distribution, and bulk flow behavior.

1.3. Dielectric spectroscopy on Pickering emulsion

Broadband dielectric spectroscopy (BDS) can study the structure and stability of
emulsions and their response to alternating current (AC) fields, not only for dielectric
properties affected by droplets and surfaces, but also abnormal states, such as phase sep-
aration, flocculation, and droplet coalescence [26]. BDS uses a frequency generator to
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create a sinusoidal electrical signal applied to the samples by perturbing the electrode and
arising an alternating current [27]. Then, the relevant parameters about the examined sam-
ples, such as permittivity, conductivity, and impedance, can be obtained owing to the
movement of charged groups to overcome the stimulus of continuous changing fields [28,
29]. Furthermore, these dielectric parameters characterize many mechanisms, for instance,
interfacial polarization, phase balance, and relaxation behavior [30].

When it comes to BDS studies of emulsions and other colloidal systems, Sjoblom et
al. and Sen et al. reported that both the permittivity at low and high frequency and relax-
ation time could be used to obtain information on flocculation in emulsions caused by
electric fields [31, 32]. Moreover, permittivity in BDS can monitor the phase separation
more effectively compared with conductivity measurements [26]. The BDS study of the
emulsion can be equivalent to the form of a resistor with a capacitor in parallel (Boyle
model) [33], while a phase separation can be described by serial capacitor analogy. As
emulsifiers accumulate at the interface, the conductivity of the emulsifiers is more prom-
inent than that of the interface, irrespective of the capacitances of the interface barrier [34].
However, the emulsion system is only metastable because of the possibility of sedimenta-
tion, flocculation, and coalescence of bulk droplets, which will directly influence the im-
pedance and polarization, which characterize the change of emulsion state, droplets sta-
bility, and desorption at the interface [26, 35].

1.4. Steady rheological studies on cellulose-based emulsions

There is a broad application for nanocellulose emulsions prepared by using CNC
[12], MEC [36-38], BNC, [39, 40] and CNF [41]. Recently, the viscosity enhancement in
emulsions upon introduction of nanocellulose as Pickering emulsifiers has been of great
interest. These nanocellulose emulsifiers reside at the oil-water (O/W) interface, and are
interesting as they are a renewable and nontoxic emulsifiers [42, 43]. CNFs can stabilize
emulsions by forming a shell around the droplets, creating a steric barrier, and stabilized
emulsions exhibit rigid solid-like viscoelastic properties under low shear forces, even at
low CNF contents [16]. This is due to the formation of a highly entangled network and its
viscosity increase with a higher CNF content, which also leads to a remarkable shear-thin-
ning behavior [17, 18]. Dickinson et al. [44] proved that those hydrocolloid-coated droplets
could be immobilized by the surrounding polymer network and cause gelation, showing
the yield behavior if the polymer content increases; oppositely, the whole system could
become unstable because of weak connection throughout droplets at low polymer content.
However, an excess of stabilizers cannot further promote the emulsion stability, resulting
from the possibility of dominating interparticle adsorption or flexible chains entangle-
ments [45, 46].

The viscosity studies of CNF emulsion or dispersions with different auxiliary ionic
surfactants or CNF content had similar results as the work of Li et al [17], which is corrob-
orated by optical and confocal laser microscopic and dielectric research for this paper.

2. Materials and Methods
2.1. Materials

Cellulose Nanofibers with a diameter of 5-100 nm, crystallinity of 70-90%, and length
of >1 um, dispersed in water at a concentration of 4.5 wt.% were obtained from Zhongshan
Nano bio-materials co-Ltd (Zhongshan, China). The raw CNF dispersion is diluted to the
desired concentration, which use for an entirely aqueous phase for CNF emulsion. Di-
dodecyl-dimethyl-ammonium bromide (DDAB, Aladdin, Shanghai) dissolved in chloro-
form (Aladdin, Shanghai, China) was used as the secondary emulsifier to enhance the
stability of CNF in O/W interface. The oil phase was prepared by mixing 9 parts (by vol-
ume) liquid paraffin (Macklin, Shanghai, China) and 1 part chloroform DDAB solution.
The compositions of the analyzed CNF emulsion samples are shown in Table 1. The mixed
oil phase was added to the aqueous phase until an oil to water ratio of 1:2 was achieved.
Then, the separated phases were emulsified by mechanical homogenization at 11,600 rpm
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for 3 min using a high-speed homogenizer (IKA T-10, Frankfurt, Germany). Meanwhile,
the CNF aqueous dispersion samples with 0, 0.1, 0.3 and 0.5 wt.% DDAB content were
prepared for steady rheological analysis. The steady rheological analysis was executed
analog to the startup-flow test of the other emulsion samples, which was used to prove
the degree of CNF entanglement in the aqueous phase. The appearance of all samples with
varying CNF content are shown in Figures SI1 and SI2, which shows the yield stress (some
cannot flow down) except for sample of CNF0.5 & 1%-DDABO0.1%. of the degree of dilu-
tion with water can be calculated by Eq SI1. The determined values are listed in Table SI1.

Table 1. Composition of analyzed CNF emulsions

Sample CNF [wt.%] DDAB [wt.%] O:W ratio
CNF 0.5%-DDAB 0.1% 0.5
CNF 1%-DDAB 0.1% 1
CNF 1.25%-DDAB 0.1% 1.25
CNF 1.5%-DDAB 0.1% 1.5
CNF 1.75%-DDAB 0.1% 1.75 0.1 1:2
CNF 2%-DDAB 0.1% 2
CNF 2.5%-DDAB 0.1% 2.5
CNF 2.75%-DDAB 0.1% 2.75
CNF 3%-DDAB 0.1% 3
CNF 0.5%-DDAB 0.5% 0.5
CNF 1%-DDAB 0.5% 1
CNF 1.5%-DDAB 0.5% 1.5 05 1
CNF 2%-DDAB 0.5% 2
CNF 2.5%-DDAB 0.5% 2.5
CNF 3%-DDAB 0.5% 3
CNF 2.5%-DDAB 0.1% 0.1
CNF 2.5%-DDAB 0.2% 0.2
CNF 2.5%-DDAB 0.3% 2.5 0.3 1:2
CNF 2.5%-DDAB 0.4% 0.4
CNF 2.5%-DDAB 0.5% 0.5
2.2. Methods

Microscopy. Polarized Optical Microscopy (POM) images of CNF emulsions were
investigated by an Axio Scope Al polarized optical microscope (ZEISS, Scope Al, Ger-
many). Distinct and sparse CNF structures were captured by preserving a diluted CNF
solution (ca. 0.8 wt%o) in a negative stain, which can be visualized using transmission
electron microscopy (TEM) images (JEOL-2100F, Japan) to evaluate their nanofibers’ net-
work and conformational states. Due to the specific fluorescence property of liquid paraf-
fin, the droplets’ shapes can be easily observed These droplets shapes were analyzed us-
ing Fluorescence Microscopy (Nikon, ECLIPSE Ti2-E, Japan) with the DAPI channel at a
wavelength of 460 nm. To gain several clear images of CNF distribution in the water
phase, Furthermore, CNF chains were stained with a small amount of Calcofluor white,
followed by detection with confocal laser scanning microscopy (ZEISS-LSM880, Ger-
many) in order to study the state of polymer distribution at aqueous phase with different
DDAB content. Scanning electron microscopy images (Hitachi SU-70, Japan) of different
dried (i.e., water-free) CNF emulsions visualized the structures. Unlike for the other emul-
sions in this paper, these images were taken using room-temperature solid paraffin, which
otherwise is identical in terms of interfacial properties to avoid changes to the morphol-
ogy. The solid samples were prepared by emulsifying at 80°C and in same rotating speed.
Afterwards, the heat emulsion become cool down and totally solid-like, then the remain
water was removed by freeze-drying.

d0i:10.20944/preprints202210.0170.v1
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Dielectric spectroscopy. The CNF emulsions were measured dielectrically using the
BDS (Concept 40, Novocontrol Technologies, Montabaur Montabaur, Germany) by pre-
paring the samples between two same-sized gilded copper electrodes (diameter 20 mm,
gap 0.1 mm, set by quartz rods with defined diameter), as shown in Figure SI3. In a die-
lectric or impedance measurement, a voltage of 1.0 Vs (i.e., root-mean-square voltage)
with a frequency (f) is applied to a sample cell. The electrical properties of CNF emulsion
are measured at constant room temperature (T=25°C) and frequency sweeps, with an AC
electric field of 1.0 Vims and a variable frequency f =102...107 Hz, starting at the highest
frequency. As the emulsions are deformed during sample loading, it will take a while to
reach an equilibrium state for the structure again. For this reason, the abovementioned
frequency sweeps are repeated until the equilibrium state has been reached, usually after
1-2 h. In general, 5 frequency sweep cycles (CNF2%-DDABO0.1%) were sufficient to reach
an equilibrium response (Figure SI4). Only the data in equilibrium was further evaluated.

Rheology. Rheological experiments were conducted on an Anton Paar MCR 302
(Graz, Austria), equipped with a Peltier heated lower plate and a Peltier hood. This heat-
ing system was tightly closed and the air in the oven was saturated with water to minimize
sample evaporation. Measurements were carried out at 25 °C using a 50 mm/1° cone and
plate geometry (CP50), with a gap (cone truncation) of 102 um, avoiding bridging suc-
cessfully. The rheological protocol is startup flow, as for the basic flow behavior, which
includes two up and down loops of shear rate ramps (y=0.01...1000 s7/1000...0.01 s with
a logarithmic increase or decrease of y and a ramp time of 920s, Error! Reference source
not found.). While usually, the differences between run 2, 3, and 4 are relatively small,
only the data of the last run will be discussed. The resulting viscosity functions 7(y) and
shear stress functions 7(y) as well as the normal force functions Fu(y) are evaluated with
respect to obtaining the yield stress ,, the viscosity/stress at high shear rate, and the nor-
mal force differences Fx(y=1000 s?) vs. Fx(y=0.01 s2).

3. Results
3.1. Morphological observations

Interfacial structure, including CNF chains and DDAB, stabilized the oil phase (lig-
uid paraffin — chloroform mixture). The proposed stabilization mechanism is shown in
Figure 1. DDAB, as the auxiliary surfactant, resides at the oil-water interface, and stabilize
the emulsion. The positive charge is conducive for the stabilization of the Pickering emul-
sion with the CNFs, as electrostatic forces between the auxiliary stabilizer and the CNF
further stabilize the interfaces. Moreover, DDAB can be present in the system as regular
micelles (in the aqueous phase) or as inverse micelles in the oil phase. CNF and DDAB
interact with each other through the charged DDAB-head group (N*) and the O* of CNF.

Wl Liquid Paraffin & chloroform 7)
8 L

Figure 1. Schematic representations of CNF emulsion droplets, including the three CNF-crosslinked
droplets attaching with DDAB monomer and micells, and the detailed interfacial structure that hy-
drogen bonding interaction forms aggregation among 3 kinds of molecules.
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3.1.1. Polarized optical microscopy

Figure 2(a-h) show the optical microscopy images of several CNF emulsions with
CNF content of 1%, 1.5%, 2% and 2.5% and DDAB content of either 0.1% or 0.5%. The
droplets are generally round and exhibit a homogeneous size with diameters between 20
-50 m, demonstrating the high stability of the interfacial films broad about by the CNFs.
For the sample series with 0.1% DDAB content, the droplet size is more homogenously
and smaller with increasing CNF content (Figure 2j). For the 0.5% DDAB content series,
however, the droplet size is larger and relatively constant but lacks size homogeneity,
which becomes obvious from the larger error bars. The error bars are caused by some
droplets in the 0.5% DDAB content series being significantly larger than the others. Fur-
thermore, they are also less spherical due to their large size and decreased surface tension.
Moreover, a regional giant dark shadow can be noticed in any DDABO0.5% samples, which
is indicative for dense accumulation of flexible CNF chains distributing at aqueous phase.
However, the limitation of POM images is that it is not possible to visualize CNF-gather-
ing in the aqueous phase further.

CNF1%-DDABO0.1%

*

-DDABO0.5%

-

CNF1%

»
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Figure 2. Optical microscopy characterization of (a-b) CNF1%-DDAB0.1&0.5%, (c-d) CNF1.5%-
DDABO.1&0.5%, (e-f) CNF2%-DDAB0.1&0.5%, and (g-h) CNF2.5%-DDAB0.1&0.5%. Contrast ad-
justed for improved visibility. (i) Column graph concerning the droplets” mean size. Sizes were de-
termined by Image J.

3.1.2. Fluorescence analysis on CNF distribution

The vision of dense CNF accumulations was investigated by confocal laser scanning
microscope with an excitation wavelength of 355 nm and a receiving wavelength of 430
nm. Figure 3(b-c) shows the fluorescent CNF have obvious green area distributing in the
aqueous phase, while spherical droplets do not show the green spot because of no fluo-
rescence appearing in such wave. When the DDAB content increases, the green light re-
gion, which represents the CNF distribution, expands merely in the aqueous phase and
then covers partial droplets” view, which directly indicates that CNF emulsions become
thicker and harder to flow. Consequently, CNF chains in the aqueous phase can bridge
several oil droplets and form small micelles (without oil droplets inside), as shown in Fig-
ure 3(a). However, when the DDAB content increases, the CNF chains tends to separate
against entanglement by itself, resulting in a stronger charged connection using DDAB
micelles and smaller CNF flocs. These networks are displayed in the third draft in Figure
3(a) and contribute to higher viscosity and harder flowability, which affects the yield
stress and would be proved in rheological studies.

(a)

Only increasing DDAB content

CNF1%-DDAB0.1% CNF1%-DDAB0.3%

Figure 2. (a) Schematic representations of CNF distribution in aqueous phase with increasing DDAB
micelles contents. Confocal laser scanning microscopic images of CNF emulsion with 1 wt.% CNF
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and (b) 0.1, (c) 0.3, and (d) 0.5 (wt.%) DDAB content after being stained with Calcofluor white, which
shows the obvious difference of light shadow aggregation.

3.1.3. SEM analysis on CNF droplets

SEM images of 6 such dried CNF emulsions with three different CNF contents and
two different DDAB contents are shown in Figure 3 (a-f). The roundest particles are found
for CNF1.5%-DDAB0.1% (Figure 3b), indicating a stable interface, while CNF1%-
DDABO0.1% and CNF1%-DDAB0.5% to a lesser degree show partially disintegrated drop-
lets (Figure 3a, d). Higher CNF- and DDAB contents lead to inward dented surfaces of the
droplets, which resemble soccer balls with too little pressure in them (Figure 3c, e, f). This
can be explained by the fact that DDAB was introduced into the oil phase in chloroform
solution; thus, up to 10% of the oil phases’ volume is lost during the drying process, which
leads to these deformed spheres if the interface is strong enough to resist shrinking.

When focusing on the chains on the droplets’ surfaces of CNF2%-DDAB0.5%, the
CNF networks can be clearly seen as well as bridging to neighboring droplets (Figure 4f),
which is also observed at CNF1%-DDAB1% (white dashed wireframe, Figure 4g). Corre-
sponding to (Figure 3b-d) and (Figure 4f, g), some CNF chains can maintain their appear-
ance after drying and exist on the “ball” surface. Figure 4i shows these features for
CNF1%-DDABO0.1% along with the EDS-images (Figure 4j (C), Figure 4k(O)), showing a
homogeneous distribution of both atoms on the droplet. While paraffin, DDAB, and CNF
obviously contain carbon, oxygen is only a minor fraction in paraffin and DDAB (theoret-
ically 0). However, CNF contains carbon and oxygen in a 6:5 atomic ratio (the repeat unit
of cellulose is C12H20010). Further, traces of water are possibly present in the sample as
well. Thus, the determined amount of 5.1 wt.% oxygen (Figure. 4k) suggests coverage of
the droplet with CNF but does not prove it because of the aforementioned alternative
explanations. However, the theoretical oxygen content of CNF is much higher, so EDS
mapping has to be a combination of CNF, DDAB, and paraffin signals.

The emulsion of CNF1%-DDABO0.1% has smaller particle sizes owing to the rather
low CNF content being unable to stabilize larger droplets. The obvious shrinkage of the
CNF-shell around the droplets due to drying (and thus the evaporation of the chloroform)
leads to a relatively flat collapsed structure, unlike, e.g., CNF2%-DDABO0.1%, suggesting
that the droplets’ coverage with CNF is relatively thin, which therefore is not very stable
against shrinkage of the droplet below the surface. For higher CNF contents, such as
CNF2%-DDABO0.5%, the thicker CNF shell can not only stabilize larger droplets suffi-
ciently but also extend to connect with other droplets.

d0i:10.20944/preprints202210.0170.v1
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Figure 3. SEM images of CNF emulsions droplets for CNF contents in (a) 1%, (b) 1.5% and (c) 2% at
0.1 wt.% DDAB content and in (d) 1%, (e) 1.5% and (f) 2% at 0.5 wt.% DDAB content. SEM images
for higher resolution of (g) and (i) CNF1%-DDABO0.1% and the EDS of elemental content and distri-
bution of (j) carbon and (k) oxygen for one droplet.

3.2. Dielectric Spectroscopy

When an AC electric field stimulates the CNF emulsion, the charged and polarizable
groups of CNF chains and DDAB will show a characteristic response, which allows ex-
tracting information on the emulsion properties. The parameters: ¢*, €, z*, 6, and
||, in this text were discussed importantly, that correspond to complex conductivity, per-
mittivity, impedance, and the lowest shift factor calculated from the real and imaginary
part of permittivity and phase angle of AC current and voltage, respectively. Their rele-
vant functions were illustrated in the supplementary information of this work.

Figure 5(a-c) show that ¢ and ¢ are plotted as a function of f after combining the
data of the last loop for all CNF emulsion, which the equation of &'(f) and &"(f) obey
the Debye’s classical equations, expressed in Eq SI7 [46, 51]. There are obviously found of
the similar characteristics for emulsion with different CNF- or DDAB- content and increas-
ing ¢ and ¢" inlower f, which indicates the strong polarization dependance on f ow-
ing to &'(w)~P according to Eq(SI6) [47]. More importantly, the curves of &'(f) and
e"(f) are divided into two parts at f = 10® Hz, where f < 103 shows the deviation
curves associating with lower slope of & but f > 10° shows a nearly overlapped of
them, indicating the different relaxation domain [32]. In order to directly analyze the two
domain, phase angle § as a function of f for all emulsion are plotted in Figure 5(d-f) ac-
cording to Eq(SI7) and Eq(SI8)), which shows very high damping (§ close to 90°) in most
of the frequency range except for a minimum in the middle of the frequency range. The
minimum of §(f) of all CNF emulsions is located around f = 103~10* Hz and both
sample series (0.1 and 0.5 wt.% DDAB) display a decrease in the §-minimum (6,,;5,) with
increasing CNF content. In contrast, emulsion stabilized with GO particles show the dif-
ferent behavior associating with &,,,, (Figure SI5). § > 45°, corresponding to &' < ¢”,
means that more energy is dissipated than stored. This explains the stronger heat loss
during the dielectric test, because the testing samples are carbonized gradually (Figure
S17). CNF emulsion with lower CNF content displays remarkably hysteresis owing to the
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higher § and the decreasing charged content [48]. The content of the oxygen-containing
functional group mainly affects the electric properties of CNF emulsion [49]. Moreover,
increasing DDAB content at the interface can promote the adsorption between CNF and
oil droplets, leading to a slightly decreasing loss angle (Figure 5g). Moreover, due to the
obvious phase separation for CNF0.5%-DDAB0.5% before loading this sample, the behav-
ior can be visualized and conclude the strong sensitivity of monitoring phase change by

the dielectric characteristics.
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Figure 4. Graphs of permittivity and loss angle versus frequency for at different CNF or DDAB-
content, such as (a, ¢) of CNFx%-DDABO0.1%, (b, e) of CNFx%-DDAB0.5% DDAB and (c, f) of
CNF2.5%-DDABx%, respectively. (g) dmin as a function of CNF-content and the phase separated
sample show an obvious unfitting.

The characteristic data of |g”|, |€*|, and |z*| are listed in Table 2 based on the in-
creasing trends of CNF or DDAB content. Here, loss angle has an opposite effect on the
phase angle provided by the AC voltage and current, which means that less heat loss of
CNF emulsion causes an increasing phase difference of AC voltage and current. When
increasing DDAB content, the values of |o*| and |e*| behave the decrease trends but
Omin and l@| increase oppositely, as expressed in Eq(SI4 & SI5) [34, 50]. However, the
absolute values of complex impedance stay relatively constant but for some unstable
emulsion systems, such as CNF0.5%-DDAB0.1% & 0.5%. That their impedances are higher
than others can obtain a method to characterize the stability of CNF emulsion by the large
impedance. In addition, |z*| is proportional to |6*| defined in Eq(SI2 and SI3)

Consequently, The CNF and DDAB concentration-dependent dielectric properties of
CNF emulsion were investigated at 25°C in the frequency range of 102 to 107 Hz. At f =
103~10* Hz, the minimum values corresponding to the electrode polarization relaxation
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frequency strongly depend on increasing the CNF content but a slight influence by DDAB
content. The complex permittivity of larger CNF content increase 8,,;, because of the
more stimulation of ionic transfer in the AC field and polarization when introducing more
CNF chains. However, the polarization process would be limited because of the more ef-
ficient connection between CNF and droplets at high DDAB content.

Table 2. Values of minimum loss angle during the whole frequency range and corresponding ¢,
|o*], 1e*| and |z*| at same state dependence on different CNF or DDAB content.

CNF DDAB  8min () f (Hz) Lol () le*le106  |o*le103 | z*|
(wt.%) (wt.%) (F/m) (S/m) (Ohm)

05 55.01 916.6 34.99 1.29 0.54 7.21
1 52.87 117592 37.13 1.9 1.28 2.05
1.25 49.39 118899  40.61 1.20 0.77 3.32
15 49.27 1379.02  40.72 1.29 0.82 3.85
1.75 0.1 45.76 120348  44.24 1.08 1.07 221
2 4291 143001  47.09 1.36 0.87 3.65
25 4247 141281  47.53 2.16 0.90 3.54
2.75 40.66 1063.07  49.39 1.80 0.75 423
3 39.46 1099.05  50.54 1.94 0.81 3.93
0.5 0.5 25.44 1078.02 6456 1.10 0.70 6.28
1 46.74 2596.59 43.26 0.32 0.49 5.30
15 4459 2204.97 4541 0.71 0.70 2.9
2 41.77 1552.12 4823 0.72 0.71 3.94
25 39.40 994.74 50.60 0.96 0.62 3.97

0.1 4247 1175.92 4753 2.16 0.90 2.29

0.2 44.82 494.67 45.18 2.39 0.65 491

0.3 42.72 764.70 47.28 2.18 0.91 3.65
20 0.4 40.28 770.09 49.72 1.72 0.72 2.71

0.5 39.40 1159.51 50.60 0.96 0.62 3.38

3.3. Rheology
3.3.1. Deformation-induced morphology changes

The arrangement of droplets before and after deformation can be investigated by flu-
orescence microscopy because of the paraffin’s strong fluorescence at a wavelength A =
460 nm and ideal depth of field (Figure 5). Comparing the droplets’ sizes of the sample
CNF2.5%-DDAB0.1% before deformation with the end of high shear rate, the droplets
maintain the shape scale and size, however, the assembled feature of bulk droplets have
a tendency to close to each other, then the larger space of aqueous phase is formed (Figure
5a). Kalashnikova et al. [16] have proved that the longer CNC nanocrystals would prepare
the more aggregated droplets clusters, in other words, create entangled systems to inter-
connective droplets. Nomena et al. [51] illustrated that un-adsorbed soluble biopolymers
can create a viscoelastic network for preventing droplets from creaming and then contrib-
ute to attractive depletion interaction. Moreover, the stronger CNF networks contribute
to the elastic deformation of emulgel and its entanglement cannot destroy totally after
high deformation in aqueous phase [41, 52]. Therefore, the residual recovery force is re-
sponsible for formation of droplets clusters.
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100 pm 100 pm

Figure 5. Fluorescence images of CNF2.5%-DDAB0.1% at (a) previous and (b) after deformation at
a wavelength 4 =460 nm that was captured by the constant shear from 0.1 s to 1000 s°..

3.3.2. Startup flows

For the multiple shear ramp profiles, 4 shear ramps (runs) were performed (run 1:
y=0.01 s — 1000 s, run 2: y=1000 s —0.01 s, run 3: y=0.01 s — 1000 s, run 4:
y=1000 s —0.01 s, no intermissions between them), which lasted 920 s each. None of the
samples showed a clear normal force increase or decrease beyond +0.3 N upon shearing
(except for startup effects). The higher viscosity samples showed a slight decrease of nor-
mal force at y >100s" (Figure 6).! The first (and sometimes the second) startup flow ramp
is always significantly higher than the following, almost identical in most cases (Figure 6).
Thus, only the last segment - run 4 - is used for further evaluation.

The normal forces (open symbols) show a sharp decrease for y below 0.1 s in the
first run, usually followed by a minor further decrease, which is due to the initial yield
structure being broken up by the shear. More importantly, a decrease in the normal force
is observed at y >100 s, which is typical of shear-thinning materials, except those with a
plate or rod-like nanoparticles in them. This suggests that the effect of droplet defor-
mation, which also decreases the normal force at high y is less important than the influ-
ence of the CNF. The changes in normal force by ca. -0.1 N correspond to a first normal
stress difference N: of ca. -51 Pa.

T T T T T T T T T T m 2.0
(a) CNF1.5%-DDAB0.1% - 0.6 (b) CNF2.5%-DDAB0.5%
n F 1 1000 4 ¢ n F,
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Figure 6. Viscosity (left axis) and normal force (right axis) as the function of shear rate at 1~4 ramps,
showing the samples of (a) CNF1.5%-DDAB0.1% and (b) CNF2.5%-DDAB0.5%, respectively.

Figure 7 shows the results of the startup flows, determined by the multiple shear
ramp profile and the startup flows of the miTT-test. For the multiple shear ramp, only the

! Please note that the normal force can only be measured with a precision of 0.01 N with the current setup — thus, its step-like ap-
pearance.
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4th ramp (y =1000 s — 0.01 s?) is shown in all cases. The SI shows some examples of the
1st-4th run (Figure SI7). The viscosity functions n(y) of the samples with 0.1 wt.% DDAB
(Figure 7a) appears relatively standard for a material with a yield point. Clearly, adding
more cellulose (CNF) increases the viscosity, but at first glance, the shape of the viscosity
functions is not significantly influenced by the changes in composition. A comparison be-
tween the multiple shear ramp and the miTT-startup flows shows a good agreement
(#10%), demonstrating that both protocols deliver reliable values. When plotting the same
data in terms of shear stress functions 7(y) (Figure 7c), it becomes obvious that for the
lowest shear rates y, T approximately approaches a constant value, which can be under-
stood as the yield stress 7,, which increases with CNF-content (cf. Figure 8). However,
when looking at 7(y) for low shear rates in detail, it is obvious that the higher the CNF-
content, the higher the shear rate y, at which a more or less constant value is reached and
for the highest CNF-contents even a small increase towards the smallest y is found,
which indicate a structural recovery from the high shear rates imposed on the sample
before.

When comparing the data of the samples with 0.5 wt.% DDAB (Figure 7b,d) with
those with 0.1 wt.% DDAB (Figure 7a,c), the samples with 0.5 wt.% DDAB (except for the
CNF0.5%-DDAB0.5%-O:W 1:2 sample, which is very similar to CNF0.5%-DDABO0.1%-
O:W 1:2) show a clear kink between y =10 and 0.2 s, which is visible for miTT-data as
well. This clear difference suggests that the 0.5 wt.% DDAB has some structural changes
that cause this unusual curve shape. This kink is even better visible as a step in 7(y) (Figure
7d) and it is found for all 4 ramps in the experimental setup (Fig. SI5). For the same situa-
tion, Li et al. [17] and Jia et al. [53] found the similar steady-state viscosity curves and
divided them to four regions: fibers” orientation, fibers’ entanglement, networks’ break-
down and well-oriented structure.

Considering this difference in rheological data when increasing the surfactant con-
tent fivefold (0.5 wt.% DDAB) and that it only happens when the CNF-content is suffi-
ciently high (> 0.5 wt.%), it is clear that it has to be related to the stability of the interfaces,
as those are strengthened by increasing surfactant (DDAB) and Pickering emulsifier/sur-
factant (CNF) content. Interestingly, the highest step is found for 1% (Figure 7d), while
higher CNF-contents decrease the step significantly. The step could be interpreted as an
increased viscosity due to a high shear-rate structure that collapses to a low resistance
configuration once the shear rate y is below this critical shear rate at the step (for CNF 1
wt.%, it is in the shear rate range 3-20 s°7).
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Figure 7. Startup flows in comparison with viscosity functions determined with the miTT protocol.
Viscosity functions of (a) the 0.1 wt.% DDAB-series and (b) the 0.5 wt.% DDAB-series. Shear stress
functions (c) the 0.1 wt.% DDAB-series and (d) the 0.5 wt.% DDAB-series.

In order to better compare the multitude of data, 2 characteristic quantities were de-
fined: 1. The yield stress 7, and 2. The maximum stress T,,,, (ata shear rate y=1000 s™).
The former was determined using a yield-stress modified Carreau-Yasuda model [54]:

n-1

@) = no(1+ ¥/v)*)a +1,/y 1)
Where y, denotes the characteristic shear rate, a denotes the sharpness of the transition
in a regular viscosity function, n denotes the slope of the viscosity function at a high shear
rate (n=0 — dlogn/dlogy =-1) and t, denotes the yield stress. As the contribution of t,
dominates the viscosity function at low y, the other parameters were not evaluated, ow-
ing to their high dependence on each other. For the 0.5% DDAB sample series with the
kink in the data, the fitted yield stress values 7,, were checked with extreme care and
found within the range that one would determine manually from visually extrapolating
the data towards y=0.

Figure 8a compares the yield stresses 7, of both emulsion series as well as the max-
imum stress observed 7,,,, (at y=1000 s). As already visible from Figure 7(c, d), an in-
crease in the CNF-content leads to an increase of 7,,.. Clearly, the differences between the
0.1 wt.% and the 0.5 wt.% DDAB is diminishingly small at high CNF contents, while they
are more significant at low CNF contents. The maximum stress observed 7,,,, which is
always obvsered at the highest shear rate y=1000 s shows a relation which appears to be
similar to 7, at a first glance, about 10 times the 7,-value. However, when plotting the
ratio Tpga./Ty vs. CNF-content, it becomes clear that the higher the CNF-content, the
loweris Ty, /7, and thatit does not depend significantly on DDAB-content. For 0.5 wt.%
CNF and 1 wt.% CNF, 0.1 wt.% DDAB (points in bracket), the relation does not show
reliable values, which we attribute to the low yield stress 7,, making a very precise deter-
mination difficult.

These findings can be explained by both CNF and DDAB stabilizing the interfaces.
The emulsion consists of a water matrix with oil droplets that stabilize interfaces by DDAB
and CNF. The yield stress 7, is the resistance of the material against any flow, i.e., below
7, the sample behaves as a solid. The yield point 7,, depends on how many the droplets
are interlocked, i.e., how stiff their interfaces are. Very soft interfaces make it very easy for
the droplets to slide past each other, while infinitely hard interfaces could theoretically
lead to jamming [17, 55]. DDAB as a normal surfactant stabilizes the interface as a classical
amphiphile, i.e., by sitting at the interface with the hydrophilic head in the aqueous phase
and two hydrophobic tails in the oil phase. As a general rule, increasing the amount of
amphiphile decreases the droplet size as coalescence is reduced due to the improved sta-
bilization of the interface [16, 40, 56].

The relations in Figure 8 can be interpreted as the consequence of CNF stiffening the
droplet surface, thus increasing the 7, in an approximately exponential fashion, making
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the yield stress well tailorable. The stress at y=1000 s shows a similar relation but with a
lower slope, so that the ratio 7,,4,/7, decreases with increasing CNF-content. This can be
interpreted with the yield stress 7, being stronger influenced by the stiffening of the in-
terface than the behavior under strong shear. This can be explained by the structures hin-
dering the flow being shear sensitive, i.e., they lose their strength upon applying a signif-
icant shear rate. Furthermore, the decreasing ratio 7,,4,/7, means that at high CNF-con-
tents, jamming does not play a significant role as that would lead to an increasing
Tmax/Ty-Tatio.

However, the situation needs to be considered from the point of view of the influence
of CNF suspensions too. For this purpose, 2 wt.% CNF-suspensions (without an oil phase)
were made with DDAB-contents of 0, 0.1, 0.3, and 0.5 wt.%, which will be discussed in the
following sections. Those showed viscosity functions very similar to those shown in Fig-
ure 7 (see Figure. 10). The yield stresses 7, are found to be 1 Pa for 0.1% DDAB and 3 Pa
for 0.5% DDAB, which is lower than the t, values of 5 Pa and 6.5 Pa found for the
CNF2%-0.1%DDAB-O:W 1:2 and CNF2%-0.5%DDAB-O:W 1:2 emulsions, respectively.
When considering that the CNFs are mostly located in the aqueous phase of the emulsion,
a comparison with the CNF1.25%-0.1%DDAB-O:W 1:2, CNF1.5%-0.1%DDAB-O:W 1:2,
and CNF1.5%-0.5%DDAB-O:W 1:2 emulsions — having approximately the same concen-
tration in the aqueous phase should be done too. For those samples yield stresses 7, are
found to be between 2 and 3 Pa, almost identical to the values found for the suspension.
Thus, it is safe to conclude that the CNFs cause a major contribution to the yielding stress
in suspension and the emulsion’s oil-water interface-related processes.
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Figure 8. (a) dependence of yield stress values 7, on the CNF or DDAB composition. The error bars
are the uncertainties of the fit. (b) relation between viscosity at 10 s and emulgel constituents.

In order to understand these results better, the non-emulsion equivalent of the emul-
sions was also tested — CNF-dispersions with variable DDAB-content. Figure 9(a-b) show
the viscosity function of 2 wt.% CNF dispersion with 0, 0.1, 0.3 and 0.5 wt.% DDAB con-
tent. It is clearly visible that the data at high y are almost undistinguishable, while at low
¥ a high DDAB-content leads to a quite significant yield stress 7, of ca. 3 Pa (vs. ca. 6 Pa
for CNF2% 0.5%DDAB O:W 1:2). At 0.1 wt.% DDAB content, only 7, of ca. 1 Pa is found
(vs. ca. 4.7 Pa for CNF2% 0.5%DDAB O:W 1:2). In comparison to the data for the Pickering
emulsions, it is, therefore, clear that the yield stress 7, varies significantly more and is
lower. One might argue that CNF-content in the aqueous phase of the emulsion is higher
than 2% and therefore, we have to compare the obtained yield stresses with those of emul-
sions with a lower CNF-content (e.g., based on O:W 1:2), an equivalent CNF-content
should be reached around 1.3 wt. % CNF-content in the Pickering emulsions. However,
such comparisons are difficult as it cannot be precisely accounted for how much of the
CNF- and DDAB- is not in the aqueous phase in the Pickering emulsions. It is clear, how-
ever, that the dependence of the yield stress 7, on the c is much larger for the CNF-dis-
persions (Figure. 8a) than for the Pickering emulgels, which suggests an equivalent


https://doi.org/10.20944/preprints202210.0170.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 October 2022 doi:10.20944/preprints202210.0170.v1

relation as plotted in Figure. 8b cannot be setup as no approximately DDAB-content in-
dependent T7,,,,/7,-ratio exists as can be also seen by comparing Figure. 7 and 9. There-
fore, it is clear that the yield stress 7, found for the Pickering emulsions is partially
caused by the oil droplets and partially by the CNF-DDAB-agglomerates in the aqueous
phase. Those CNF-DDAB-agglomerates are relatively weakly bonded, as can be seen from

the fact that at high y, the viscosities are almost identical.
CNF aqueous dispersion
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Figure 10. (a) stress function and (b) viscosity function of CNF water dispersion with 2 wt.% CNF-
series.

4. Conclusions

A study of the properties of a Pickering emulsion with cellulose nanofibers (CNF)
has shown that the behavior is determined by a combination of the properties of the reg-
ular surfactant DDAB in stabilizing the interfaces and of CNF stabilizing the interfaces as
well as producing a colloidal network. The proper variation of the DDAB-content and
CNF-content has helped in unraveling the interdependencies between these different
components, which are very complex due to their interrelations.

The behavior of the Pickering emulsions is clearly determined by CNF and DDAB
stabilizing the oil-water interface (proven by EDS), which solidifies the whole emulsion
sufficiently to call it an emulsion. However, CNF is not only localized at the interface. It
is also present in the form of more or less precipitated bridges and clusters in the aqueous
phase, where it is stabilized by DDAB (micelles), too. The rheological properties show that
most of the material properties can be explained by a combination of these 2 contributions.
Microscopy has shown that the structure is mostly stable, although intensive shear has
led to some minor modifications.

This paper has given a first overview of the properties of CNF Pickering emulsion.
Part II will cover a much more in-depth rheological characterization that will lead to even
deeper insights.

Supplementary Materials: Table SI1. The component ratio of aqueous phase including CNF gel
weight and supplying water volume. Figure SI1. CNF emulsion pictures of (a) the mixture of oil-
water before homogenization, (b) CNFX%-DDABO0.1% and (c) CNFX%-DDAB0.5%. Figure SI2. The
appearance of CNF emulsion of (a) CNFX%-DDAB0.1% and (b) CNFX%-DDABO0.5%. Figure SI3.
The actual photo and its sectional view of liquid cell that used to load CNF emulsion. Figure SI4.
The dielectric raw data of 0.1wt% DDAB emulsion of (a, b) CNF1%, (¢, d) CNF1.5%, (e, f) CNF2%
and (g, h) CNF2.5% at all time intervals with the real and imaginary parts of permittivity and loss
angle on dependence of dielectric frequency. Figure SI5. The dielectric raw data of 0.1wt% DDAB
emulsion of (a, b) GO1% and (c, d) GO1.5% at all time intervals with the real and imaginary parts
of permittivity and loss angle on dependence of dielectric frequency so as to compare the common
properties of CNF emulsion. Figure SI6. The original data of startup-flow for 2 typical CNF
emulgels. 1-4 ramps of shear rate were plotted with stress and normal force but the first ramp did
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not behave well because previous large deformations do not largely change the structure. Figure
SI7. The pictures of (a) before and (b) after dielectric tests of CNF emulgel relating to carbonization.
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