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Abstract: Carboxylated cellulose nanocrystals (cCNC) are highly dispersible particles useful in
many industries. In particular, they can be applied to form Pickering emulsions and foams for
“green” applications in the cosmetics, pharmaceutical industry or food processing. We demonstrated
that carboxylated cellulose nanocrystals enhance foamability and foam stability when mixed with
cationic surfactant ethyl lauroyl arginate (LAE), having superior properties over sulfated cellulose
nanocrystals (sCNC) concerning surfactant concentration range and foam volume. Mixtures of LAE
and cCNC were characterized for their hydrodynamic diameter, zeta potential, surface tension and
surface rheological properties. The influence of electrolytes, namely, sodium chloride, guanidine
hydrochloride and sodium salicylate, and the addition of concentrated urea to LAE-cCNC mixtures
on foamability and foam stability were investigated. Electrolytes in the concentration of 5 mM showed
a moderate effect on foam stability. In contrast, spectacular foam collapse was detected after adding
concentrated urea. The preliminary rheological data from the pendant drop oscillations revealed low
elastic modulus upon urea addition and the loss modulus that increased with the frequency, which
suggested a viscous interfacial layer.

Keywords: ethyl lauroyl arginate; surface dilational elasticity; foam; interfacial rheology; cellulose
nanocrystals

1. Introduction

Cellulose present in plant cell walls is the most abundant polysaccharide and sustain-
able biopolymer on the Earth. It consists of glucose molecules linked with β-1,4-glycosidic
bonds. As a raw material, cellulose has been used in the industry for 150 years [1]. Nanocel-
lulose particles, with at least one dimension in the nanoscale, have been increasingly
applied in the newest technologies [2,3]: piezoelectricity and wearable electronics [4],
pigments [5], flocculants [6], wound healing materials, drug carriers, implants and tissue
engineering [7], coatings, adhesives, antibacterial packaging materials [8], thickeners and
rheology modifiers [9], nano-templates, [10] reinforcing agent for composites, foams and
aerogels [11], Pickering foams and emulsions [12].

Cellulose nanocrystals released by chemical hydrolysis or oxidation were first pro-
duced in 1947. They possess three essential properties: colloidal stability in polar solvents,
nano-size and high crystallinity. Since 1990, they have been manufactured in tonne-per-day
quantities. They are suitable for commercial applications, including the preparation of
foams. In the process of sulfuric acid hydrolysis, glycosidic bonds of cellulose chains are
broken, especially in less crystalline regions, and some hydroxy groups on cellulose sur-
faces are esterified. Released nano-sized crystalline particles, partially esterified, are called
sulfated cellulose nanocrystals (sCNC) (containing carbon–oxygen–sulfur bond) [13].

Carboxylated cellulose nanocrystals (cCNC) can be produced in a batch process with
dilute hydrogen peroxide oxidation [14]. The cCNC has a relatively low surface charge
density compared to sulfated cellulose nanocrystals. They are also less crystalline and have
a relatively high surface area.
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Cellulose is chiral in many length scales from molecules up to mesophases. Impor-
tantly, nanocellulose crystals and fibers are twisted [15], which affects the exposure of their
more hydrophobic crystallographic planes at the air/water interface. Depending on their
concentration, cellulose nanocrystals may form liquid crystals in water [16]. The liquid
crystalline behavior of cellulose nanocrystals (CNC) is solvent-dependent, which can be
explained with more efficient hydrogen bonding between CNC at lower dielectric screen-
ing. Cellulose nanocrystals form needle-like elongated micro-aggregates with broad size
distribution in low dielectric solvents [17].

Ethyl lauroyl arginate is a cationic surfactant manufactured from biodegradable com-
pounds. It hydrolyses to other surface-active substances in water: Nα-lauroyl–L-arginine
(LAS) or dodecanoic (lauric) acid. In our previous work, we described its interfacial
properties [18] and determined critical micelle concentration (CMC) at about 1 mmol/L.

Foaming properties are interesting from many technological perspectives, including
flotation and detergency. There are several methods of foam formation characterization, in-
cluding the double syringe technique [19], which provides foams consisting of tiny bubbles
of relatively uniform size [20]. Foaming experiments carried out with the double syringe
for a commercial brand of LAE (85% purity) showed that at concentrations below 0.35 mM,
its solution did not form foams surviving more than several minutes. On the contrary,
when mixed with hydrophilic sulfated cellulose nanocrystals, foams could be stable for up
to 4 h [21]. Nanometric sCNC with sulfate hydrophilic groups moderately interact with
LAE at low surfactant concentrations, and particle zeta potential and hydrodynamic diam-
eter do not change significantly. The explanation of enhanced foam stability in LAE-sCNC
mixtures is far from trivial. A slight increase in dispersion viscosity, high interfacial shear
elasticity and flow-induced plugs in the Plateau borders may contribute to the enhanced
foam stability. On the other hand, sCNC aggregates in the foam films may have an opposite
antifoaming effect.

Upon aggregation, cellulose nanocrystals form rods with a high aspect ratio and
rectangular cross-section that can be crucial for explaining foam stability in the mixtures
with surfactants. The aspect ratio of nanocellulose can be a key parameter determining
the stability of Pickering emulsions [22]. Emulsion stability is also inversely proportional
to the surface charge density of cellulose nanocrystals, since less charged CNC are more
amphiphilic [23]. Thus, cellulose nanocrystals’ surface charge density can affect interfacial
properties and foaming properties at the liquid/air interface [24].

The redispersion of sulfated CNC can impact the rheological properties of their disper-
sions [25]. They adsorb at the liquid/air interface after several hours when the addition of
salt screens their charge [26]. CNC forms lyotropic liquid crystals at concentrations above
1% by weight [27]. It was shown that the addition of cellulose nanocrystals enhances the
stability of methylcellulose foams after the formation of gels [28]. There were other reports
concerning the influence of nanocellulose on foaming properties [29], where size and bulk
rheology of nanocellulose played a significant role. However, only a few studies have been
related to simple liquid foams without gelled phase, without polymers as additives and
with nanocellulose in the form of nanocrystals.

Various additives modify the electrostatic properties of nanoparticles, the interaction
of nanoparticles and surfactants and the foaming properties of their mixtures. The addition
of monovalent electrolyte decreases electrostatic repulsion between particles and enhances
surfactant adsorption at the interface, due to lower electrostatic repulsion between ionic
molecules [30]. Sodium salicylate belongs to organic counterions and hydrotropes solu-
bilizing hydrophobic compounds. It can interact with other surfactants or nanoparticles
electrostatically and hydrophobically. It enables the transition of surfactant structure in the
solution from spherical micelles to worm-like micelles [31]. Research on interfacial layer
viscoelasticity in such systems is rarely reported for surfactant–nanoparticle systems. Some
works were devoted to protein interfacial layers that demonstrated that sodium salicylate
could dramatically reduce interfacial viscoelasticity of the protein films and change the
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properties of wheat dough. It was hypothesized that sodium salicylate acts as a hydrogen
bond breaker [32,33].

As it is known from the literature, urea increases critical micelle concentration of
surfactants [34], increases counterion dissociation [35], displaces the water from the surface
of ionic surfactants, helps solvate the hydrophobic micelle cores by localizing at their
surfaces, and changes the micelle shape and the number of surfactants associating in the
micelle [36]. Recent data show urea orients at the interface within the hydrogen-bonded
water network. Its orientation depends on the sign of the charged interface—the net
orientation of urea is possible only in the presence of surfactants. Depending on the
concentration, urea orients with its C=O group toward a positively charged interface,
as shown by characteristic vibrational modes of urea detected by SFG spectroscopy [37].

It was evidenced that urea can improve the solubility and stability of cellulose in
alkaline solutions [38]. Urea can compete with water for hydrogen bonding that, together
with ionic interactions, contribute the most to the protein tertiary structure. The structure
might be entirely destroyed at the urea concentration of 8 mol/L. Guanidine hydrochloride
(GuaHCl), is an even stronger protein denaturant than urea. It contains a common cation
as a positively charged group of LAE and is well known for its chaotropic properties.
In protein solutions, it acts as an unfolding agent [39]. It is also known that urea forms
hydrogen bonding with protein backbone amides at high concentrations, while guanidine
hydrochloride acts preferentially on hydrophobic residues of the protein [39]. Ethyl lau-
royl arginate contains an amide bond between the hydrocarbon chain and guanidinium
hydrophilic headgroup; therefore, it can be hypothesized that urea should have a strong
effect on LAE interfacial layer. The additional factor that should be taken into account
while comparing the urea and GuaHCl effect is the low concentration of GuaHCl that can
be used in the experiment to avoid aggregation of surfactant and particles.

In this work, we compared the foaming properties of mixtures of LAE and car-
boxylated and sulfated CNC. Then, we studied the effect of the addition of electrolytes,
a common salt—NaCl, hydrotropic sodium salicylate, and chaotropic guanidine hydrochlo-
ride or urea on ethyl lauroyl arginate—carboxylated CNC dispersions bulk and interfacial
properties. We attempted to correlate surface tension and dilational viscoelastic proper-
ties of dispersions with their foamability and foam stability. Since LAE is a food-grade
cationic surfactant with antimicrobial activity against a wide range of food pathogens and
spoilage organisms, its foaming properties, enhanced with biopolymeric nanoparticles,
can find potential application in cosmetic or pharmaceutical products. Our findings could
contribute to the reduction in the amount of surfactant that is necessary to show significant
surface activity, emulsification and foaming properties. On the other hand, they can provide
information about the selection of components that could be used as defoamers.

2. Materials and Methods

Ethyl lauroyl arginate (LAE), under commercial name Mirenat-P/100 (about 90% LAE
surfactant content), was generously provided by Vedeqsa (Barcelona, Spain). Sodium
chloride (99%), guanidine hydrochloride (>99% purity), sodium salicylate and urea 8 M
Bio Ultra was acquired from Sigma-Aldrich (Poznań, Poland). NaCl was calcinated at
650 ◦C for eight hours before use. The stock solution was prepared in deionized cold water
(4 ◦C, ~20 MΩ cm) and then diluted to the appropriate concentration. Stock solution and
dilutions were used within one day.

Commercially available carboxylated cellulose nanocrystals, DextraCel manufactured
by Anomera (Montreal, QC, Canada), used in this work were in the form of sodium salt
spray-dried powder with the specification: zeta potential range −40 to −50 mV, diameter
5–10 nm, length 150–200 nm, carboxyl content 0.12–0.20 mmol/g. As has been described
by Delepierre et al. [40], cCNC are 150 ± 30 nm in length, 5 ± 2 nm in diameter (approx.
round cross-section) with apparent hydrodynamic size 81 ± 1 nm. Their total charge
measured by conductometric titration is 141 ± 10 mmol/kg, and surface charge density
is 0.16 e/nm2. The shear viscosity of 2% solution at 10 s−1 is 1.6 mPa s and is purely
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Newtonian at 0.1–10 s−1. Zeta potential is −21 ± 1 mV. Cellulose nanocrystals were
dispersed carefully in water by adding small portions of CNC and stirring to achieve a
concentration of 0.6% by weight. They were sonicated [Sonic 6D; Polsonic, Warsaw, Poland]
after mixing. The cCNC dispersion was added drop by drop to surfactant solution under
constant stirring. The concentration of 5 mM was chosen for electrolytes when preparing
different mixtures of 0.3% by weight of cCNC from the same stock of particles 0.6 wt.%,
dispersed in water to avoid particle aggregation, which may affect foaming properties and
interfacial rheology.

2.1. Foaming

Foaming experiments were carried out with the double syringe technique [19–21]—
with two single-use medical syringes of 60 mL volume connected by a narrow tube. First,
20 mL of LAE-CNC solution and 40 mL of air were mixed, and the solution passed from
one syringe to the other ten times. After that, it stood vertically, and after about 15–30 s,
it was possible to read out the foam and liquid levels and determine initial foam volume.
Note that here, foam volume was measured only up to 280 min.

2.2. Particle Characterization

The size and zeta potential of cCNC nanoparticles and LAE-cCNC dispersions was
measured, respectively, by dynamic light scattering [41] and by laser Doppler velocimetry
with Malvern Nano ZS instrument as described earlier [21]. Each measurement was
repeated three times. No viscosity correction was applied. The average error (standard
deviation) of zeta potential measurement was 5 mV maximum.

2.3. Surface Tension

The surface tension of samples was measured using the pendant drop technique [42]
with a Sinterface PAT-1M tensiometer immediately after surfactant solution or dispersion
preparation. A drop of solution (11 µL) was created from a 2 mm diameter steel capillary
and kept in the thermostated chamber for 2000 s. The camera recorded the drop profile,
and the Young–Laplace equation was fitted to calculate the surface tension [43]. Drop
oscillations were applied after reaching the surface tension equilibrium by imposing drop
volume (area) changes of less than 10% of the volume. Then, Fourier transform of the sur-
face tension variations was calculated and the surface dilational modulus was determined
as the complex number [44]:

ε = A0
∆σ1

∆A1
= εr + iεi = εd + iωνd (1)

where εr, εi are the real and imaginary part of the dilational elasticity modulus, εd is
dilational elasticity, νd is the dilational viscosity, ω is the oscillation frequency, A0 is the
average area of the drop, ∆A1 and ∆σ1 are the principal Fourier components of the area
and surface tension variations that correspond to the frequency of drop oscillations.

3. Results and Discussion
3.1. Foaming

Figure 1 illustrates foam half-life (the time after which 50% of the foam breaks) as the
function of surfactant concentration for foams generated after 10th cycle of mixing the air
and the 20 mL of LAE-CNC dispersion in connected syringes.
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Figure 1. Foam half-life of dispersion of the 0.3 wt.% cellulose nanocrystals with various LAE
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Foam and liquid volume could be measured after approximately 30 s and observed for
up to 280 min. As shown in Figure 1a, for all concentrations above 0.004%, foam half-life was
at least 280 min. In contrast, for sCNC foam half-life was at maximum for 0.006 wt.% of LAE
and then decreased for higher surfactant concentrations (Figure 1b) [21]. The aggregation
can be the reason for the limited foam stability in the case of sCNC. The results presented
in Figure 1 show a threshold value of surfactant concentration (0.003%, 0.07 mM) in the
LAE-cCNC mixture, at which foam stability significantly increased. That threshold value
was slightly higher for sCNC (0.004 wt.%). Since the zeta potential of nanoparticles in the
LAE-cCNC dispersion (−35 mV) was lower than in LAE-sCNC (−40 mV), they can be
more amphiphilic, as suggested in [23].

The LAE concentration above the foam stability threshold (0.006 wt.%) was selected
to study the effect of various additives on foaming and interfacial properties of the LAE-
cCNC suspension. It should be noted that no stable foam can be formed at that surfactant
concentration without nanoparticles. The results collected in Table 1 illustrate that at the
surfactant concentration corresponding to the LAE-sCNC maximum foam lifetime, cCNC
are much more efficient at foaming. The foam volume was almost doubled for carboxylated
CNC compared to sulfated ones, while its stability was also prolonged.

Table 1. Initial foam volume and foam half-life in LAE 0.006 wt.%—CNC 0.3 wt.% dispersions with
respect to CNC hydrophilic groups.

LAE-sCNC LAE-cCNC

Foam volume [mL] 19 ± 1 37 ± 1
Foam half-life [min] 260 ± 20 >280

To elucidate the possible reason for the differences in foam stability between two
types of CNC for LAE concentration above 0.008 wt.%, we measured the dependence of
cCNC hydrodynamic size on the surfactant concentration. The results are listed in Table 2.
They show that carboxylated cellulose nanocrystals are resistant to aggregation up to
0.02 wt.% LAE. Moreover, they indicate that cCNC were less aggregated than sCNC. For the
surfactant concentration 0.015 wt.% the hydrodynamic size of cCNC was 112 nm (PDI 0.44),
significantly smaller and less polydisperse than for sCNC—187 nm (PDI 0.82) [21]. That
seems to support the hypothesis that the defoaming effect of large aggregates can cause
lower foam stability of sCNC-LAE dispersion.
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Table 2. The hydrodynamic diameters of cCNC dispersions with increasing LAE concentrations.

cCNC 0.3 wt.% with Hydrodynamic Diameter [nm] (Polydispersity Index)

0.008% LAE 87 (0.38)

0.01% LAE 88 (0.30)

0.015% LAE 112 (0.44)

0.02% LAE 206 (0.78)

0.05% LAE ~7000 (1.00)

Figure 2 illustrates the effect of additives—ionic and non-ionic—on the initial foam
volume, generated with the double syringe technique. The addition of monovalent elec-
trolytes, sodium chloride or guanidinium hydrochloride at a concentration of 5 mmol/L
to LAE-cCNC mixtures did not the change foam volume significantly. The difference was
seen for 5 mM sodium salicylate, which contains a bulky surface-active anion that can
effectively penetrate the interfacial layer formed by cationic LAE and cCNC. The foam vol-
ume decreased to about 12 mL, more than three times with respect to LAE-cCNC without
additives, or more than two times with respect to one with NaCl. The most significant
effect of reducing the initial foam volume was seen for dispersions containing 6 mol/L
urea. Right after the foam formation, it filled the whole syringe; however, it collapsed
very quickly. The first possible readout of the foam and liquid volume characterizing the
foamability, which could be compared with other systems, was made after 30 s.
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Figure 2. Foam volume of LAE 0.006 wt.% and carboxylated nanocrystals 0.3 wt.% with additional
compounds in the dispersion.

Foam half-life for the LAE-cCNC dispersion with added electrolytes (NaCl, NaSal
and GuaHCl) was reduced to c.a. 200 min (Figure 3). Note that the foam half-life of
the dispersion with 5 mM of NaSal was the same as for other electrolytes, despite lower
foamability. That means that the foam drainage rate was independent of the type of salt.
As mentioned above, the most significant difference in foam stability was noted in the
dispersion containing 6 mol/L urea. The foam half-life was reduced to less than 1 min,
coinciding with the fast draining period.
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3.2. Zeta Potential and Hydrodynamic Diameter

The results of the zeta potential and hydrodynamic diameter measurements of car-
boxylated CNC are collected in Table 3. Zeta potential measurements indicate that car-
boxylated nanoparticles are slightly less charged than sulfated [17]. Spray-dried powdered
carboxylated CNC were easier to disperse upon sonication; however, the measured hy-
drodynamic diameter had large polydispersity. Upon adding 5 mM of NaCl or NaSal to
LAE 0.006 wt.%—cCNC 0.3 wt.%, dispersion, the zeta potential was only slightly reduced,
whereas the addition of the same concentration of GuaHCl decreased the potential by
c.a. 10 mV. A similar decrease could be observed at the addition of 6 M of urea. In the
case of NaCl and GuaHCl, the decrease in zeta potential was accompanied by a large
(almost twice) increase in hydrodynamic diameter, indicating aggregation. No changes
were observed when 5 mM NaSal was added to the dispersion, whereas for 6 mol/L
urea, the dispersion turbidity almost disappeared, as seen by the naked eye. Nevertheless,
the hydrodynamic diameter of 100 nm, with a considerably lower polydispersity, could be
measured. The effect of urea was also checked for 0.015 wt.% LAE concentration. Similarly
to 0.006 wt.% of LAE, the urea addition increased the dispersion size from 112 nm to 132 nm
but reduced polydispersity from 0.44 to 0.35. The plausible explanation of those changes
could be that despite the average size (by intensity) of the dispersion grows, the larger
cellulose nanocrystals aggregates are destroyed by the addition of urea since it enhances
cellulose solubility [38].

Table 3. Zeta potential and hydrodynamic diameter of cCNC dispersions of LAE 0.006% and
additional compounds.

LAE 0.006 wt.%—cCNC 0.3 wt.% with: Zeta Potential [mV] Hydrodynamic Diameter
[nm] (Polydispersity Index)

No additives −35 ± 5 77 (0.44)

NaCl 5 mmol/L −30 ± 5 197 (0.53)

Urea 6 mol/L −26 ± 4 101 (0.28)

Sodium salicylate 5 mmol/L −31 ± 4 108 (0.43)

Guanidine hydrochloride chloride
5 mmol/L −26 ± 3 209 (0.52)
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3.3. Surface Tension

Figure 4 illustrates surface tension kinetics in LAE-cCNC mixtures at LAE concentra-
tion 0.006 wt.% and cCNC 0.3 wt.%, in the presence of added 5 mM NaCl, NaSal, GuaHCl
and 6 mol/L urea. In general, the addition of cCNC to the surfactant solution decreased
the equilibrium surface tension from 48 mN/m for pure 0.006 wt.% LAE (cf. Figure 5) to
40 mN/m for the dispersion with 0.3 wt.% cCNC. Similar results were obtained previously
for sCNC [21]. In the case of sodium chloride and guanidinium chloride addition, com-
pared with “no salt” conditions, some decrease in the surface tension was observed at short
adsorption times. That effect is similar to one observed for ionic surfactants resulting from
the screening of the electrostatic interactions. On the other hand, at longer adsorption times,
a small surface tension increase could be noted, which may be explained by aggregation of
nanoparticles and more extensive surfactant binding to those aggregates in the suspension.
That can be correlated with some reduction in foam stability.
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Sodium salicylate had the strongest effect on the surface tension, due to the surface
activity of the salicylate anion that can more effectively neutralize the positive charge of
LAE cations at the interface. Characteristic differences in surface tension kinetics could be
observed by adding 6 M urea. The surface tension value first seemed to reach a plateau
and then decreased. The addition of urea caused a faster decrease in the surface tension
compared to the pure LAE-cCNC mixture; however, after the 2000 s of adsorption, similar
surface tension values (c.a. 40 mN/m) could be observed. A similar effect of urea was
observed for the surfactant solutions without cCNC, as demonstrated in Figure 5.
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The frequency dependence of the dilational elasticity modulus measured by the
oscillating drop technique was illustrated in Figure 6. For the LAE-cCNC dispersion
without additives, the modulus values are similar to 0.006 wt.% LAE solution and c.a. are
three times lower than LAE-sCNC at the same concentrations. That can be the effect of
higher charge and bigger size of sCNC aggregates or their different arrangement at the
interface. On the other hand, the imaginary part of the dilational elasticity for the surfactant
solution without CNC was constant in that frequency rate and equal to 3 mN/m. Thus,
the addition of 0.3 wt.% cCNC increases the dilational viscosity of an interface.
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The addition of 5 mM NaCl resulted in the highest dilational elasticity. That can be
attributed to the decrease in the electrostatic repulsion between charged cellulose nanocrys-
tals that can pack closely at the interface. Data presented in Figure 6 indicate that adding
5 mM of guanidine hydrochloride also increased the elastic modulus (although less than
5 mmol/L NaCl); however, the surface layer became more viscous (c.f. Figure 7). The origin
of that effect is unclear, but it demonstrates that both counterions and coions can affect
the dilatational moduli at liquid interfaces with ionic surfactants [45]. Specific ion effects
relevant for foaming were described in the literature [46]. In our case, both NaCl and
GuaHCl show an almost equal effect on foaming properties of LAE-cCNC at the concen-
tration of 5 mmol/L, despite different surface dilational viscoelastic properties. Adding
5 mmol/L NaSal or 6 mol/L urea to the LAE-cCNC dispersion caused a slight decrease
in elasticity modulus compared to pure LAE-cCNC. The qualitatively different behav-
ior of the imaginary part of the dilational modulus was observed for those dispersions.
Upon addition of GauHCL, NaSal or urea, its values were increased compared to ones
for LAE-cCNC, while 5 mM NaCl caused their decrease. Thus, the addition of the simple
salt (NaCl) renders the interfacial layer more elastic, presumably due to closer packing
of nanocrystals. The presence of hydrotropic NaSal or urea can induce forming of some
dissipative structures at the interface; however, that aspect needs further investigation.
In those cases, foaming was reduced: for NaSal, a relatively stable form was observed,
while no stable foam could be obtained for urea.
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Our findings suggest that urea impact on the interfacial properties of LAE-cCNC
dispersion can be of complex origin that is not directly reflected in the equilibrium and
dynamic interfacial properties. Urea can disrupt the water structure and become oriented
at the interface in the presence of ionic surfactants [37]. Due to enhanced cellulose solubility,
urea can also affect the aggregation of nanocrystals and their orientation at interfaces. In par-
ticular, the stability of foams in the LAE-cCNC dispersions may be attributed to the lamellar
arrangement of nanoparticles, as was demonstrated for the surfactant mesophases [47].
That arrangement may be disrupted by urea (and to a lesser extent by NaSal), which leads
to foam destabilization.

4. Conclusions

Foam stability in ethyl lauroyl arginate (LAE) mixtures has a complex origin, including
the adsorption of surfactant at the interface, its dynamics at the expanded/contracted
interface and the formation of bulk and interfacial aggregates with carboxylated cellulose
nanocrystals (cCNC), which change at the time of the foam drainage. Cellulose nanocrystals
decorated with oppositely charged surfactants adsorb at the water/air interface, lower the
surface tension and modify the surface viscoelastic properties. They reduce drainage and
prevent coalescence. Large cellulose nanocrystals aggregates have a significant effect on
foam stability, as they accumulate in the Plateau borders and prevent drainage. On the
other hand, large aggregates with randomly oriented nanocrystals in the foam films can act
as defoamers.

The presence of electrolytes such as sodium chloride and guanidine hydrochloride at
a small concentration of 5 mM did not change foamability and foam stability, despite a two-
fold increase in the surface dilational elasticity. The hydrodynamic diameter of cellulose
nanocrystals also increased twice in size, due to electrostatic screening of CNC repulsion.
The surface-active anion of sodium salicylate adsorbs at the interface and effectively screen
electrostatic interactions of the LAE hydrophilic group. The foamability of LAE-cCNC
mixtures in the presence of 5 mmol/L NaSal was much lower, but the foam stability did not
change. Such an effect can be explained by the significant influence of cellulose nanocrystals
on overall foam stability.

A dramatic decrease in the quantity of obtained foam volume and lack of its stability
were observed for LAE-cCNC mixtures containing 6 mol/L urea. Minor changes of the
equilibrium and dynamic surface tension upon the addition of urea cannot explicate that
decrease. The plausible explanation can be its orientation at the interface in the presence of
ionic surfactants and charged nanocrystals and the disruption of the water structure. Urea
can also destroy large lamellar cCNC aggregates that reduce foam drainage. Despite the
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chaotropic nature of both guanidine hydrochloride and urea, their effect on ethyl lauroyl
arginate—carboxylated CNC dispersions bulk and interfacial properties—are different.
The differences in the effect of those denaturants on the bulk and interfacial properties of
protein solutions have been described before [48,49]. Our work is the first demonstration
of the urea effect on surfactant—nanoparticles interfacial properties and foaming. Future
experiments can reveal the complexity of molecular interactions in this system. Importantly,
urea affects the interfacial properties of ethyl lauroyl arginate. Further experiments will
reveal if it is connected to surfactant hydrolysis, formation of some interfacial structures or
other effects. Detailed analysis of different urea concentrations and hydrodynamic size of
cellulose nanoparticles can determine the extent of large nano-aggregates solubility. Data
presenting the influence of urea on hydrodynamic size are very consistent for the LAE
concentration studied. Thin film balance experiments can assess the direct influence of
aggregate sizes on film stability. It should be noted that nanoparticle aggregation and their
size distribution can affect the thin film stability in a complex way [50]. Investigations of
thin film stability are very interesting for the explanation of the influence of some factors
controlling foam stability, but other ones such as water drainage or gas permeabilities of
liquid films can also be influenced by the aggregation of nanoparticles.
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