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Nanocelluloses (NCs), more specifically cellulose nanocrystals and nanofibrils, are a green alternative for the sta-
bilization of fluid interfaces. The adsorption of NCs at oil-water interfaces facilitates the formation of stable and
biocompatible Pickering emulsions. In contrast, unmodified NCs are not able to stabilize foams. As a consequence,
NCs are often hydrophobized by covalent modifications or adsorption of surfactants, allowing also the stabiliza-

léiﬁmzris" tion of foams or functional inverse, double, and stimuli-responsive emulsions. Although the interfacial stabiliza-
Nanocrystals tion by NCs is readily exploited, the driving force of adsorption and stabilization mechanisms remained long
Nanofibrils unclear. Here, we summarize the recent advances in the understanding of NC adsorption regarding kinetics, iso-
Pickering emulsions & foams therms, and energetic aspects, as well as their interfacial structure, surface coverage, and contact angle. We
Adsorption thereby distinguish unmodified NCs, covalently modified NCs, and surfactant enhanced adsorption.
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1. Introduction cellulose nanocrystals (CNCs), and longer semi-flexible cellulose

Nanocelluloses (NCs) are obtained by mechanical, enzymatic, or
chemical treatment from cellulosic substrates, mostly wood pulp,
other plant materials, or bacterial cellulose [1-3]. This yields charged,
anisotropic nanoparticles, whereas one distinguishes short rigid
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nanofibrils (CNFs), as visualized in Fig. 1. NCs have attracted attention
throughout material sciences due to their biocompatible nature [4], me-
chanical strength [5], liquid crystal formation [6], or assembly into
hydro- and aerogels [7]. In 2011, a new application of NCs was intro-
duced demonstrating their use to stabilize oil-in-water Pickering emul-
sions [8,9]. This finding has triggered enormous interest and numerous
studies have exploited the interfacial stabilization of NCs since as re-
cently reviewed [10,11]. Owed to high steric but also electrostatic
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Fig. 1. AFM height images of CNCs and CNFs. The scale bar corresponds to 1 um. Reproduced with permission from [16,17]. Copyright 2018 and 2019 American Chemical Society.

stabilization, NCs allow the production of emulsions which remain sta-
ble for months and resist high temperatures, ionic strengths, altering
pH, and even gastric conditions [8,12-15]. Despite successful applica-
tion, the mechanism of NC adsorption and interfacial stabilization
remained long unclear. A key problem was the inability to form con-
trolled NC adsorption layers, the premise of interface sciences, which
was recently resolved [16-18]. This has paved the way for the character-
ization of NC adsorption kinetics and isotherms, as well as structural
characterization by displacement and reflectivity techniques. An ongo-
ing enigma is that NCs, while efficiently forming stable emulsions, are
not able to stabilize foams [17]. As a consequence, covalent surface
modifications or the adsorption of surfactants on the NC surface are
exploited to obtain more hydrophobic particles which are able to stabi-
lize foams or reveal desired functionalities [19-22]. These modified NCs
however behave substantially different at fluid interfaces. Here, we re-
view the adsorption and interfacial structure of NCs at fluid interfaces,
discriminating the three cases of unmodified NCs, covalently hydroph-
obized NCs, and surfactant enhanced adsorption.

2. Nanocellulose adsorption at fluid-fluid interfaces

NCs may be obtained from a wide range of substrates and produc-
tion routes, whereas two classes of NCs are distinguished; CNCs and
CNFs. CNCs are obtained using acid, mostly sulfuric, to hydrolyze the
amorphous regions of cellulose, yielding short rigid nanocrystals 50-
300 nm in length with negatively charged sulfate residues [3]. CNFs
can be produced by bear mechanical shortening of cellulose fibers [1].
TEMPO-mediated oxidation has emerged as common pretreatment, in-
troducing negative surface charges that facilitate the individualization
of fibrils [23]. The mechanical treatment induces defects along the fibril
contour; the characteristic kinks [24]. The amount of oxidation agent
and intensity of mechanical treatment may be varied to tune the final
CNF charge density and length, which usually ranges from a few to
several hundred nm [5,25,26]. Hence, both CNCs and CNFs are charged,
anisotropic nanoparticles with a considerable aspect ratio, as visualized
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in Fig. 1. Although NCs have several crystal planes of which some are
hydrophobic, they overall behave as primarily hydrophilic particles
[3,27,28]. For many applications including interfacial stabilization,
more hydrophobic surface properties may be desired, and covalent
modifications or adsorption of cationic surfactants thus emerged
to alter the surface hydrophobicity of NCs, as schematically illustrated
in Fig. 2.

In order to stabilize fluid-fluid interfaces, NCs need to adsorb from
the aqueous bulk to the air-water (A/W) or oil-water (O/W) interface.
Particle adsorption comprises the diffusion in vicinity to the interface
followed by positioning in the liquid-liquid phase boundary [29,30].
The latter is highly dependent on the surface chemistry of the particles,
and thus varies for unmodified compared to NCs with hydrophobic sur-
face modifications or adsorbed surfactants.

2.1. Unmodified nanocelluloses

NC adsorption kinetics at a fluid interface were first reported for
CNCs at the A/W interface [16] as depicted in Fig. 3A. CNC adsorption
curves show a characteristic lag phase followed by adsorption within
~ 15 h, thereby reducing the A/W surface tension ‘y,,, (given as surface
pressure ['1(t) = Yaw — Y(t)). The lag phase around 30-60 min is attrib-
uted to a kinetic adsorption barrier and is probably the main reason why
the adsorption of unmodified NCs remained long undetected. Adsorp-
tion kinetics and I'l were enhanced by increasing the CNC bulk concen-
tration up to a saturation at 0.5 wt%. The adsorption of CNCs was further
promoted by salt-induced charge screening, as shown in Fig. 3B. The
shorter lag phase and faster adsorption suggest that NC surface charges
are limiting adsorption, and charge screening decreases the kinetic ad-
sorption barrier. The attained I'T from Figs. 3A and B were used to plot
adsorption isotherms as a function of CNC and NaCl concentration, as
shown in Fig. 3C. The isotherms indicate an increasing surface coverage
as a function of CNC bulk concentration with a monolayer saturation at
0.5 wt%. A monolayer structure for NCs is in agreement with imaging
and reflectivity methods, as discussed in later sections. Higher IT, and
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Fig. 2. Schematic illustration of unmodified primarily hydrophilic NCs, NCs with covalent hydrophobic surface modifications, and NCs with adsorbed cationic surfactants.
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Fig. 3. Compilation of unmodified NC adsorption at fluid interfaces. (A) CNC adsorption at the A/W interface as a function of time for increasing CNC bulk concentration and (B) at 0.5 wt%
CNC at increasing NaCl concentration. (C) Adsorption isotherms for CNCs at the A/W interface compiled from the equilibrium surface pressure IT;,from (A) and (B). Adapted with
permission from [16]. Copyright 2018 American Chemical Society. (D) Adsorption of CNFs with varying charge density at the A/W interface. Reproduced with permission from [17]. Copy-
right 2019 American Chemical Society. (E) Adsorption of CNCs at different aliphatic oils with varying chain length from n-octane (n = 8) to n-hexadecane (n = 16) at 0 and 20 mM Nacl
and (F) oils with constant Cg-backbone but increasingly polar headgroup R at 20 mM NaCl. The surface pressure was normalized by the specific O/W interface tension to facilitate com-
parison within different oils. Reproduced with permission from [18] - published by The Royal Society of Chemistry.

thus coverage, were observed upon charge screening due to lower elec-
trostatic repulsion. Du et al. [31] introduced an area displacement ap-
proach that relates the measured I to the adsorption energy AE of an
adsorbed nanoparticle:

_AEn

n=—= (1)

where 7 is the covered surface area fraction and A the area covered by
one particle. Although Eq. 1 neglects particle interactions and 7) needs
to be determined by another method (see below), this allowed an esti-
mate on the adsorption energy of unmodified NCs. For the employed
CNCs, AE was in the range of -5 x 103 kgT [16].

A similar adsorption behavior comprising a lag phase and adsorption
within =~ 24 h was reported for CNFs at the A/W interface (Fig. 3D) [17].
Adsorption kinetics and I'T were enhanced for CNFs with lower charge
density, in agreement with effects of salt-induced charge screening.
Hence, NC adsorption can be promoted either by ion-induced charged
screening or producing NCs with lower charge density. Varying the
length of CNFs had no significant effect on adsorption kinetics and cover-
age [17]. The CNFs had a very similar AE of -7 x 10> ksT according to Eq.
1, as their higher surface area was compensated by a higher coverage.

Bergfreund et al. [18] addressed the adsorption of CNCs at O/W in-
terfaces, as shown in Figs. 3E and F. As for the A/W interface, CNCs
adsorbed at the time-scale of hours and adsorption was enhanced by
charge screening. No lag phase was apparent at O/W interfaces, poten-
tially due to a more favorable contact angle that prevents the desorption
of CNCs and accelerates their net adsorption. Note that profile analysis
tensiometry was used to determine CNC adsorption at O/W interfaces,
in contrast to the Wilhelmy-plate technique used for A/W interfaces.
CNC adsorption at O/W interfaces was independent of the length of ali-
phatic n-alkanes with constant interface tension “y,,, (Fig. 3E). In con-
trast, CNC adsorption decreased at more polar oils with a lower Yo,
(Fig. 3F). This suggests that CNC adsorption is impeded at polar oils
with a low 1y, as it results in a lower AE [32]:

AE = —AY,,(1—]cosb)) @

Altering the oil polarity also changes the contact angle 6 of adsorbed
NCs, as discussed in detail below. Hence, the positioning and stability of
unmodified NCs may vary within oils of different polarity. This finding is
quite compelling, considering that the choice of oil is often given little
attention in adsorption or emulsion experiments. Bai et al. [14] indeed
found differences in droplet size and stability of emulsion formed with
different oils. The most polar oil resulted in the largest droplets and
least stable emulsions, in good agreement with the impeded adsorption
and emulsification reported by Bergfreund et al. [18] This underlines the
importance of reporting purification protocols, interface tension, and
viscosity of employed oils to allow the comparison within different
studies on NC adsorption or emulsions.

The enhanced adsorption at lower charge density or upon
charge-screening is attributed to a lower kinetic adsorption barrier.
At the clean interface, ion partitioning or image charges may induce
electrostatic repulsion and prevent the adsorption of charged parti-
cles [33,34]. At increasing particle coverage, the repulsion within
particles in the bulk and those adsorbed at the interface increases
in importance [35-37]. Pandey et al. [38] demonstrated that CNC ad-
sorption may also be triggered by higher salt concentrations that in-
duce colloidal instability, resulting in higher surface coverage.
Besides impeding adsorption, surface charges seem to limit the max-
imum IT and thus NC surface coverage. It is not entirely clear
whether this derives from the higher kinetic adsorption barrier or
repulsive capillary forces that arise within adsorbed particles [39].
These findings of charge limited adsorption are in good agreement
with findings from emulsion, where NCs fail to stabilize emulsions
beyond a critical charge density [38,40]. In contrast to surface
charges, varying the length L of CNFs had no significant effect on ad-
sorption kinetics and surface pressure [17], although the excluded
area of an adsorbed particle scales ~ L2 and is significantly larger
than its Debye length [24,41]. A possible reason is that the excluded
area is outplayed by attractive capillary forces which arise within an-
isotropic particles due to quadrupolar interface distortions [42,43].
Faster adsorption compared to CNCs was reported for nanocrystals
extracted from holocellulose, which was attributed to remains of lig-
nin which is more hydrophobic than NCs [44-46].
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Besides A/W and O/W interfaces, CNCs have also been demonstrated
to stabilize W/W emulsions in presence of two incompatible hydrophilic
polymers [47,48]. This is promising as the interface in W/W emulsions is
several nm thick and cannot be stabilized by surfactants.

As indicated above, the adsorption of NCs at fluid interfaces rema-
ined long undetected, leaving many aspects of NC interfacial stabiliza-
tion unexplained. For instance, it was not clear whether unmodified
NCs induce a reduction in interface tension. The findings summarized
in this section demonstrate that unmodified NCs adsorb within hours
and reduce the A/W or O/W interface tension. Note that the slow ad-
sorption in diffusion limited experiments is no contradiction to the
efficient emulsion stabilization by NCs, as high shear forces during
emulsification outplay diffusion and kinetic adsorption barriers. It was
also unclear if NCs behave as amphiphilic particles at fluid interfaces,
considering that they have primarily hydrophilic and hydrophobic crys-
tal planes [27,28]. Their slow net adsorption and dependence on oil
polarity support that they behave as primarily hydrophilic particles, in
agreement with their behavior in bulk [3,27]. Li et al. [49] confirmed
that CNCs with a more hydrophobic crystalline allomorph are more
efficient emulsion stabilizers. The effect of NC surface chemistry on
adsorption behavior will be evident in the following sections addressing
NCs with surface modifications or adsorbed surfactants, yielding NCs
with higher hydrophobicity and lower surface charge.

2.2. Covalently hydrophobized nanocelluloses

Besides the use of native NCs, their surface may be chemically mod-
ified to obtain more hydrophobic particles [3,50]. The most common co-
valent modifications for interfacial stabilization comprise short methyl
[51-54], ethyl [20,54-59], or acetyl groups [60], silylation [9,61,62], es-
terification with longer alkyls [63-69], or polymer grafting [70-80]. The
resulting hydrophobic NCs behave substantially different at fluid inter-
faces compared to unmodified NCs.

Bizmark et al. performed a series of systematic studies on the ad-
sorption of ethylated CNCs at the A/W and O/W interface [57-59].
Ethylated CNCs adsorb already after a few seconds and reduce the

interface tension by 30 mN/m, as shown in Figs. 4A, B, and C. This is in
strong contrast to the adsorption of unmodified CNCs shown in Figs.
3A and B, where a lag phase of 30-60 min was observed at tenfold
higher concentrations and the surface tension was reduced by no
more than 10-15 mN/m. The higher I'T suggests a significantly higher
coverage in case of modified NCs, i.e. their Gibbs surface excess is in-
creased due to their hydrophobicity. In fact, the authors could confirm
that close packing is likely. Using Eq. 1, this resulted in a AE of = -5
x 10% kgT for esterified CNCs [58,59], one order of magnitude higher
than reported for unmodified NCs [16-18]. As the exact surface cover-
age could not be determined experimentally the authors assumed hex-
agonal close packing for spherical particles (1) = 0.91).

Bizmark et al. [57-59] further observed that the adsorption of
ethylated CNCs is barrierless, i.e. only limited by diffusion, again in con-
trast to unmodified NCs which are limited by a charge induced kinetic
adsorption barrier. Interestingly, the zeta-potential of ethylated CNCs
was —60 mV and DLVO theory thus suggested the presence of a charge
barrier. The authors could attribute this discrepancy to a hydrophobic
attraction force within the ethylated CNCs that facilitates barrierless ad-
sorption at the interface without inducing aggregation in bulk. The ab-
sence of a charge induced kinetic adsorption barrier was confirmed by
salt addition, which had no effect on adsorption as shown in Fig. 4B.

A direct comparison of hydrophobized CNCs grafted with PIIP (poly
[2-isopropoxy-2-ox0-1,3,2-dioxaphospholane]) and unmodified CNCs
was presented by Hiranphinyophat et al. [77], as depicted in Fig. 4D.
The modified CNCs again reduced the interface tension by =~ 30 mN/
m already at 0.1 wt%, whereas no changes were observed for unmodi-
fied CNCs at this concentration. The unmodified CNCs reduced the
surface tension by 10 mN/m at 0.4 wt%, in good agreement with the ad-
sorption isotherm previously shown in Fig. 3C. Scheuble et al. [51,53]
also found I'T =~ 30 mN/m already at 0.01 wt% for methylated CNCs
(Fig. 4E). Moreover, methylated CNCs were able to replace a previously
adsorbed layer of the protein 3-lactoglobulin, a behavior commonly ob-
served for surfactants [81]. Unmodified CNCs on the other hand did not
induce changes in surface tension at these concentrations and did not
replace the adsorbed protein, but instead formed a secondary layer
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Fig. 4. Compilation of modified NC adsorption at fluid interfaces. Surface tension as a function of time for ethylated CNC (ethCNC) adsorption at (A) the A/W interface at increasing ethCNC
concentration, (B) varying ionic strength, and (C) the O/W interface at increasing ethCNC concentration. Reprinted with permission from [58,59]. Copyright 2015 and 2017 American
Chemical Society. (D) Adsorption isotherms of unmodified CNCs in comparison to CNCs grafted with poly[2-isopropoxy-2-oxo-1,3,2-dioxaphospholane] (CNC-g-PIPP). Adapted with per-
mission from [77]. Copyright 2019 American Chemical Society. (E) Surface pressure as a function of time for methylated CNCs (metCNC) and the whey protein 3-lactoglobulin (3-1g)
followed by metCNC addition, demonstrating the displacement of 3-Ig by metCNC. (F) Adsorption of cationic 3-1g (pH 4) followed by the addition of unmodified anionic CNCs, resulting
in an electrostatically complexed multilayer. Adapted with permission from [51]. Copyright 2014 American Chemical Society.
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bound electrostatically (at pH 4) to the primary protein layer (Fig. 4F).
The double layer structure was confirmed by neutron reflectometry as
discussed below.

Hence, NCs with hydrophobic surface modifications adsorb signifi-
cantly faster and reach lower surface tensions, and thus higher surface cov-
erage. However, as unmodified NCs efficiently stabilize O/W interfaces
during emulsification, this is generally not the motivation for their
hydrophobization. Surface modifications can be exploited to create NCs
with desired functionalities for various applications. Most importantly,
unmodified NCs are not able to stabilize foams despite the reduction in
surfacetension discussed above. This probably derives from an unfavor-
able contact angle of unmodified NCs at the A/W interface [17,18], as
discussed in detail below. In contrast, hydrophobized NCs can be used to
formstable foams[20,55,56]. An alternative for the production of cellulose
stabilized foams was presented by Riihs et al. [82], who produced a foam
containing Gluconoacetobacter xylinus which formed bacterial cellulose di-
rectly at the A/W interface.Zhanget al.[83] demonstrated the formation of
stable nanoemulsions using modified NCs. Nanoemulsions can also
be obtained with unmodified NCs, but are more energy intensive and re-
quire multiple steps [84]. Another motive is the production of inverse
W/O emulsions. Whereas NCs modified with short alkyl or carboxyl
groups still form O/W emulsions [59,73,85], an inversion is observed for
more hydrophobic NCs modified with longer fatty acids or polymers
[9,63,68,86-88]. The formation of inverse emulsions suggests that these
particles are primarily wetted by the oil phase, which s not possible for un-
modified NCs even for polar oils [ 18]. This is underlined by studies investi-
gating CNCs modified with alkyls with increasing length, whichresulted in
a higher affinity towards the oil phase [83,87]. Other studies investigated
NCs with increasing degree of substitution (DS) with hydrophobic moie-
ties, confirming that the contact angle of CNCs is shifted towards the hy-
drophobic subphase at higher DS [65,66,80,88]. Hence, increasing the NC
hydrophobicity results in a higher contact angle, allowing the production
of inverse W/O emulsions beyond a critical hydrophobicity. The combina-
tion of such modified NCs and unmodified NCs can be exploited for the
production of double W/O/W emulsions [63].

NC surface modifications may also be exploited to form stimuli-
responsive emulsions. Methylated CNCs form a monolayer at the O/W in-
terface at room temperature which gels into a thick multilayer upon
heating to 37°C [52,53]. This thermogelation at body temperature was

proposed for gastric stable emulsions that gel in the stomach and form in-
digestible interfacial layers. Other examples are pH [89] or magnetically
responsive emulsions [90]. Polymer grafting is probably the most promis-
ing route to produce responsive emulsions owed to the wide range of poly-
mers available [91]. Polymer grafted NCs can be used to stabilize emulsions
which break above the lower critical solution temperature of the polymers
[70-72,74,77]. Glasing et al. [ 78] used a CO,-sensitive polymer to form
emulsions which break and re-emulsify upon sparging with CO, and Ny,
respectively. Polymers with pH-dependent charge were employed for
emulsions which are stable in a given pH-range [74,75,79]. Note that un-
modified NCs may also reveal different pH-responsiveness depending on
the nature and density of their surface charges [92,93]. An interesting
modification, although resulting NCs are not more hydrophobic, are mag-
netic Fe-modified NCs investigated by Low et al. [94-97]. The Fe-modified
NCs form Pickering emulsions which can be destabilized at will by an ex-
ternal magnetic field, which was employed to trigger the release of encap-
sulated bioactive compounds for drug delivery applications [95]. Resulting
emulsions are also pH-responsive due to the pH-dependent solubility of
Fe-modified NCs [96,97].

2.3. Surfactant enhanced adsorption

Besides covalent surface modifications, the surface chemistry of NCs
can be altered by the adsorption of other surface-active species. Most
commonly, cationic surfactants are used that assemble at the anionic
NC surface with their alkyl chains oriented towards the aqueous phase,
resulting in hydrophobic NC-surfactant aggregates [19,21,22,98-101].
The adsorption of cationic surfactants depends on the NC surface charge
and presence of counterions, and may induce a positive charge inversion
of the aggregates [102]. The motivation for surfactant adsorption on the
NC surface is essentially the same as for covalent modifications discussed
above; surfactant-covered NCs are more hydrophobic allowing for lower
surface tension and higher surface coverage [19,21,99,101], formation of
stable foams [22,98], or inverse and multiple emulsions [99,103].

Hu et al. [99] investigated the effect of didecyldimethylammonium
bromide (DMAB) on CNC adsorption at the A/W and O/W interface.
The interface tension was higher in presence of CNCs compared to
DMAB only (Fig. 5A and B). Hence, the presence of CNCs impeded the
surfactant surface coverage. The opposite effect was reported for other
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Fig. 5. Interfacial tension as a function of DMAB concentration in absence and presence of CNCs at the (A) A/W and (B) O/W interface. (C) The hydrophobicity of CNCs at increasing amount
of adsorbed DMAB and CTAB expressed by the contact angle of surfactant solutions on CNC films showing maximum hydrophobicity around the CMC. (D) Confocal laser scanning
micrographs of 1:1 water/dodecane emulsions (the dodecane was dyed green) stabilized by CNCs with increasing amount of DMAB showing a phase inversion at 4-6 mM, in
agreement with the maximum hydrophobicity displayed in (C). Reprinted from [99]. Copyright Elsevier 2015.
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surfactants [19,21,104], suggesting that synergistic effects may also be
possible. Hu et al. [99] further investigated the hydrophobicity of CNCs
at increasing surfactant concentrations, as shown in Fig. 5C. The hydro-
phobicity of NCs initially increases due to the adsorption of surfactants,
but is eventually inverted close to the critical micelle concentration
(CMC), indicating the formation of surfactant multilayers. This alternat-
ing hydrophobicity was exploited for the formation of inverse W/O
emulsions close to the CMC where the NCs show maximum hydropho-
bicity, whereas O/W emulsions were formed below or above the CMC
(Fig. 5D). No phase inversion was possible with the less hydrophobic
surfactant cetyltrimethylammonium bromide (CTAB), nicely demon-
strating that the NC-surfactant complexes need to exceed a critical
hydrophobicity and be primarily wettable by the oil phase to form in-
verse emulsions. Most studies have addressed surfactant concentrations
=+ 2 decades around the CMC. However, Anyfantakis et al. [105] demon-
strated that surfactants promote the adsorption of counter-charged
nanoparticles already at concentrations thousandfold below their
CMC, although they do not significantly alter the hydrophobicity nor
zeta-potential at these concentrations. An elegant application for
surfactant-induced NC adsorption was demonstrated by Reid et al.
[106]. The adsorption of NCs at an O/W interface was triggered by the
addition of cationic aromatic diamines. Acyl chloride was dissolved in
the oil phase which polymerized with the diamines upon adsorption,
allowing the formation of nanocomposite films, fibers, and spheres
whose surface properties are dominated by the NCs which form the out-
ermost layer.

Besides the formation of NC-surfactant aggregates in the bulk to
modify NC hydrophobicity, cationic surfactants may be dissolved in
the oil. The surfactants adsorb at the O/W interface and expose their cat-
ionic headgroup to the aqueous bulk, thereby promoting the adsorption
of anionic NCs. The main advantage of this approach is that NC adsorp-
tion can be tuned by the NC and surfactant charge. For instance, surfac-
tants with pH-dependent charge were used for the formation of
interfacial layers where the coverage and surface tension could be con-
trolled by pH [107-109]. Calabrese et al. [110] demonstrated that the
adsorption of CNFs at an O/W interface loaded with cationic oleylamine
can be modulated via ionic strength. An interesting application was pre-
sented by Kaufman et al. [111], who employed microfluidics to produce
elastic microcapsules by the interfacial complexation of CNFs and a cat-
ionic oil-soluble copolymer.

Remains the question if NC adsorption may also be enhanced by
nonionic or even anionic surfactants. Anionic and nonionic surfactants
have been given little attention as they adsorb at the less charged re-
gions of NCs by hydrophobic interactions, thereby not altering NC hy-
drophobicity [112]. When adsorbed at the liquid-liquid interface,
these surfactants expose their hydrophilic moieties towards the aque-
ous phase, which is not expected to promote NC adsorption. Hence, it
is questionable if non- and anionic surfactants can promote NC adsorp-
tion. Wu et al. [109] employed an oil-soluble cationic surfactant with
pH-dependent charge, revealing a significantly lower CNC coverage at
decreasing surfactant charge. Nevertheless, it was demonstrated that
the combination of nonionic alkyl polyglucoside and NCs result in emul-
sions with smaller droplet size and prolonged stability compared to
employing them individually [104]. Similar results were reported by
Xiang et al. [113] for foams stabilized by a combination of anionic so-
dium dodecyl sulfate and CNFs. The addition of CNFs enhanced foam
stability compared to the pure surfactant foams, which was attributed
to an increase in bulk and interfacial elasticity by CNFs. On the other
hand, a study investigating emulsification in high ionic strength brines
reported adverse effects of combining NCs with nonionic surfactants,
while confirming synergistic effects of cationic surfactants [114]. The
nonionic surfactants adsorbed on the NCs and the complexes did not ad-
sorb, thereby limiting the amount of surfactants available for interfacial
stabilization. Hence, the role of non- and anionic surfactants on CNC ad-
sorption remains ambiguous. A general problem in such investigations
is that the employed surfactants reduce the surface tension themselves,

making it difficult to distinguish the actual adsorption of NCs. A possible
approach is the use of interfacial shear rheology which facilitates the
measurement of NC adsorption via interfacial viscoelasticity indepen-
dent of surface tension [110].

NCs can also be combined with other surface active species to form
interfacial composites. Similar to surfactants, cationic proteins can be
used to alter the hydrophobicity of NCs and promote their adsorption
[115,116]. Scheuble etal. [51,53] introduced the formation of a primary
cationic protein layer followed by electrostatic complexation of anionic
CNGs, resulting in interfacial double layers. The CNCs sterically protected
the protein layer from proteases, yielding gastric stable adsorption
layers. The concept was later confirmed to result in invitro gastric stable
emulsions [117]. Hu etal. [118,119] combined NCs with larger, surface
active cellulose derivatives (ethyl, methyl, or hydroxyethyl cellulose)
which resulted in smaller emulsion droplets and allowed the formation
of stable foams. Bielejewska and Hertmanowski [120] demonstrated
that CNCs adsorb at previously established interfacial liquid crystal
layers. The authors could obtain CNC-liquid crystal composites with im-
proved stability and mechanical properties. Such composites with the
electro- and thermo-optical properties of liquid crystals and the mechan-
ical features of CNCs were proposed for flexible or shape-adaptive sen-
sors and display elements.

3. Interfacial layer structure, surface coverage, and contact angle

The structure, surface coverage, and particle positioning at a fluid in-
terface can ultimately affect the stability of the individual particles and
resulting colloidal materials. These parameters may vary significantly
for unmodified, modified, or surfactant-induced NC adsorption, as
discussed in the previous section. The structural analysis of adsorbed
particles in the nano-range is not straightforward, and related methods
are often invasive or limited to qualitative statements. Nevertheless, the
insights from scanning electron microscopy (SEM), interfacial displace-
ment techniques, and interfacial reflectometry complement each other
and, if combined, provide a decent understanding of NC interfacial layer
structure.

3.1. Structure and coverage in nanocellulose stabilized emulsions and
foams

When Kalashnikova etal. [8] first reported on the emulsion stabiliza-
tion by bacterial cellulose, they were confronted with the problem that
the oil (hexadecane) would evaporate during preparation for SEM ex-
periments. As a workaround, styrene/water emulsions with comparable
interface tension and droplet size were prepared, followed by the poly-
merization of styrene overnight. The solidified polystyrene with adsorb-
ed bacterial cellulose could be imaged by SEM, showing a densely packed
interfacial network with overlapping CNFs that form interconnected
droplets (Fig. 6A). The same technique was later used to image shorter
CNCs [121], showing a smoother CNC monolayer with CNCs being too
short to interconnect the droplets (Fig. 6B). The protrusion of CNFs into
the bulk and formation of interconnected networks are considered to
provide additional stabilization [84]. The combination of densely adso-
rbed CNCs and additional bulk thickening by CNFs was recently exploited
by Bai et al. [122] An alternative allowing visualization with the actual oil
is freeze fracture cryo-SEM, allowing the imaging of craters left by emul-
sion droplets with adsorbed CNCs in the fracture plane (Fig. 6C) [13,38].
This technique was also used by Jin et al. [56] to image air bubbles in
foams stabilized by ethylated cellulose (Fig. 6D). In contrast to unmodi-
fied CNCs, ethylated cellulose formed rough multilayers due to particle
aggregation at the interface. Further, confocal or fluorescence micros-
copy may be employed to visualize the structure and distribution of
NCs in multiphase systems [8,12,38,47,63,113].

The main drawback of emulsion imaging is that only qualitative in-
formation is obtained. Complementary, the surface coverage 1) may be
quantitatively approximated in the limited coalescence regime (lowest



P. Bertsch, P. Fischer / Advances in Colloid and Interface Science 276 (2020) 102089 7

Fig. 6. SEM images of NC stabilized emulsions and foams. (A) CNFs and (B) CNCs adsorbed in polymerized polystyrene/water emulsions. Reprinted with permission from [8,121]. Copyright
American Chemical Society 2011 and 2015. The crater left by (C) a CNC stabilized MCT-oil/water emulsion droplet and (D) air bubbles in ethylated cellulose stabilized foams after freeze
fracturing. (C) Reprinted with permission from [13]. Copyright American Chemical Society 2018. (D) Reprinted from [56] - published by The Royal Society of Chemistry.

NC concentrations facilitating stable emulsions) by the emulsified oil
volume V,; and the mean droplet diameter D [8]:

mD
= 3
1= 6hpVy ®)

where m, h, and p are the mass, height, and density of the used NC. This
approach compares the total oil surface that needs to be stabilized to the
surface area of NCs that is in contact with oil, assuming the NCs adsorb
as flat rectangles. The mass m is corrected by the remaining NCs in the
aqueous supernatant after centrifugation which has not adsorbed at
the interface, which however is usually negligible in the limited coales-
cence regime [8]. This approach revealed that short CNCs form a dense
interfacial network with up to 80% surface coverage, whereas longer
CNFs with higher aspect ratio form more loose layers and stabilize
emulsions already at 45% coverage [123]. A possible explanation for
the higher coverage of CNCs is their straight morphology that eases
packing compared to the kinked and semi-flexible CNFs [124]. The
same approach was employed by Peddireddy et al. [47] for W/W emul-
sions, revealing a surface coverage of 50% for CNCs. The droplet diame-
ter in O/W emulsions is generally around 4 ym independent of NC
length. In contrast, the emulsion droplet size increases for NCs with
higher charge density, and no emulsions can be formed beyond a critical
charge density of 0.03 e/nm? [40]. Surface charges can limit the adsorp-
tion and coverage of NCs due to a higher kinetic adsorption barrier and
repulsive capillary interactions, as discussed above (Fig. 3). The cover-
age observed in emulsions is generally higher than those reported for
2D interfacial layers (20-40% [16,17]). It is thus suggested that the inter-
face tension reduction of NCs in emulsions exceeds the 10-15 mN/m
discussed above (Fig. 3).

The most detailed structural analysis of NC stabilized emulsions was
provided by Cherhal et al. [121] using small-angle neutron scattering
(SANS) with additional contrast variation. The scattering length density

of the subphases was altered using different ratios of deuterated water
and oil (hexadecane) to probe the structure of the adsorbed CNC
layer. The thickness of the CNC layer was 7 nm, equal to the height of
one CNC which confirmed previous speculations that NCs form mono-
layers. In contrast, when the CNCs were desulfated and were no longer
charged, they formed lose aggregates 18 nm in thickness. Pandey et al.
[38] confirmed that thicker layers are formed from desulfated CNCs by
electron and confocal microscopy. Thus, it appears that the surface
charges limit the layer thickness to a monolayer. The contrast variation
further allowed first insights on CNC positioning and contact angle at
the O/W interface. Interestingly, the CNCs remained mostly in the aque-
ous phase. It was concluded that the CNCs are only in contact with the
oil by the most hydrophobic (200) crystal plane. This is surprising con-
sidering that a contact angle < 90° is energetically unfavorable and
seems to be in contradiction to the high stability and irreversible ad-
sorption observed for NCs adsorbed at O/W interfaces. The discussion
on NC contact angle and implications on emulsion and foam stability
is continued in a later section.

3.2. Structure analysis of 2D adsorption layers

Although 2D adsorption layers may appear substantially differ-
ent from the adsorption in foams and emulsions, they offer many
advantages for structure analyses. Film displacement by the Langmuir-
Blodgett or Langmuir-Schaefer technique has revealed significant
differences in the structure of adsorbed NC layers depending on their
modification, which are difficult to observe in emulsions. The rather in-
vasive film displacement may be complemented with non-invasive in-
terfacial reflectivity measurements. Finally, the viscoelastic properties
of 2D adsorption layers may be assessed using interfacial shear or dila-
tational rheology, linking the observed structure to a specific mechani-
cal response.
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3.2.1. Displacement and imaging of nanocellulose adsorption layers

The first reports on NC interfacial film displacement and imaging
date back to 2007, several years before NCs received attention for the
stabilization of fluid interfaces. Habibi et al. [ 19,126] used a cationic sur-
factant to induce CNC and CNF adsorption at the A/W interface followed
by Langmuir-Blodgett displacement, aiming at the production of crys-
talline cellulose surfaces. The formation of unmodified NC adsorption
layers was addressed more recently [16], allowing their displacement
and imaging as shown in Fig. 7A. The unmodified CNCs formed a lose

monolayer with a surface coverage of 20%. The CNCs did not aggregate
which was attributed to electrostatic repulsion. No signs of preferential
orientation were observed, probably due to the low surface coverage. In
contrast, Habibi et al. [19] found a densely covered monolayer for
surfactant-induced CNF adsorption (Fig. 7B). The preferred orientation
of the fibers was initially attributed to the directed extraction of the
substrate. However, their later work suggested that NCs may in fact
form ordered 2D liquid crystalline phases beyond a critical surface
load [126].
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Fig. 7. Compilation of different interfacial structures obtained for unmodified, modified, and surfactant-induced NC layers. AFM height images of interfacial layers displaced from the A/W
interface of (A) unmodified CNCs. Reprinted with permission from [16]. Copyright 2018 American Chemical Society. (B) CNFs adsorbed with a cationic surfactant (DODA) followed by
washing out DODA using chloroform. Reprinted with permission from [19]. Copyright Elsevier 2007. (C) Methylated CNCs at 22°C and after thermogelation at 37°C. Reprinted with per-
mission from [52]. Copyright 2016 American Chemical Society. (D) CNCs esterified with C;¢ alkyl groups. Reprinted with permission from [65]. Copyright 2018 American Chemical Society.
(E) Cellulose triacetate transferred on a hydrophobic substrate (HOPG) at different surface pressures. Reprinted with permission from [125]. Copyright Elsevier 2015. (F) In situ liquid AFM
of CNCs adsorbed at the carbon tetrachloride/water interface in presence of a cationic surfactant (amine-functionalized polystyrene) in the oil phase. The inset shows the height profile
along the red line. Reproduced with permission from [109]. Copyright 2019 American Chemical Society.
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Methylated CNCs formed a dense monolayer with significantly
higher surface coverage than unmodified CNCs [52] (Fig. 7C). It was ar-
gued above based on differences in surface pressure (10 mN/m for
unmodified vs. 30 mN/m for methylated CNCs) that a higher surface
coverage is likely for modified CNCs. Methylation further yielded
thermosensitive CNCs which gelled and formed thick multilayers at
37°C [52]. The height bars in Fig. 7C correspond to + 3 nm and 20 nm
at 22°C and 37°C, respectively. CNCs esterified with Cyg alkyl chains
formed weakly aggregated clusters (Fig. 7D), which was attributed to
attractive capillary forces [65], in contrast to unmodified CNCs which re-
main evenly dispersed due to electrostatic repulsion (Fig. 7A). Note that
a comparably low concentration of esterified CNCs was used resulting in
a low surface coverage, but a dense monolayer was achieved upon com-
pression of the respective layer.

Niinivaara et al. [125] systematically probed the structure of differ-
ently modified NC-esters, namely cellulose acetate, cellulose acetate
propionate, and cellulose triacetate, over a wide range of surface pres-
sures. The study also considered layer displacement onto hydrophilic
and hydrophobic substrates, revealing astonishing differences depend-
ing on which ester was used for modification, onto which substrates
layers were transferred, and even at which surface pressure the layers
were displaced. In general, smooth monolayers were observed on hy-
drophilic mica or silica, in agreement with the other cases discussed be-
fore (Figs. 7A-D). However, when transferred onto hydrophobic
substrates, namely methylated silica or highly ordered pyrolytic graph-
ite (HOPG), the NCs formed aggregated beads or strings with a charac-
teristic striated structure, as shown exemplarily for cellulose triacetate
transferred onto HOPG in Fig. 7E. At higher surface pressures the strings
were compressed, resulting in closer string distances and increased
alignment, as shown in the right part of Fig. 7E. For some cases the
film displacement was not possible at all. For example, cellulose acetate
butyrate could not be transferred onto silica, and cellulose acetate pro-
pionate films ruptured at high surface pressures, particularly for hydro-
phobic substrates. The study of Niinivaara et al. [125] demonstrates the
complexity of interfacial film displacements and the many factors that
may influence the results, as underlined by other studies that addressed
NC-substrate interactions [126,127].

Interfacial displacement techniques are generally limited to the A/W
interface. An alternative is in-situ liquid AFM directly at the O/W
interface, as recently employed by Wu et al. [109]. The adsorption of
CNCs at the carbon tetrachloride/water interface was investigated
as the method requires an oil that is denser than water. Amine-
functionalized polystyrene was dissolved in the carbon tetrachloride
as cationic surfactant to promote CNC adsorption. A densely adsorbed
layer of CNCs was observed, as shown in Fig. 7F. The surface coverage
was significantly higher than for unmodified CNCs (Fig. 7A), in agree-
ment with surfactant-induced CNF adsorption at the A/W interface
(Fig. 7B). The AFM height profile (see inset) was used to estimate the
CNC center-to-center distance, which was found to be 12.4 nm at
pH 3. The positive charge of the surfactant was pH-dependent, resulting
in a lower surface coverage and higher particle distance of 17.9 nm at
pH 5. Hence, the charge of the employed surfactant effects the NC sur-
face coverage, complementing the above discussion on the effect of sur-
factant charge on NC adsorption.

A possible technique that allows the imaging of O/W interfacial
layers which has not been employed for NCs comprises the posi-
tioning of the substrate on a movable platform that is immersed
in the aqueous phase [128,129]. The surface-active substance may
then be spread at the interface and covered with a volatile oil.
The immersed substrate is lifted through the O/W interface
followed by evaporation of the oil and imaging of the adsorbed
layer.

3.2.2. Structure analysis by interfacial reflectivity methods
Interfacial reflectivity methods are based on the change in dielectric
properties or diffraction of photons or neutrons from interfacial thin

films, allowing a noninvasive structure analysis. Habibi et al. [19] emp-
loyed Brewster angle microscopy and ellipsometry to investigate NC
layers adsorbed with the surfactant DODA, revealing a mixed and
dense monolayer. The DODA content in the layers was determined to
25% by X-ray photoelectron spectroscopy. Upon compression of the
layers, their thickness increased inversely proportional to the interface
area, denoting that NCs were irreversibly adsorbed.

In the past few years, we employed neutron reflectometry to inves-
tigate the structure of unmodified CNCs and CNFs [16,17], methylated
CNCs [51-53], and CNCs esterified with Cy¢ alkyl groups [65]. The ob-
tained reflection intensity as a function of the scattering vector can be
fitted to extract morphological information on the thickness, roughness,
and positioning of adsorbed layers [130]. For unmodified CNCs and
CNFs, the measured interfacial layer was thinner than a single particle
(=~ 10 A), suggesting that a loose monolayer was formed. Correlating
the layer thickness to the particle height allowed an approximation of
the surface coverage, which was 40% for CNFs and 20% for CNCs. The lat-
ter is in agreement with the coverage observed on displaced Langmuir-
Schaefer films (Fig. 7A). These coverage values are lower compared to
emulsions where around 60-80% were reported, as discussed above
[123]. This discrepancy probably derives from the high energy input
during emulsification, which facilitates to overcome the kinetic adsorp-
tion barrier. Further, differences within A/W and O/W interfaces may
occur as addressed below. Besides the layer thickness, it was found
that both CNCs and CNFs orient in the interfacial xy-plane, as is energet-
ically favorable for anisotropic particles [131]. The scattering length
density profiles in z-direction revealed that CNCs and CNFs were located
primarily in the aqueous phase, allowing the qualitative conclusion that
the contact angle 6 of unmodified NCs is below 90°. The same layer mor-
phology was observed after compression of adsorbed CNC layers,
suggesting that the CNCs desorbed [16]. Adsorbed CNCs may be
destabilized by their surface charge, the contact angle below 90°, or
line tension induced by their anisotropy [39,132,133]. Nevertheless,
CNC desorption from the A/W interface was not expected considering
their irreversible adsorption and high stability generally observed in
emulsions.

In contrast to unmodified NCs, Scheuble et al. reported a dense 30 A
monolayer with a diffusive secondary layer for methylated CNCs
[52,53], probably due to lower electrostatic repulsion and increased hy-
drophobic interactions. The methylated CNCs were thermoresponsive
and gelled into a thick 150 A multilayer upon heating to 37°C, as previ-
ously shown for displaced layers of methylated CNCs in Fig. 7C. In an-
other study, Scheuble et al. [51] investigated the structure of (3-
lactoglobulin-CNC multilayers, showing a primary protein monolayer
followed by electrostatically complexed CNCs.

As indicated above, the contact angle 6 of adsorbed particles may be
assessed qualitatively from the scattering length density profile in z-
direction [134]. Van den Berg et al. [65] developed a model that allows
the quantitative determination of 6 from reflectivity data by varying
the CNC surface load and subphase contrast. It was used to study the po-
sitioning of CNCs with different degrees of esterification with Cy¢ alkyl
groups. The contact angle increased at higher degree of substitution
(DS) and was 126°, 141°, and 156° for 0.1, 0.6, and 1.1 DS. The increasing
contact angle demonstrates the effect of an increasing DS on NC hydro-
phobicity and particle positioning. It was already discussed above that
NCs modified with short alkyl or carboxyl groups still form O/W emul-
sions [59,73,85], whereas NCs modified with longer hydrophobic moie-
ties are preferentially wetted by the oil phase and form inverse W/O
emulsions [9,63,68,86]. In contrast to the unmodified CNCs, the esteri-
fied CNCs did not desorb upon compression and the layers increased
in thickness inversely proportional to the surface area, in agreement
with CNCs adsorbed in presence of a surfactant [19]. Hence, NCs
hydrophobized by surface-modifications or surfactant adsorption are
more stably adsorbed compared to unmodified NCs, in agreement
with the adsorption energies reported for unmodified (—5 x 10° kT
[16-18]) and modified (—5 x 10* kgT [58,59]) NCs obtained from
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adsorption experiments using Eq. 1. The discussion on NC contact angle
and stability is continued in a later section.

3.2.3. Interfacial rheology of adsorbed nanocellulose layers

Interfacial (2D) rheology has emerged as a key method to deter-
mine the mechanical properties of adsorbed interfacial layers. Two
main forms of deformation are distinguished, namely interfacial
shear rheology wherein layers are subjected to oscillatory shear at
constant area, and interfacial dilatational rheology where layers are
subjected to area compression-expansion cycles [135]. The interfa-
cial rheology of unmodified CNCs at the A/W interface was addressed
by Bertsch and Fischer [136]. We found that CNC layers do not reveal
a significant dilatational viscoelasticity, which was attributed to
their comparably low surface coverage of ~ 20%. However, beyond
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a critical salt concentration of 10 mM NaCl the layers became in-
creasingly elastic, as shown in Fig. 8A. This suggests that CNC attrac-
tive interactions are the origin of layer elasticity. The critical salt
concentration is in good agreement with those known to allow for
CNC interactions in bulk [137] and promote CNC adsorption at the
interface [16,18], as previously shown in Figs. 3 B and E. In contrast
to CNCs, CNFs formed viscoelastic layers also in absence of salt and
independently of CNF charge density, potentially due to the in-
creased aspect ratio and a higher surface coverage [17]. Although,
Xu et al. [60] found that the viscoelasticity of acetylated CNF layers
can still be enhanced by salt addition. The salt-induced viscoelastic-
ity in CNC layers was associated with nonlinear strain-hardening in
compression [136], as revealed by Lissajous-plots [138], whereas
no significant nonlinearity was observed for CNFs [17].
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Fig. 8. (A) Interfacial dilatational storage modulus E' as a function of NaCl concentration at varying surface coverage (~ bulk concentration) of unmodified CNCs at the A/W interface.
Reprinted with permission from [136]. Copyright 2019 American Chemical Society. (B) Interfacial shear storage G' and loss modulus G" for commercial methyl cellulose (MC A15) and
methylated CNCs with increasing DS from left to right at 22°C and after thermogelation at 37°C. Reprinted with permission from [52]. Copyright 2016 American Chemical Society.
(C) Dynamic frequency sweeps of Cyg-alkylated CNCs (0.6 DS) determined at different time points as elaborated by the colour code and (D) respective relaxation time spectra. Reproduced
from [66] with permission from AIP Publishing. (E) Complex dilatational modulus for CNFs and CNCs adsorbed at the A/W interface in combination with the cationic surfactant octylamine
and (F) the stability of respective foams expressed as foam volume as a function of time. Reprinted with permission from [98]. Copyright 2015 American Chemical Society.
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Scheuble et al. [52,53] reported an increasing interfacial shear elastic-
ity for CNCs with increasing degree of methylation, as shown in Fig. 8B.
This was attributed to higher CNC hydrophobic interactions, underlining
the importance of attractive interactions in agreement with the findings
for unmodified CNCs upon charge screening. CNC layers with higher
shear moduli were also more brittle, i.e. showed nonlinear behavior at
a lower critical strain. The methylated CNCs thermogelled at 37°C,
resulting in a tenfold increase in interfacial viscoelasticity [52,53]. It
was previously shown in Fig. 7C and discussed in the neutron reflectivity
section that methylated CNCs thermogel from a diffusive 30 A layer to a
thick 150 A multilayer. Scheuble et al. [51-53] also introduced the use of
interfacial rheology with simultaneous subphase exchange to probe the
in vitro digestion of adsorbed interfacial layers, demonstrating that the
thermogelled methylated CNC layers resist simulated gastric conditions.

As discussed above, esterified CNCs form weakly aggregated clusters
at the A/W interface (Fig. 7C) with a contact angle that increasingly ex-
ceeds 90° at higher DS [65,66]. The structure of separated CNC clusters
resulted in a Maxwellian frequency behavior and allowed the calcula-
tion of characteristic relaxation time spectra as shown in Figs. 8C and
D, which is rarely observed for 2D interfacial layers. Three to five relax-
ation times were found for the esterified CNC layers, which was attrib-
uted to the formation of clusters with varying size. A shift towards
longer relaxation times was observed upon layer aging, potentially
due to an increase in cluster size. More viscoelastic layers were found
at higher DS and thus, hydrophobicity. This effect of NC hydrophobicity
on viscoelasticity is interesting considering that 6 increasingly deviates
from 90°, where the highest viscoelasticity is generally observed [139].
These findings for unmodified, methylated, and esterified CNCs under-
line that attractive interactions are crucial for the viscoelasticity of inter-
facial particle layers.

Cervin et al. [22,98] investigated the interfacial rheology of
surfactant-enhanced CNC and CNF layers (Fig. 8E) and its effect on
foam stability (Fig. 8F). CNFs formed significantly more elastic layers
than CNCs and elasticity was enhanced by salt addition, in good agree-
ment with findings from unmodified CNCs and CNFs [17,60,136]. Conse-
quently, CNFs were able to form more stable foams compared to CNCs.
Besides higher interfacial viscoelasticity, the enhanced foam stability
was attributed to the ability of CNFs to extend into the bulk, resulting
in additional bulk stabilization and decreased drainage. These results
were confirmed by Xiang et al. [113], who reported increased foam sta-
bility of surfactant-CNF mixtures compared to pure surfactants, which
was attributed to an increase in both interfacial and bulk elasticity.

3.3. Nanocellulose contact angle at various subphases

It appears that the contact angle 6, i.e. the positioning of NCs in the
three-phase contact line, is one of the main remaining questions regard-
ing the structural aspects of NC layers. Contact angle measurements of
particles in the nanorange remain challenging. Traditional immobiliza-
tion and imaging techniques allow contact angle determinations for
particles as small as 100 nm [43]. Recent developments such as
freeze-fracture shadow-casting cryo-SEM [140] or multiple angle of in-
cidence ellipsometry [141] have pushed the boundary to as low as
10 nm diameter. As NCs generally orient in the interfacial boundary
and are < 10 nm thick, they are still below the resolution limit. Clint
et al. [142] presented a straightforward approach that derives 6 from
pressure-area isotherms, which however requires the 2D close-
packing density, which can hardly be approximated satisfactorily for an-
isotropic and polydisperse NCs.

As already addressed above, SANS with additional contrast variation
[121] and neutron reflectometry [16,17] were used to assess 6 of un-
modified NCs in O/W emulsions and planar A/W interfaces, respectively.
Both techniques provided consistent qualitative information that the
NCs are primarily wetted by the aqueous phase, and thus 6 < 90°. Van
den Berg et al. [65] employed neutron reflectometry with additional
contrast variation to determine 6 quantitatively for CNCs with different

DS, as elaborated above. However, the high number of parameters in the
model requires to vary the surface coverage along with the subphase
contrast. As layers of unmodified NCs are close to the spatial resolution
of the employed reflectivity setup, we could not apply the model in our
later reflectometry studies on unmodified CNCs and CNFs [16,17].

An alternative method comprises the formation of a solid NC surface
which is covered with an aqueous solution, allowing the determination
of the three phase air-solid-liquid contact angle. Li et al. [49] found 6 =
27 and 44° for a primarily hydrophilic and a more hydrophobic CNC crys-
tal allomorph, respectively. Jin et al. [56] reported 6 = 70-80° for
ethylated NCs. Hu et al. [99] employed this method to assess 6 for CNCs
with increasing surfactant coverage, as shown in Fig. 5C. An increasing
0 was observed for higher surfactant coverage with an inversion at the
CMC of the surfactants, indicating the formation of surfactant multi-
layers. These studies underline that unmodified NCs adsorb at low 6
and it is increased at higher NC surface hydrophobicity. This method
seems to be a straightforward approach to get insights on 6 and even
provides quantitative results. However, it is not entirely clear to what ex-
tent the results can be translated to NC adsorption at fluid interfaces with
freely movable and interacting particles. For instance, the effective 6 of
anisotropic particles diverges from 90° compared to theoretical values
predicted by Young-Laplace's equation due to line tension contributions,
which are enhanced at increasing aspect ratio [132,133].
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Fig. 9. (A) Equilibrium surface pressure IT;,s as a function of interface tension for CNCs
adsorbed at the air and oil interfaces with varying interface tension y,. (B) Scheme of
particle immersion and (C) related particle adsorption energy AE at subphases with
varying Yow. Reproduced with permission from [18] - published by The Royal Society of
Chemistry.
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Another approach to assess 6 of unmodified CNCs at various inter-
faces was presented by Bergfreund et al. [18]. CNCs were adsorbed at
air and different oils with a wide range of polarity, and thus varying in-
terface tension <y,y. The equilibrium surface pressure Il;r of CNCs
adsorbed at different oils followed a power law as a function of y,,, as
shown in Fig. 9A. As elaborated in Egs. 1 and 2, the measured I'T derives
from the the adsorption energy of a single particle AE, which again de-
rives from 7, and 6, as visualized in Figs. 9B and C. The fact that lower
IT;ny are attained for the A/W interface (yqw = 72.4 mN/m) compared
to n-alkanes (Y, = 51 mN/m) allowed the conclusion that 6 is shifted
closer to 90° at O/W interfaces compared to the A/W interface. It is con-
sequential that 6 further approaches 90° for more polar oils, although
Ij;rdecreases due to the lower y,,,. Hence, the 6 of NCs is shifted towards
90° for more polar oils, however, their adsorption energy becomes neg-
ligible, as confirmed by the impeded emulsification with polar oils
[14,18]. Eq. 1 also includes the surface coverage, which has not been
assessed and may vary within the different oils, particularly as oil prop-
erties increase in importance upon further particle immersion [143].

To conclude, unmodified NCs adsorb at 6 < 90° at fluid interfaces, and
0 is shifted towards 90° at oils with increasing polarity. This suggest an
energetically unfavorable contact angle of NCs at the A/W interface,
which may explain why unmodified CNCs desorbed upon area com-
pression [16]. It was recently argued that this could be the reason why
unmodified NCs are not able to stabilize foams without further surface
modification, whereas no such problems occur for O/W emulsions
[17,18]. In order to form stable foams or push 6 beyond 90°, the hydro-
phobicity of NCs needs to be increased by covalent surface modifica-
tions or surfactants that adsorb at the NC surface, as elaborated in
previous sections. Nevertheless, 6 of unmodified NCs at fluid interfaces
remains to be elucidated quantitatively.

4. Concluding remarks

Established less than 10 years ago, the interfacial stabilization by NCs
has attracted attention from various fields owed to the outstanding sta-
bility and biocompatible nature of NC stabilized colloids. While the for-
mation and characterization of NC stabilized emulsions are well
established, the fundamental aspects of NC adsorption and structure
at fluid interfaces were addressed more recently as emphasized in this
review. The new insights on NC adsorption at fluid interfaces have al-
ready helped to answer some fundamental questions in the field, the
most striking probably being the reduction in surface tension which
has caused many speculations in the past as outlined by a previous re-
view [10]. Another mystery of unmodified NCs has always been their in-
ability to form stable foams while forming very stable emulsions. Recent
findings suggest an unfavorable contact angle and reversible adsorption
of NCs at A/W interfaces as potential reasons [16-18]. At the same time,
the quantitative determination of NC contact angles at fluid interfaces
remains one of the major challenges in the field.

Another intriguing finding is the importance of the chosen oil, which
alters the adsorption behavior of NCs [18] as well as the droplet size and
stability of formed emulsions [14], and may significantly impede the
comparability of results obtained with different oils. Hence, it is impor-
tant to not only report aqueous phase parameters like pH and ionic
strength, but also oil properties like interface tension, viscosity, and pu-
rity to guarantee comparability within scientific results. It has further
come to our attention that many studies report either on the interfacial
behavior of NCs or the properties of NC-stabilized foams and emulsions,
whereas far less studies cover both aspects of NC interfacial stabiliza-
tion. As a consequence, there seems to be a gap between fundamental
interface studies and more applied studies. For instance, the structure
and coverage reported in emulsions diverges from findings at 2D inter-
faces, making it difficult to conclude on the surface tension reduction in
emulsions. We would like to encourage the community to combine
these aspects more frequently in the future to close this gap.

To conclude, many fundamental question regarding NC interfacial sta-
bilization could be resolved in the first decade of this comparably young
field, with certain challenges still to be addressed. We expect that the
new insights on NC adsorption and their interfacial layers will facilitate
bottom-up approaches, i.e. the design of NC interfacial layers with desired
properties which are then translated to macroscopic materials. NC
stabilized colloids are already being established in various cutting-edge
applications, including novel bio-nanocomposites [51,53,106,120,144],
gastric stable delivery systems [13,15,68,117,145,146], or the formulation
of low solid 3D printing inks [147,148], which could benefit from these
possibilities.
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