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Abstract.

This study investigates the interaction between positively charged chitosan and anionic
hydrophilic silica nanoparticles in aqueous media, resulting in the electrostatic formation of
chitosan-capped silica nanoparticles. Optimal conditions for the formation of stable dispersions
were determined, highlighting that the adsorption of chitosan on silica nanoparticles, as well as
its solubility, is enhanced in acidic medium (pH=4.5). Electrophoretic mobility measurements
confirmed the positive zeta potential of chitosan-capped particles, indicating charge inversion
due to chitosan adsorption on negatively charged silica surfaces. Adsorption at the
dispersion/air interface significantly reduces the interfacial tension, with a synergistic effect
observed between chitosan and silica. Capillary wave experiments demonstrated the formation
of viscoelastic layers with the dilatational elastic modulus of the nanocomposite layers
exceeding their viscous modulus. The frequency dependence of the interfacial dilational moduli
showed that increasing particle concentration enhanced the viscoelastic properties of the
interface. This study provides novel insights into the dilational rheological response of chitosan-
capped silica nanoparticle layers, revealing the interplay between surface charge neutralization,
adsorption dynamics, and the viscoelastic properties of the interface. The results suggest
potential applications in the stabilization of liquid and solid foams and highlight the importance
of chitosan-capped particles in modifying water/air interface properties and improving the
rheological behavior of particle-laden interfaces.

Keywords: chitosan; electrocapillary waves; interfacial rheology; interfacial tension; silica

nanoparticles
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1. Introduction

Particle-laden liquid/fluid interfaces are widely studied systems in academia and industry. This
is partly due to their key role in the stabilization of dispersed systems such as foams, Pickering
emulsions and thin films [1-4]. However, even though particle trapping at the liquid/fluid
interface can be considered nearly irreversible in most cases with a trapping energy exceeding
the thermal energy,[5,6] the formation of particle-laden films is not always trivial because the
transport and trapping of particles at the interface depends on several variables, including the
particle density, which can force particle sedimentation. This hydrophilic/hydrophobic balance
is defined by their wettability, which determines their penetration at the interface.[6-8] The
latter is accounted for by the particle contact angle at the fluid interface, which strongly
influences the equilibrium situation of the particle-laden interface.[8-10] Unfortunately, many
particles exhibit extreme wettability, such as silica nanoparticles, and commonly remain
dispersed in one of the continuous phases rather than adsorbing at the fluid/fluid
interface,[7,11-14] requiring their surface modification to provide optimal wettability for
adsorption at the fluid/fluid interface.[9,14]

Surface modification of colloidal particles is often based on the binding of ligands to the
particles to impart a new functionality.[14,15] There is a wide range of ligands that have been
used to modify the surface properties of colloidal particles. These can be attached to the particle
surface by a true chemical bond, i.e., covalently, as in the case of silanization of silica surfaces
or thiolation of noble metals,[16,17] or they can be bound by weaker molecule-particle
interactions, such as electrostatic interactions, hydrogen bonding, or van der Waals forces.[18—
20] In the particular case of silica nanoparticles, the electrostatic interaction of dissociated
silanol groups with cationic surfactants or polymers, or the interaction by hydrogen bonding
between the non-dissociated silanol group on the silica surface and the agent used to modify
the silica surface can help to modify the wettability of silica surfaces.[20-27] In the last two
decades, health and environmental issues have become increasingly important, so companies
are looking to use particles and polymers of natural origin.[28-30]

Chitosan, a natural polysaccharide derived from chitin (the second most abundant polymer on
Earth), has been shown to be an effective modifier of the surface properties of materials due to
its biocompatibility, biodegradability, and functional versatility.[31,32] When applied to silica
surfaces, chitosan can introduce amino and hydroxyl groups, thereby modifying the particle

wettability, adsorption capacity, and interaction with biological molecules. Therefore, the use
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of chitosan as a capping agent not only improves nanoparticle dispersibility and stability but
also enables surface modification, which is critical for applications. The result of the surface
functionalization tailored by selecting the fraction and distribution of monomers containing
amino and acetamide groups, as well as the pH of the medium, which is very suitable to obtain
particles with characteristic selected at will for applications in drug delivery, catalysis, and
environmental remediation.[33] Furthermore, the ease of chitosan's chemical modifications
allows for tunable surface characteristics, making it an attractive option for improving the
performance and functionality of silica-based materials in diverse fields.[34] For instance,
Allison et al.[27] proposed the use of chitosan to modify the wettability of silica nanoparticles
as a tool for stabilization of edible Pickering emulsions. They found that the electrostatic
interaction between cationic chitosan and silica nanoparticles contributes to increase the
hydrophobicity of silica nanoparticles and their adsorption to oil/water interfaces. This finding
agrees with the modification of the zeta potential (" potential) reported by Heidari et al.[35]
Furthermore, chitosan-capped silica nanoparticles can organize with different structures at the
oil/water interface, resulting in viscoelastic films or agglomerated particle networks depending
on the chitosan concentration. This has a significant effect on the rheological properties of the
particle-laden fluid/fluid interface. In a more recent work, Allison et al.[26] demonstrated that
the stabilization of Pickering emulsions stabilized by chitosan-capped particles can be tuned by
pH changes, allowing for the modulation of the chitosan-silica interaction, and consequently
the adsorption of the modified particles at the water/oil interface. It is important to note that
while the capacity of chitosan-capped particles to adsorb at fluid/fluid interfaces is well
documented, particularly in the context of Pickering emulsion stabilization,[26,27,35-38] there
is a lack of knowledge regarding the interaction of this type of colloidal system with water/air
interfaces. In addition to their utility in the stabilization of interface-dominated systems,
chitosan-capped silica nanoparticles may also be employed as drug carriers, taking advantage
of their pH-responsive nature.[39]

Based on the above discussion, the adsorption of chitosan onto silica nanoparticles may be used
to modulate the hydrophobicity and surface charge of the resulting chitosan-capped
nanoparticles. This modification may enhance nanoparticle dispersion stability, thereby
allowing the creation of stable, nanoparticle dispersions. Moreover, these stable chitosan-
capped silica nanoparticles may present enhanced adsorption at the air/water interface due to
increased surface activity compared to either component alone. In this context, the objective of
this study is to investigate the adsorption of chitosan-modified hydrophilic silica nanoparticles

at the aqueous dispersion/air interface. It is expected that the adsorption of chitosan-capped
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silica nanoparticles at the aqueous dispersion/air interface may result in a significant decrease
in the interfacial tension and the formation of viscoelastic layers, which make this system a
promising candidate for stabilizing foams. By forming robust viscoelastic layers, these
nanoparticles can prevent film rupture, retard drainage, and inhibit coalescence, which are
essential mechanisms for stabilization. Therefore, understanding the interplay between
adsorption and the interfacial rheology of these systems is key to optimizing the performance
of particle-laden interfaces. To this aim, silica nanoparticles are modified via direct electrostatic
interactions with chitosan chains. This requires the evaluation of the optimal conditions under
which chitosan and silica can interact to form stable dispersions, which can be influenced by
the strong pH-responsiveness of chitosan. Indeed, the solubility of chitosan in water is very
limited, necessitating acidic conditions for its solubilization. Furthermore, increasing the pH to
values close to neutrality results in a reduction of the quality of water as a solvent for
chitosan.[40] Conversely, silica nanoparticles maintain a negative charge over a pH range of 4
to 9 due to deprotonation of their surface silanol groups. Based on the above discussion, we
first evaluate the interaction between chitosan and silica nanoparticles, and the stability of the
resulting dispersions at different pH conditions, and then, once the optimal conditions are
selected, we study the adsorption of the chitosan-capped particles at the aqueous dispersion/air
interface and the high-frequency dilatational rheological response of the formed layers by using
electrocapillary wave damping measurements. This systematic study can pave the way for the
use of chitosan-capped particles to modify the properties of water/air interfaces, which could

have significant on the stabilization of liquid and solid foams.

2. Materials and Methods

2.1. Chemicals

Commercial chitosan (reference 448869) with a molecular weight around (83+14) kDa
determined from viscosity measurements, and a deacetylation degree in the range 75-85% was
purchased from Merck (Darmstadt, Germany). Silicon dioxide nanoparticles (Levasil® CS30-
316P) was supplied by Nouryon (Amsterdam, The Netherlands). It consists of a stable, aqueous
dispersion (pH=8-9) of negatively charged amorphous silicon dioxide colloidal nanoparticles
(concentration 30%w/w) with an average diameter in the range 10-15 nm. Acetic glacial acid
and sodium hydroxide (purity >99.9%) for adjusting pH were purchased from Fisher Scientific
(Hampton, NH, USA).

Ultrapure deionized water of Milli-Q quality, with resistivity >18 MQ-cm, and a total organic

content of <6 ppm, obtained using a AquaMAX™-Ultra 370 Series multi-cartridge purification
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system (Young Lin Instrument Co., Ltd., Gyeonggi-do, South Korea) was used for cleaning and
solution preparation.

2.2. Chitosan solution preparation

A stock solution of chitosan with a concentration of 20 mM was prepared. The required amount
of chitosan was weighed and poured into a flask, which was then partially filled with water.
Then, 100 pL of glacial acetic acid was added to the flask to lower the pH and ensure complete
dissolution of the chitosan. The pH of the resulting aqueous chitosan solution was then adjusted
to 4.5 by dropwise addition of 102 mM sodium hydroxide solution. Finally, the volume of the
solution was brought to the desired final value by adding the required amount of dilute aqueous
acetic acid solution at pH=4.5.

2.3. Chitosan-silica nanoparticles dispersion preparation

The mixed chitosan-silica dispersion was prepared by a 1:1 dilution according to the procedure
described by Ravera et al.[41] Briefly, a chitosan solution (pH=4.5) at twice the concentration
of the final mixed dispersion was added dropwise to a stirred suspension of silica nanoparticles
at twice the concentration of the final mixed dispersion. This method minimizes potential
concentration gradients that could drive the system out of equilibrium.[42,43] Once the mixed
dispersion is prepared, the pH is adjusted to 4.5 by adding acetic acid or sodium hydroxide. The
dispersion obtained is stirred at 1000 rpm for 30 minutes to ensure thorough homogenization
and then allowed to stand overnight. The single-phase or phase-separated character of the
dispersions was then assessed by the absence or presence of a sedimented solid phase at the
bottom of the container together with a diluted aqueous phase. For the purpose of the present
study, only single-phase dispersions were considered.

2.4. Techniques

The effective charge density of the chitosan-capped silica particles was determined from
electrophoretic mobility (ue) measurements using laser Doppler velocimetry. These
measurements were performed using a Nanosizer ZS (Malvern Instruments, Malvern, UK).
According to Henry’s equation, electrophoretic mobility is directly related to the zeta potential
(0).[44]

The bulk viscosity of the samples was measured using an Ubbelohde viscometer. The liquid
samples were placed in a glass viscometer maintained at 23°C. The liquid was then drawn up
through a capillary and a measuring bulb, and the time taken for the liquid to fall through the
bulb was recorded. The viscometer was calibrated using filtered Milli-Q water, and each sample

was filtered prior to testing. The determination of viscosity is based on the principle that the
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flow time is directly proportional to the viscosity and inversely proportional to the density of
the solution.

The interfacial tension at the air/dispersion interface was determined using a K10T Digital
Tensiometer (KRUSS GmbH, Hamburg, Germany) equipped with a platinum Wilhelmy plate
contact probe (contact area of 40.5 mm). Prior to each measurement, the platinum plate was
cleaned with ethanol and Milli-Q water, followed by burning with an ethanol torch to remove
any residual organic matter. Samples were placed in a glass cuvette that was cleaned with
ethanol and Milli-Q water prior to use. The temperature was maintained at 23°C using a
thermostatic bath for all measurements. Each data point reported represents the average of at
least three independent measurements. Experiments were run long enough to ensure that a
steady state interfacial tension was reached.

A home-built electrocapillary wave device was used to determine the dilational rheological
properties of the particle-laden fluid/fluid interface at high frequencies (in the range of 10-103
Hz). Further details on this technique can be found in previous works.[45,46], and a detailed
description of the instrument is reported in reference [47].

3. Results and Discussion

3.1. Chitosan Adsorption on Silica Nanoparticles

The adsorption of chitosan on silica nanoparticles results in a modification of the
hydrophobicity of the nanoparticles. This phenomenon is dependent on the pH value which
modulates the charge of the chitosan capping layer. Indeed, a decrease in the pH from values
close to 9 down to 4 results in an increase in the cationicity of the chitosan, i.e., the degree of
positive charge. This is due to the protonation of the amine groups. Accordingly, an effective
approach to investigating the binding of chitosan to silica nanoparticles is to work at a pH below
the pKa of chitosan (5.5), where chitosan is highly charged and soluble in water, given that silica
nanoparticles are negatively charged within the pH range of 4-9.[26] Based on the above
discussion, a pH=4.5 was selected for evaluation the adsorption of chitosan on silica
nanoparticles, and the stability of the resulting dispersions. It is therefore possible to select the
optimal compositions that result in stable dispersions of particles that can adsorb at the
fluid/fluid interface. It is important to note that the maximum adsorption of chitosan on silica
surfaces is expected to occur within the pH range 4-pKa.[26] Figure 1a shows the compositional
map as a function of chitosan concentration (ccni) and silica nanoparticle concentration (Cnes)
diagram for dispersions of chitosan-capped silica nanoparticles at pH=4.5. The stability of the

samples is indicated in terms of the stability time (tstability). Thus, the smaller the value of tstability
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the lower the stability of the dispersions. In the case of the most stable dispersions, they do not
show any evidence of phase separation/sedimentation even after 7 weeks of aging. It must be
stressed that there are available a series of tools, including measurements of the turbidity or
optical density of the samples, that may allow a semiquantitative determination of the phase
boundaries in the here studied mixture. However, we consider that for the context of the work,
it is enough to identify the compositional regions where the mixtures exhibit instability as
instable systems are not suitable for the stabilization of the interface. Therefore, including a
more detailed quantification of turbidity or compositional mapping would not significantly
advance our understanding of interfacial behavior, which remains the central focus of the work.
The compositional map shows that the interaction between chitosan and silica nanoparticles
results in the formation of two regions of stability, which are characterized by the single-phase
character of the dispersions obtained for the corresponding compositions. The composition of
the first region is characterised by a relatively low concentration of chitosan, which results in
an incomplete neutralisation of the charges corresponding to the nanoparticles. Therefore, it is
expected that the properties of particles obtained in this region can be reminiscent from that of
bare silica. Thus, considering their relative highly hydrophilicity, particle belonging to this
region will not be considered in this work due to their limited potential to adsorb at the
air/dispersion interface. In contrast, within the second region, there is a high concentration of
chitosan, which results in the formation of complexes with their charges determined by the
excess of chitosan adsorbed on the surface of the silica nanoparticles (see Figure 1b). The two
regions, which result in the formation of stable dispersions, are separated by a region where the
dispersions obtained are not stable and undergo a rapid phase separation within 2 minutes after
preparation. This aging process is particularly important in dispersions with compositions
situated at the boundary between single-phase regions and phase separation region (represented
by triangles and squares in Figure 1a). These dispersions may initially appear to be single-phase
mixtures, but they undergo phase separation within a time-scale that range from a few hours
after their preparation to several weeks. In Figure 1a, the worsening of the stability as the
composition is close to the region where samples undergo a rapid phase-separation is indicated
by symbols with darker green or blue tones for the compositional region where chitosan and
silica nanoparticles dominate the properties of the dispersions, respectively. The most stable
dispersions, represented in Figure 1a by circles with brigth green or blue tones, remain stable
for more than 7 weeks after their preparation. It is worth noting that both chitosan solutions and

silica dispersions at pH=4.5 remain stable across the entire compositional range studied.
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Figure 1. (a) cchi-cnes compositional maps where the stable or instable characters of mixed
dispersions including chitosan and silica nanoparticles at pH=4.5 are shown as function of the
stability time (tswbitity). Different symbols and colour tone are used for represent dispersions with
different tstanitity. Green and blue symbols correspond to dispersions that mantain if single-phase
mixtures for more than 2 minutes and grey symbols correspond to phase-separated mixtures
that undergo phase-separation in a time smaller than 2 minutes. The shadowed regions indicate
the different stability/instability regions in the compositional map, the colour code is the same
that for the symbols. Note that the defined timescale represents the maximum stability observed
for the samples when considering unstable dispersions. For stable samples, it indicates the
longest experimental observation period, after which the samples remain stable. (b) Sketch of
the different association and stability of chitosan-capped silica nanoparticles with the increase
in the chitosan concentration at a fixed particle concentration.
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A better understanding of the characteristics of the chitosan-capped nanoparticles can be
obtained by studying their surface charge. This is possible through measurements of
electrophoretic mobility that give information on the {'potential of the particles. Figure 2 shows
the dependence of the " potential on the silica nanoparticles concentration for dispersions with
different chitosan concentrations. It is crucial to highlight that the determination of the (
potential is only feasible for dispersions that are stable. This can be rationalized by considering
that samples with a composition corresponding to the phase separation region undergo a
sedimentation process that competes with their electrophoretic motion, which in turn leads to
the occurrence of physically unsound  potential values. This substantially reduces the number

of measured data in relation to the extension of the compositional map.
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Figure 2. Dependence of the { potential on the chitosan concentration for dispersions with
different silica nanoparticles concentrations at pH=4.5. The data reported correspond to the

average of five independent measurements.

A more detailed examination of the compositional map in terms of the {"potential indicates that
the binding of chitosan to silica nanoparticles is mediated by a process of charge neutralization.
Indeed, given that pristine silica nanoparticles posses a negative charge, as evidenced by the
value of the ¢ potential around (-42+5) mV, and the positive values of the { potential for the
dispersions of the mixed systems, it is evident that chitosan is adsorbed on the surface of the
negatively charged silica nanoparticles. Therefore, for a fixed particle concentration, as the
chitosan concentration increases, the adsorption of chitosan on the silica surface results in the
neutralization of the negative charge of the nanoparticle surface up to the state of zero net charge,

i.e., the isoelectric point. At this point, the nanoparticles lack colloidal stability and therefore
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the chitosan-capped particles sediment as a solid phase, leaving a dilute liquid phase, which
mainly contains chitosan as supernatant (see Figure 1b).[26] Further increases in the chitosan
concentration beyond the isoelectric point result in a charge inversion process leading to the
production of overcharged chitosan-capped particles, which are characterized by their positive
charge. This scenario, sketched in Figure 1b, explains the phase behavior of agqueous
dispersions of chitosan-capped silica nanoparticles at pH=4.5 at a fixed nanoparticles
concentration. The increase in nanoparticle concentration shifts the phase transitions between
the different regions of the compositional map to higher values of the chitosan concentration.
This may be understood by considering that the increase in the concentration of nanoparticles
results in a number of negative charge to neutralize by chitosan addition. This makes it
neccessary that the number of chitosan charged monomers also increases. It is noteworthy that
analogous behavior has been observed in a multitude of colloidal systems assembled through
electrostatic interactions, including polyelectrolyte multilayers, oppositely charged
polyelectrolyte-surfactant mixtures and interpolyelectrolyte complexes, among others.[42,48—
50]

3.2. Adsorption on chitosan-capped silica nanoparticles at the dispersion/air interface

The characterization of the adsorption of chitosan-capped silica nanoparticles at the aqueous
dispersion/air interface was conducted through the measurement of the equilibrium interfacial
tension of the aqueous dispersion/air interface and the evaluation of the dilational properties of
the particle-laden interface, which was obtained by evaluating the interfacial damping of
electrocapillary waves. It should be noted that the bulk characterization was performed over a
broader range of particle and chitosan concentrations compared to the interfacial studies. This
reduction in the experimental window for interfacial studies results from the experimental
challenges associated with interfacial measurements at high concentrations, particularly due to
the increased viscosity of the samples and the potential for phase separation. Such aspects can
affect the accuracy and reliability of interfacial measurements. Therefore, the concentration
ranges explored by each technique have been to ensure meaningful and precise results for each
technique. Figure 3a shows the dependence of the interfacial tension of the aqueous
dispersion/air interface on the silica nanoparticles concentration in dispersions with varying
chitosan concentrations. It is noteworthy that bare silica nanoparticles are extremely hydrophilic,
and their surface activity is almost negligible. On the other hand, it should be noted that the
present study was limited to the investigation of the adsorption of stable dispersions. This can
be understood by considering that samples undergoing phase separation present an interfacial

tension that depends on their age. In particular, when a complete sedimentation occurs, the
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interfacial tension will be close to that corresponding to a diluted chitosan solution from which
particles are completely depleted. Therefore, for the purposes of our work on particle-laden
interfaces, these measurements do not provide any additional insight into the understanding of

the behavior of capped particles at the dispersion/air interface.
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Figure 3. (a) Dependence of the interfacial tension of the aqueous dispersion/air interface on
the silica nanoparticles concentration for dispersions at pH=4.5 with different chitosan
concentrations. (b) Dependence of the interfacial tension of the aqueous dispersion/air interface
on the chitosan concentration for dispersions at pH=4.5 with different silica nanoparticles
concentrations. The data reported correspond to the average of three independent measurements.

In contrast to the aforementioned phenomenon for silica nanoparticle adsorption, chitosan
exhibits a concentration-dependent surface activity (see Figure 3b). The adsorption of chitosan
at the aqueous solution/air interface results in a decrease in the interfacial tension, which varies
from values close to those corresponding to a pure water/vapor interface (~72 mN/m) for the
lowest chitosan concentrations to values below 60 mN/m for the highest concentration studied
(10 mM). This can be understood by considering that chitosan presents a certain degree of
amphiphilicity as a result of the two types of monomers existing within the chains. The chitosan
utilized in this study is a random copolymer comprising, in a molar ratio of 80:20, hydrophilic
2-amino-2-deoxy-B-D-glucose monomers, which are positively charged at the pH of this study,
and a series of more hydrophobic N-acetyl-2-amino-2-deoxy-p-D-glucose monomers, which
do not present a charge. The latter plays a pivotal role in regulating the adsorption of chitosan

at the aqueous solution/air interface.[51] The findings concerning to the adsorption of chitosan
12
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at the water/vapor interface are in agreement with those previously reported by Babak et al.[52]
Their results indicated minimal adsorption at highly dilute concentrations and a notable increase
in adsorption as the concentration exceeded 102 mM.

The results demonstrate that the adsorption of chitosan-capped particles at the aqueous
dispersion/air interface is enhanced when both the particle and chitosan concentrations are
increased at a fixed concentration of the other component. This leads to an enhancement on the
ability of the dispersions to reduce the interfacial tension. Furthermore, the results show a
pronounced synergistic impact of the interaction between chitosan and silica nanoparticles on
the reduction of the interfacial tension. This means that the adsorption of the mixed dispersions
results in a more pronounced in the interfacial tension of the liquid/air interface than that
observed for the adsorption of the individual components. This synergistic adsorption is
analogous to that observed by Maestro et al. [53] and Arriaga et al. [54] for the adsorption at
the dispersion/air interface of silica nanoparticles decorated with an alkyltrimethylammonium
bromide surfactant and silica nanoparticles decorated with n-amylamine, respectively. However,
this synergistic adsorption contrasts with the findings by Eftekhari et al. [55] for silica
nanoparticles decorated with an alkyltrimethylammonium bromide surfactant. They observed
that the addition of particles increases the interfacial tension in relation to the values
corresponding for the surfactant.

At low chitosan concentration and fixed nanoparticle concentration, chitosan-capped silica
nanoparticles shows a very reduced surface activity, and therefore a reduced interfacial
coverage can be expected. This results in an almost negligible reduction of the interfacial
tension in comparison to that of the pristine water/air interface. However, an increase in the
chitosan concentration in the dispersion, with a fixed silica concentration, results in a significant
enhancement of the surface activity of the capped-silica nanoparticles. This can be explained
by the fact that as the chitosan concentration increases, the hydrophobization of the
nanoparticles is enough to increase their surface activity and promote their adsorption to the
aqueous dispersion/air interface.[27]

3.3. Surface dilational response of chitosan-capped silica nanoparticle layers at the
dispersion/air interface

The study of the damping of electrically excited capillary waves the dispersion/air interface,
caused by the presence of chitosan-capped nanoparticle layers, offers valuable insights into the
dilational interfacial rheological behavior at frequencies exceeding 50 Hz. These measurements
provide critical information on the kinetic processes occurring within the adsorbed layer, such

as the redistribution of chitosan molecules between the nanoparticles and the fluid/fluid
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interface, or the structural reorganization within the adsorbed layer.[45] To investigate these
phenomena, electrocapillary wave experiments were performed across a frequency range of 60-
450 Hz. Frequencies beyond 450 Hz could not be explored due to a significant decrease in
signal intensity, which substantially impacted the sensitivity of the measurements.

The spatial profile of a capillary wave excited at an arbitrary point on a fluid/fluid interface (xy
plane), which is defined as coordinate x = 0, can be described in terms of a damped cosine wave,
given by the following expression,

u, = ule P*cos (27” + ¢), 1)
where 1 is the wave amplitude, and 8 and 4 are the damping coefficient and the characteristic
wavelength of the capillary wave, respectively. ¢ accounts for the phase lag. Figure 4 shows
the frequency (v) dependence of the damping coefficients and the characteristic wavelengths
corresponding to layers of chitosan-capped silica nanoparticles adsorbed at the dispersion/air
interface.

The results suggest that at a constant frequency, the capillary wavelength A, exhibits minimal
variation with increasing particle concentration, regardless of the chitosan concentration.
However, this variation becomes more pronounced as the chitosan concentration increases (see
inserted panels in Figures 4a and 4b). These observations can be interpreted using Kelvin's
law (A3 = 2my/v?p, where p represents the bulk density). Kelvin's law is a first-order
approximation valid strictly for low-viscosity simple liquid surfaces [56]. Indeed, the higher
the particle concentration, the lower the interfacial tension, which in turn results in a lower
value of the capillary wavelength. Conversely, the layers obtained from dispersion with lower
values of ccri=5 mM vyield higher 1 values than when the chitosan concentration is higher
(ccti=10 mM). This phenomenon can also be explained by considering that for fixed
nanoparticle concentration, the interfacial tension assumes higher values as the polymer
concentration decreases (see Figure 3).

The interpretation of the frequency dependencies of the damping coefficient is less
straightforward (see Figures 4c and 4d). For the damping coefficient at the highest chitosan
concentration studied (cchi=10 mM), there are no effect of the particle concentration. In contrast,
for dispersions with a chitosan concentration of 5 mM, the damping coefficient values remain
relatively constant at low frequencies, showing no significant variation (i.e., they overlap within
the combined error bars) as the particle concentration changes. However, at higher frequencies,
the damping coefficient decreases as the particle concentration increases. Furthermore, an
increase in polymer concentration results in an increase in the value of the damping coefficient

for a fixed silica nanoparticle concentration. This can be understood by considering a derivation
14
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of Stokes’s law (8 = 4nw /3y, where 7 represents the solution viscosity). This predicts, for the
surface of low viscosity pure liquids, an increase in the damping coefficient with the increase
in the viscosity (viscosity data for chitosan solutions and chitosan-capped silica nanoparticle
dispersions are reported in Table 1). In addition, the reduction in the interfacial tension resulting
from the increase in the polymer concentration should consequently result in an increase in the
damping coefficient. Additionally, it must be expected that the increase in the surface
concentration will also contribute to the enhanced damping coefficient due to the viscoelastic

character of the monolayer.

0 100 200 300 400 500 ' 0 100 200 300 400 500
v (Hz) v (Hz)

B (cm™)

0 100 ZOOV (HZ)3OO 400 I 500 0 100 2001/ (HZ)SOO 400 I 500
Figure 4. Frequency dependences of the wavelength (1) and damping (5) for layers obtained
from the adsorption of dispersions of chitosan-capped silica nanoparticles, with different
chitosan and silica nanoparticles concentrations, at the dispersion/air interface (pH=4.5). (a, b)
A values for layers obtained from the adsorption of dispersions with chitosan concentrations 10
mM and 5 mM, respectively, and (c,d) g values for layers obtained from the adsorption of
dispersions with chitosan concentrations 10 mM and 5 mM, respectively. The figures inserted
in panels a and b represent a zoom of the frequency dependences of the wavelength (1) in the
frequency range 200-300 Hz. In the different panels, the lines are guides for the eyes, and the
different symbols refer to different nanoparticle concentrations: (m) Cnes=0 %w/w, (e)
cnes=0.5 %w/w and (A) cnes=1 %w/w. The data reported correspond to the average of three

independent measurements.
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Table 1. Viscosity data for chitosan solutions and chitosan-capped particle dispersions at
pH=4.5 as were obtained by using a Ubbelohde viscometer. Notice that only stable chitosan-
capped particle dispersions were measured. The data reported correspond to the average of three

independent measurements.

Ceri (MM) n (mPa.s) n (mPa.s) n (mPa.s) n (mPa.s)

Cnps=0%W/W  Cnps=0.4%W/W  Cnps=0.5%W/W  Cnps=1.0%wW/W

2 1.5+0.1

4 3.04+0.2 2.01+0.1

5 3.5+0.3 - 2.4+0.2

10 5.1+0.5 - 4.5+0.5 4.1+0.5

The modification of the damping coefficient with the particle concentration reveals the
existence of two different regimes, as evidenced by the results. At a high chitosan concentration
(ccri=10 mM), the damping coefficient remains almost constant regardless of the silica
nanoparticles concentration. This can be understood by considering that at such high chitosan
concentration, the variation of the solution viscosity is minimal with the increase in the particle
concentration. Conversely, when the concentration of chitosan is reduced to 5 mM, the viscosity
exhibits a more pronounced decrease with the increase in the particle concentration, resulting
in a corresponding decrease in the damping coefficient with the particle concentration.

A more detailed examination of the frequency dependence of the capillary wavelength and the
damping coefficient (see Figure 5) reveals that the experimental data are consistent with the
predictions of simple scaling laws: q~«? and S~wP, where w=2nv represents the angular
frequency and gq=2n/4 is the wavevector. In this analysis, the exponent a was found to be in the
range 0.67-0.69 under all conditions studied, which is in close agreement with the prediction of
Kelvin's law: g~w?3. In contrast, the exponent for the scaling law describing the frequency
dependence of g differs from the predicted value derived from the Stoke’s law (b~1).[56] This

is undoubtedly related to viscoelastic character of the interfacial layer.
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Figure 5. Representation of the dependences of g and g on the angular wavelength for layers
obtained from the adsorption of dispersions of chitosan-capped silica nanoparticles, with
different chitosan and silica nanoparticles concentrations, at the dispersion/air interface
(pH=4.5). (a, b) q values for layers obtained from the adsorption of dispersions with chitosan
concentrations 10 mM and 5 mM, respectively, and (c,d) g values for layers obtained from the
adsorption of dispersions with chitosan concentrations 10 mM and 5 mM, respectively. In the
different panels, the solid lines are guides for the eyes, and the different symbols refer to
different nanoparticle concentrations: (m) Cnes=0 %w/w, (@) cnes=0.5 %w/w and (A)
cnes=1 %w/w. On the other hand, the dotted black line represents the ideal scaling behavior
described by Kelvin (q~e? with a~2/3) and Stokes laws (8~w® with b~1) for q and f,

respectively. The data reported correspond to the average of three independent measurements.

To determine the dilational response of a monolayer from electrocapillary wave experiments,
it is essential to numerically solve the dispersion equation, D(g, w) = 0. This equation connects
the characteristics of transverse wave propagation —angular frequency o, wavelength A, and
damping coefficient f— with the monolayer's constitutive parameters, including interfacial
tension (y), dilational storage modulus (er), and dilational viscosity (x) [57,58,59].

D(g,w) =T(q, w,7)L(q, w,€) + C(q, w). )
The underlying premise is that the dilational rheological behavior of layers at the water/air
interface can be characterized in terms of the interaction between the transverse or capillary

component, T(q, w,y), and the longitudinal or dilational component L(q, w, €). In this context,

17



498
499
500

501

502

503
504
505
506
507
508
509

510

511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528

C(q, w) accounts for the coupling between transverse (capillary) and longitudinal (dilational)
waves.[59] By solving the dispersion equation, it becomes possible to compute the dilational

viscoelastic modulus as

Vq2+inw(q+m)—§w2

£(w) = &(w) +ig(w) = e(w) =

0 ina(g +m)
qZ' (3)

with g = 27" — if being the complex wavevector and m = /qz + iw%the capillary penetration

depth (Re(m) > 0). Accurately extracting the constitutive parameters of monolayers from
electrocapillary wave measurements presents significant challenges. These challenges
primarily arises from the varying sensitivity of capillary waves to the dilational properties of
the interface. The resonance condition suggests that when the frequency of dilational modes is
close to that of the capillary modes, the sensitivity of capillary waves in determining the
interfacial dilational elastic modulus (er) and the interfacial dilational viscous modulus (g;) is

maximized. In first approximation, the resonance occurs under the following condition,

(%)R = 0.10 — 0.15. (4)
The subscript R denotes the resonance condition, which is crucial for the accurate determination
of dilational parameters from electrocapillary wave experiments. When the &,./y ratio deviates
from the resonance condition, the uncertainty in the dilational parameters obtained from the
experimental data analysis increases significantly. In the case of the experiments performed in
this work, &,./y >(&,/y)& which introduces a large uncertainty in the determination on the
determination of the viscoelastic parameters of the interface. This uncertainty increases as the
&.ly increases. Therefore, assuming that the interfacial tension is a constant for a specific
dispersion of capped particles, the uncertainty in the determination is expected to increase as
the in the interfacial dilational elastic modulus increases. This can be understood by considering
that, far from the resonance, a small variation in the input values of y and 7 introduces a large
uncertainty in the determination of the interfacial dilational viscoelastic moduli.

Figure 6 shows the frequency dependence of the interfacial dilational elastic (e,.) and viscous
(g;) moduli corresponding to layers of chitosan-capped silica nanoparticles at the dispersion/air
interface. These were obtained for the adsorption of dispersions with increasing concentrations
of silica nanoparticles and a fixed concentration of chitosan (10 mM).

The experimental data indicates that, except for chitosan solutions (cnes=0%w/w), the storage
component of the dilational viscoelastic response, i.e., the elastic modulus, of the

nanocomposite layer is higher than the viscous modulus within the entire frequency range. In
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the particular case of chitosan layers, ¢,>¢; at the lowest frequencies, where &, becomes
comparable to g; at the highest frequencies probed. Therefore, it can be assumed that chitosan
layers pass from a mainly elastic behavior to a gel-like one with the increase of the frequency.
On the other hand, the storage contribution for nanocomposite layers is higher than that
observed for chitosan (see Figure 6a), whereas the opposite is true for the viscous modulus.
This can be assumed to be the result of the different structure of the layers. Pure chitosan layers
at the solution/air dispersion present the capacity to reorganize at the interface and dissipate the
energy associated with the interfacial deformation through the reorganization of the polymer
chains. This phenomenon is less pronounced when the nanocomposite layers are considered, as
most of the chitosan is expected to be attached to the particles, and therefore its reorganization
within the interface is very limited. Additionally, the dilational deformation of the interface is
expected to contribute to the packing of the particles at the interface, which presents a more
limited capacity to reorganize. This, in turn, contributes to the increase of the importance of the

elastic component of the dilational response.
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Figure 6. Frequency dependences of the interfacial elastic (&,) and viscous (g;) moduli obtained
from electrocapillary wave experiments for layers obtained from the adsorption of dispersions
of chitosan-capped silica nanoparticles, with different silica nanoparticles concentrations and a
fixed chitosan concentration (10 mM), at the dispersion/air interface (pH=4.5). (a) cnps=0%w/w.
(b) cnps=0.5%wi/w. (c) cnes=1.0%wi/w. In all the panels solid symbols represent &, values and
open symbols represent &;. The data reported correspond to the average of three independent

measurements.
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The aforementioned scenario differs when the chitosan concentration is reduced to 5 mM, as
shown in Figure 7. Indeed, under these conditions, the chitosan layer displays predominantly
elastic behavior (g;~0, irrespectively of the probed frequency), whereas in the case of the
chitosan-silica nanoparticle composite layer, the elastic and viscous moduli differ significantly
at low frequencies. However, they assume very similar values at the highest probed frequencies.
This can be understood by considering that in the case of chitosan layer, the low chitosan
concentration allows the chitosan to attach at the interface in an extended conformation.
Consequently, the viscous dissipation resulting from the presence of segments protruding into
the air phase is strongly hindered. On the other hand, the different behavior on the viscoelastic
response of the composite layer in relation to layers with higher chitosan concentration can be
ascribed to the fact that the higher the concentration of chitosan in the mixed dispersion, the
more pronounced the interparticle packing at the interface, which is a consequence of the cross-
linking between the chitosan-capping layers. This results in an increase in the values of the
elastic modulus as the chitosan concentration increases in the mixed dispersion. On the other
hand, the viscous modulus increases with the chitosan concentration for chitosan layers,
whereas it appears relatively independent on the chitosan concentration with the nanocomposite
layers are considered. It is important to note that the values of the dilational elastic modulus,
which exceeds the viscous modulus across the studied frequency range, suggest that these layers
can resist deformation and maintain structural integrity under dynamic conditions. Such
properties play a very important role for stabilizing foams, where the elastic nature of the
interfacial film is critical for preventing bubble coalescence and collapse.

A more detailed analysis of the dilational viscoelastic moduli reveals the existence of a
relaxation process with a characteristic frequency in the range of 102 Hz for particle-laden films.
Given the frequency range in which this relaxation occurs, it cannot be ascribed to a diffusion-
controlled adsorption of the particles at the interface, which should appear in the frequency
region below 1 Hz.[45] Consequently, the relaxation observed in the dilational response is
likely associated with a kinetic process occurring within the interface. This may be attributed
to the reorganization of the chitosan chains attached to the particles, or even to free chitosan
molecules co-adsorbed at the interface together with the chitosan-capped particles. It is unlikely
that this kinetic process at the interface can be associated with a time-dependent reorganization
of the particles at the interface, which may appear at frequencies closer to that corresponding
to the diffusion from the bulk to the interface.[45] Unfortunately, the limited accessible
experimental window provided by the electrocapillary measurements performed in this work

does not allow for a more detailed analysis of the relaxation process occurring within the
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interfacial films. To overcome the limitations imposed by the experimental window of ECW
measurements, future studies could integrate complementary techniques in the low frequency
range (oscillatory interfacial rheology or capillary pressure tensiometry) and high frequency
ranges (surface quasi-elastic ligth scattering) to capture a broader range of relaxation processes
[60]. Additionally, advancements in instrumental sensitivity and theoretical modeling would
enhance the precision and applicability of ECW data for analyzing complex interfacial systems,

allowing the extension of the experimental window.
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Figure 7. Frequency dependences of the interfacial elastic (&,-) and viscous (g;) moduli obtained
from electrocapillary wave experiments for layers obtained from the adsorption of dispersions
of chitosan-capped silica nanoparticles, with different silica nanoparticles concentrations and a
fixed chitosan concentration (5 mM), at the dispersion/air interface (pH=4.5). (a) cnps=0%w/w.
(b) cnps=0.5%w/w. In all the panels solid symbols represent ¢, values and open symbols

represent ;. The data reported correspond to the average of three independent measurements.

4. Conclusions

The adsorption of chitosan on silica nanoparticles has a significant impact on the
hydrophobicity and charge properties of the nanoparticles. At pH 4.5, optimal adsorption occurs
due to the strong positive charge of chitosan and the negative charge of silica nanoparticles,
which facilitate electrostatic interactions. This optimal pH was selected for the evaluation of
the stability of chitosan-silica nanoparticle dispersions and their capacity to adsorb at the
water/air interface. The compositional map at pH 4.5 indicated the presence of two distinct
stability regions for these dispersions, separated by an instability region prone to rapid phase
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separation. This instability is attributed to the neutralization of the silica nanoparticle surface
charge by adsorbed chitosan, which reaches an isoelectric point where colloidal stability is lost,
resulting in sedimentation of the particles. Furthermore, an increase in chitosan concentration
beyond this point results in charge inversion and the formation of positively charged chitosan-
capped nanoparticles, as evidenced by electrophoretic mobility measurements. Pristine silica
nanoparticles exhibited a negative { potential, whereas those capped with chitosan displayed
positive values, confirming the chitosan adsorption and resulting charge alterations.

The adsorption studies conducted at the aqueous dispersion/air interface showed that chitosan
has a significant impact on reducing interfacial tension, which contrasts with the negligible
surface activity observed for bare silica nanoparticles. The interfacial tension was observed to
decrease with increasing chitosan concentration, which serves to illustrate chitosan’s
amphiphilic nature and its role in enhancing the surface activity of the nanoparticles. This
synergistic effect results in a more pronounced reduction in interfacial tension than would be
expected from the individual components.

The damping of electrocapillary waves experiments provided insights into the interfacial
rheology of chitosan-capped nanoparticle layers. The presence of these nanoparticles resulted
in alterations to both the capillary wavelength and the damping coefficient. At higher
concentrations of particles, a reduction in interfacial tension and capillary wavelength was
observed. The damping coefficient exhibited a dependence on both particle and chitosan
concentrations. At elevated chitosan concentrations, the viscosity of the dispersions increased,
resulting in an enhanced damping. Additionally, the surface excess of the layer formed was
expected to be higher, contributing to the observed increase in damping. The frequency
dependence of the interfacial dilatational elastic and viscous moduli revealed that
nanocomposite layers exhibited a higher elastic modulus in comparison to pure chitosan layers.
This can be attributed to the restricted capacity of composite layers at the interface for
reorganization, which consequently increases the importance of the elastic response. Overall,
the study highlights the critical role of pH in modulating chitosan adsorption on silica
nanoparticles, the resulting phase behavior, surface charge modifications, and enhanced
interfacial properties of the composites. In addition, the mainly elastic character of the formed
layers and the enhanced adsorption capabilities observed suggest that these nanocomposite
layers are well-suited for stabilizing foams and emulsions, where interfacial viscoelasticity and
tension reduction are critical factors. Potential applications include food-grade foams,
pharmaceutical emulsions, and cosmetic formulations, where stability and biocompatibility are

paramount.
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