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Nanocellulose from a colloidal
material perspective

Jose Luis Sanchez-Salvador, Hongyu Xu, Ana Balea,
Carlos Negro and Angeles Blanco*

Department of Chemical Engineering and Materials, Universidad Complutense de Madrid, Madrid,
Spain

Cellulose nanomaterials present unique properties of interest for their many
applications. Their behavior is mainly related to the colloidal properties
that determine their self-assembly and stability mechanisms as well as their
interaction with the particles present in different matrices. This review shows
the state of the art of nanocellulose from a colloidal material perspective, from
the approach of how to control these properties and their influence on the final
products, such as drug delivery, coatings, nanocomposites, or tissue engineering,
emphasizing the role of colloidal behavior in determining their performance.
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1 Introduction

Cellulose nanomaterials or directly named nanocellulose (NC), derived from renewable
resources such as wood, plant-based cellulose as well as from wastes, both from forest and
agro-industries, have emerged as a fascinating nanomaterial due to its remarkable properties
and numerous applications in various fields (Blanco et al., 2018; Pennells et al., 2020). NC
was first discovered in the late 20th century, the initial breakthrough occurred in the 1980s
when researchers discovered that cellulose could be broken down into nanoscale dimensions
(Turbak et al., 1983). However, it was not until the 1990s that the term “nanocellulose” was
coined to describe these nano-sized cellulose particles (Klemm et al., 2011; Dufresne, 2013).

NC products exhibit unique properties, including high mechanical strength, large
surface area, colloidal behavior, low density, and biodegradability, making an attractive set of
materials for various industries (Salas et al., 2014; Rahman et al., 2023). The development of
knowledge to tackle the challenges in their production, characterization and application has
focused the attention of researchers in the last 3 years. According toWeb of Science, between
2020 and 2022, 9,559 papers have been published on NC, cellulose nanocrystals (CNCs)
and cellulose nanofibrils (CNFs). Among them, around 5,900 consider their properties,
more than 1,300 are focused on their production, around 4,400 refers to the different
application, more than 1,100 are directly related to the products obtained and 1,100 discuss
characterization methodologies. Although 3,400 papers are published in the category of
Polymer Science, only 21 are directly based on interfacial and colloidal properties of NC.
Nevertheless, numerous authors have considered the interface and colloidal properties
of NC products to improve the production processes or with the aim of optimizing
their characteristics and facilitating their application in various fields (Zhu M. et al., 2021;
Teo et al., 2022). Currently, there is a great fragmentation of knowledge on the colloidal
behavior of NC products and therefore a need of a research integration and synthesis to
provide an important step in the scientific process.
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In this paper, we review the state of the art of NC from a colloidal
material perspective, focusing on its colloidal characteristics and
behavior which affect their self-assembly capacity, stabilization
mechanisms, and interaction with other particles. Discussion
provides an integrated, synthesized overview of the current state
of knowledge on the factors influencing the colloidal stability of
NC dispersions, the strategies employed to control these properties
and their influence on the final applications of the NC dispersions,
including a wide number of fields such as drug delivery, coatings,
nanocomposites, or tissue engineering, emphasizing the role of
colloidal behavior in determining their performance.

2 Colloidal behavior of nanocellulose

Colloidal particles are defined as microscopic particles with a
dimension scale ranging from nanometers to micrometers. More
broadly, can be defined as any substance, including films or fibers,
with at least one dimension in this range and may exist as single
materials or dispersions of one substance in a fluid phase (Lu and
Weitz, 2013; Lee, 2018). Within the later, NC particles, typically in
the form of CNC or CNF suspensions, exhibit colloidal behavior
due to their nanoscale dimensions (Xu et al., 2020). The small size
and large surface area-to-volume ratio of NC particles lead to their
exceptional stability and reactivity (Shahzad et al., 2023). According
to ISO 2017 20,477 standard, these particles, which mainly differ
from each other in the presence of amorphous regions in CNFs,
display a high aspect ratio in both cases (Figure 1). In addition,
the introduction of repulsive charges that facilitates the isolation
of individualized crystals or fibers provides them unique colloidal
properties (Heise et al., 2022).

NC is often produced in the form of colloidal suspensions,
where individual NC particles are dispersed in a liquid medium,
such as water (Solhi et al., 2023). High surface area of NC
allows for more contact points with the matrix material in paper
and composites, enhancing the reinforcing effect (Perdoch et al.,

2022; Seydibeyoğlu et al., 2023). It facilitates improved stress
transfer between the NC and the matrix, resulting in enhanced
mechanical properties such as increased tensile strength, modulus,
and toughness. Furthermore, a higher surface area promotes a
greater interfacial area for effective bonding between the NC
and the matrix material. This improved interfacial interaction
enhances load transfer and dispersion of stress, leading to enhanced
reinforcement in the composite system. The colloidal stability
of NC suspensions ensures that these products remain well-
dispersed (repulsive forces higher than attractive ones, as shown
in Figure 2) avoiding aggregation and sedimentation over time
(Nordenstrom et al., 2017). When this stability is altered (attractive
forces > repulsive forces), NC particles aggregate or flocculate
and their surface area and accessibility decrease, leading to
reduced inter and intra interactions between themselves and
with other materials reducing their reinforcement and barrier
properties.

The concentration of reinforcement particles reaches saturation
due to two main factors: the frailty of the reinforcement
constituent and the surface compliance between the matrix and
the filler (Alagarsamy et al., 2023). The frailty of the reinforcement
constituent refers to its limited stability. As more reinforcement
particles are incorporated into the matrix, the overall structural
integrity of the composite material increases. However, there is
a limit to the number of NC particles that can be effectively
dispersed and integrated without compromising the reinforcement’s
mechanical properties. Once the concentration of particles
surpasses this limit, the reinforcement constituent becomes more
susceptible to breakage or deformation, reducing its effectiveness in
enhancing the material’s strength. On the other hand, the surface
compliance between the matrix and the reinforcement material also
plays a crucial role in the saturation of reinforcement concentration.
In composite materials, the matrix and the NC interact at their
interface. Ideally, the NC should be uniformly distributed and
strongly bonded to the matrix to maximize the transfer of stress and
load between the two components. However, as the concentration

FIGURE 1
Differences between cellulose nanofibrils and cellulose nanocrystals (Adapted from ISO standard 20477).
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FIGURE 2
Stabilization mechanisms of nanoparticles: Force balancing of attractive forces (Van der Waals interactions and hydrogen bonds) with and without
repulsion. Balances between attractive and repulsive forces [Adapted from Matter et al. (2020)].

of NC increases, it becomes more challenging to maintain this ideal
interaction. Agglomeration or poor bonding between the matrix
and NC may occur, leading to stress concentrations and weak
points in the material. This limits the ability to further increase
the concentration of reinforcement particles.

Surface area also affect the barrier properties of NC films or
coatings that are attributed to the existence of dense networks with
small pore sizes with tortuous path created by the interconnected
NC fibers, which slows down the diffusion of gases and liquids
(Ilyas et al., 2022; Aigaje et al., 2023). The accessibility of NC refers
to its ability to interact with gases, liquids, or particles that
attempt to pass through it. This accessibility influences the effective
blocking of molecules or particles, contributing to improved barrier
performance creating a barrier against water vapor transmission and
other gases.

In summary, colloidal properties are crucial for the successful
utilization of NC products. Stable NC dispersions facilitates
the uniform and homogeneous mixing with other materials,
leading to improved processability and product quality (Chu et al.,
2020). Furthermore, stable dispersions also enable consistent and
predictable behavior during processing, storage, and application
of NC-based products. Colloidal stability plays a crucial role
in maintaining the integrity and functionality of these products
over extended periods. Stable dispersions of NC minimize the
risk of phase separation, precipitation, or irreversible aggregation,
ensuring the long-term performance and stability of the final
products. This is key, for example, in biomedical applications, as
unstable NC dispersions can lead to unpredictable behavior and
potentially adverse effects on cells, tissues, or organisms. Stable
and well-characterized NC suspensions are crucial for ensuring

biocompatibility and minimizing any potential toxicity concerns
(Joseph et al., 2020).

2.1 Stabilization mechanisms

NC particles behave as colloids dispersed in a medium, and
the repulsion between them can be described by the concept
of colloidal stability. Colloidal stability is based on the DLVO
theory in which the equilibrium between repulsive and attractive
forces are determined by several factors, including electrostatic
repulsion, steric repulsion, and van der Waals forces (Figure 2).
All these processes determine the stability of CNC dispersions and
the 3D network stability of CNFs in which the importance of
gravity and inertia decreases (Benselfelt et al., 2023).Therefore, they
determine the final efficiency of the NC products in their different
applications.

Electrostatic repulsion arises from the presence of charged
groups in the NC. If all particles have the same charge, they
repel each other due to electrostatic forces. This repulsion can
be enhanced by increasing the charge density on the NC surface
(de Souza et al., 2020) or by introducing ions with like charges
into the surrounding medium, creating a double layer of ions
around the colloidal particles that increased their zeta potential.
Ionic strength of the medium has a significant effect on colloidal
stability. Lower ionic strength can enhance colloidal stability.
When the ionic strength is low, there are fewer ions present to
shield the charged surface of colloidal particles. This allows for
stronger electrostatic repulsion, preventing particle aggregation and
maintaining colloidal dispersion. Conversely, high ionic strength
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leads to higher concentrations of ions in the surrounding medium,
which can shield the charged surface of the colloidal particles,
diminishing the repulsive forces that keep them dispersed. The
reduced electrostatic repulsion allows for attractive forces, such as
van der Waals interactions, to dominate, causing colloidal particles
to aggregate or flocculate. This aggregation leads to the formation of
larger and more settled particles, resulting in the destabilization and
eventual precipitation or sedimentation of the colloidal system.

Steric repulsion, also known as steric hindrance, occurs when
polymer chains or other surface-active molecules adsorb onto the
colloid’s surface, creating a physical barrier that prevents particles
fromapproaching each other closely (Van De Ven and Sheikhi, 2016;
Tardy et al., 2017). This steric layer can hinder particle aggregation
and maintain the NC colloidal stability (Raj et al., 2017). The
strength of steric repulsion depends on factors such as the length,
flexibility, and density of the polymer chains, as well as the surface
coverage of the steric stabilizer. Higher polymer chain lengths,
greater chain flexibility, and higher surface coverage generally
enhance the steric repulsion and improve colloidal stability. NC
particles can be also used as steric hindrance of other compounds,
such as in the production of Pickering Emulsions in which NC
play the role of stabilizer (Saffarionpour, 2020; Li et al., 2022). Steric
repulsion is particularly effective in stabilizing colloidal systems
against destabilizing forces, such as electrostatic attractions or van
der Waals forces. Unlike other stabilization mechanisms, steric
repulsion can operate independently of the electrolyte concentration
or pH of the system, making it more robust and versatile.

Van der Waals forces are attractive forces that arise from
temporary fluctuations in the electron distribution of particles and
act at longer distances than electrostatic forces. While these forces
are typically attractive, at very close distances, they can become
repulsive due to overlapping electron clouds. This repulsion is
known as the van der Waals repulsion and acts as a repulsive barrier
preventing particles from coming into direct contact.

Hydrodynamic effects, risen from the relative motion between
the particles and the surrounding fluid, as also key factors in the
stabilization of suspensions (Gustafsson et al., 2018; Matter et al.,
2020). Brownian motion is the random movement of particles in a
fluid due to collisions with surroundingmolecules. It arises from the
thermal energy of the system. The continuous and erratic motion
of particles and solvent molecules helps to counteract the attractive
forces between particles, thereby preventing their aggregation and
settling. Moreover, Brownian motion also aids in the stabilization of
colloids by enhancing the rate of diffusion. The rapid and random
movement of particles allows for efficient mixing and interaction
between particles, leading to the equal distribution of particles
throughout the medium. The random collisions with the molecules
of the surrounding fluid generate a drag force, also known as the
viscous drag or Stokes drag, which opposes the motion of the
particles. The drag force depends on the size, shape, and velocity of
the particles, as well as the viscosity of the fluid.The drag force tends
to hinder the motion of colloidal particles, causing them to settle or
aggregate over time if left undisturbed, leading to destabilization of
the colloidal system. Hydrodynamic interactions between particles
clearly affect their stability since the motion of particles induces
fluid flows that can create attractive or repulsive forces. Therefore,
hydrodynamic interactions can either promote particle aggregation
or hinder it, depending on factors such as particle concentration

and fluid flow conditions. Furthermore, hydrodynamic forces are
involved in processes such as sedimentation and diffusion, which
also alter the stability of NC systems. The rate of sedimentation
depends on the particle size, density, and the viscosity of the fluid
and favors destabilizationwhile, one the other hand, diffusion driven
by the random motion of particles due to thermal energy, can lead
to the redistribution of particles in the system.

There are many factors that determine the stabilization of
NC suspensions over time, and this is a key parameter for
its application. However, it was only recently when researchers
demonstrated that the dispersion of NC suspensions before its use is
of critical importance for the successful application of these products
(Balea et al., 2017; Campano et al., 2018). In the case of fibrillated
NC low dispersion of fibers produce agglomerates with a reduced
effect as reinforcement additives while high dispersion may break
down and collapse the 3D network, reducing also the product
efficiency (Sanchez-Salvador et al., 2022). The optimal openness of
the 3D network depends on the final applications (Figure 3). This
has been studied for the use of CNF as reinforcement of paper and
for the application of coating formulations (Sanchez-Salvador et al.,
2023).

2.2 Factors that influence nanocellulose
stabilization

The stabilization of NC materials involves several factors, both
intra and interrelated. These factors can influence the overall
stability and performance of NC materials. Key intrarelationships
are related to NC source (CNFs or CNCs), since it affects its intrinsic
properties and stability; surface charge and surface functionalization
can enhance stability by introducing chemical groups or coatings
to mitigate aggregation and improve compatibility with specific
applications; medium characteristics, as pH and ionic strength, by
influencing surface charge, electrostatic interactions, and hydration
forces; or dispersion. On the other hand, between the interrelations
are important the solvent; temperature and dry methods in case
of CNCs; dispersion or flocculation additives; and environmental
factors, such as humidity and exposure to UV radiation. It is
important to note that these factors are all connected, and their
combined effects determine the overall stability of NC. Researchers
and users must consider these factors collectively to optimize the
stabilization of NC materials for various applications (Van De Ven
and Sheikhi, 2016).

2.2.1 Surface Charge
The surface charge of NC particles affects their stability. NC

can acquire a surface charge through various methods, such as
chemical modification or pH adjustment (Table 1). The presence of
charged groups on the surface can lead to electrostatic repulsion,
enhancing stability by preventing particle aggregation. In general,
NC presents hydroxyl groups on the surface that enable strong
hydrogen bonding interactions between NC particles, leading to
the formation of networks or hierarchical structures. However, it
is also possible to cationize the products by direct cationization,
etherification, esterification, adsorption, among others. In this way
the compatibility and interaction of NC with various systems, such
as polymers or biomolecules, is enhanced.
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FIGURE 3
Representations of fibril network in the deposit of the graduated cylinders at increasing agitation speeds [Adapted from Sanchez-Salvador et al. (2022)].

Cationization is one way of functionalized NC to enhance
its properties and expand its range of application. It involves the
direct chemical modification of anionic NC using cationic agents,
such as quaternary ammonium salts, polyethyleneimine, or other
polymers. The cationic agents interact with the hydroxyl groups
on the cellulose surface increasing the positive charges, by a non-
covalent kind of cationization following a reversible adsorption-
desorption process (Aguado et al., 2022). The rate of adsorption and
desorption of cations can depend on factors such as concentration,
pH, temperature, and the nature of the cation and NC surface.
In most cases the kinetics follow pseudo-second order kinetics,
indicating that the intra-particle diffusion through the fiber is the
rate-controlling step (Ranjbar et al., 2020). However, specific kinetic
parameters vary depending on the experimental conditions, the
specific NC material, and the cationic polymer studied.

Etherification involves the introduction of ether groups onto
NC through the reaction between cellulose hydroxyl groups and
cationic reagents, such as epoxides, alkyl halides or alkyl sulfates.The
reaction typically occurs under alkaline conditions to facilitate the
substitution of hydroxyl groups with ether linkages. The alkylating
agent replaces the hydrogen atom of the hydroxyl group, resulting
in the formation of an ether bond. The degree of etherification
can be controlled by adjusting the reaction conditions, such as
reaction time, temperature, and the concentration of alkylating
agent (Gomri et al., 2022; Noremylia et al., 2022). In esterification,
NC is reacted with cationic reagents, such as fatty acids or
anhydrides, to form cationic esters. The reaction occurs between the
hydroxyl groups of cellulose and the carboxyl groups of the cationic
reagents (Noremylia et al., 2022).

2.2.2 Electrolyte concentration
The presence of electrolytes in the solution influence colloidal

stability. High concentrations of electrolytes can screen the
electrostatic repulsion between NC particles, leading to particle
aggregation (Blanco et al., 2001). The type and concentration of
electrolytes must be considered to maintain stability. The critical
aggregation concentration follows the Schulze–Hardy law, i.e.,
the critical aggregation concentration decreased with increasing
counterion valence. For the CNCs and monovalent ions, the critical

concentration follows the trend Li+ > Na+ > K+ > Cs+ (Phan-
Xuan et al., 2016). This is especially important when NC is used
in closed water circuits such as in the production of paper and
board since the high conductivity of the medium will reduce
the effectiveness of the NC. Furthermore, in some cases it may
destabilize the suspensions and break down the 3D network in the
case of CNF.

2.2.3 Solvent and pH
The solvent and pH conditions can also affect the stability of

NC dispersions. Different solvents can interact differently with the
NC surface, affecting the colloidal stability. NC is well-dispersed
in strong polar solvents due to the interaction between the surface
hydroxyls and solventmolecules.Themost used one is the water. On
the other hand, theNChydrophilicitymakes difficult to disperse it in
hydrophobicmedia, such as low polar and nonpolar organic solvents
(Chu et al., 2020). Changes in pH can alter the surface charge of
NC particles, affecting their stability and interactions with other
particles or additives in a suspension (Aoudi et al., 2022). At specific
pH values, the surface charge of NC particles can be neutralized or
reversed, leading to flocculation or aggregation. At low pH values,
the surface charge of theNCparticlesmay becomemore positive due
to protonation of the surface groups. This increased positive charge
can reduce the electrostatic repulsion between nearby particles,
leading to the formation of larger aggregates and flocs. On the other
hand, at higher pH values, the surface charge of the NC particles can
become more negative due to deprotonation of surface groups. This
increased negative charge can enhance the electrostatic repulsion
between particles, preventing flocculation and maintaining a stable
dispersion.

The pH dependence of NC flocculation can be utilized for
various applications. Adjusting the pH can control the dispersion
or aggregation of NC, enabling the formation of desired structures
or the separation of NC from a suspension. Additionally, pH-
responsive additives can be used to enhance flocculation or
stabilization properties under specific pH conditions. Therefore,
understanding the pH conditions are crucial for optimizing NC
flocculation processes and tailoring the properties of NC-based
materials.
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TABLE 1 Surface charge of cellulose nanomaterials with different treatments.

NC type Surface group added Treatment Surface charge Zeta potential References

CNCs/CNFs - Enzymatic hydrolysis - −31 and −26 mV Tibolla et al. (2014),Xu and Chen
(2019)

CNFs - Refining - −11 to −25 mV Ang et al. (2020)

CNCs Carboxyl groups Ammonium persulfate mediated
oxidation

0.6–1.4 mmol COOH/g
pulp

−26 to −41 mV Mascheroni et al.
(2016),Rozenberga et al.

(2016),Araya-Chavarría et al.
(2022),Haunreiter et al. (2022)

CNFs or CNCs Carboxyl groups TEMPO-mediated oxidation 1–2 mmol COOH/g pulp −23 mV Rozenberga et al.
(2016),Wakabayashi et al.
(2020),Xu et al. (2022)

CNCs Sulfate esters and sulfonate
groups

Acid hydrolysis - −12 to −44 mV Niu et al. (2017)

CNFs Hydroxyl groups Ternary deep eutectic solvents
pretreatment

- −25 to −34 mV Shu et al. (2022)

CNFs Quaternary ammonium
groups

Cationization with
(3-chloro-2-hydroxypropyl)

trimethylammonium chloride
(CHPTAC)

Up to 35% degree of
substitution -

+24 to +30 mV Pedrosa et al. (2022)

NC particles Quaternary ammonium
groups

Etherification with
glycidyltrimethylammonium

chloride

Up to 32% degree of
substitution

+18 to +40 mV Gu et al. (2020)

2.2.4 Addition of polymers
Polymer additives, such as surfactants or polymers, can be used

to provide steric stabilization. These additives adsorb onto the NC
surface, creating a protective layer that prevents particle aggregation
by steric hindrance (Tardy et al., 2017).On the contrary, the addition
of anionic/cationic polymers can produce the opposite effect, the
flocculation of the NC particles, mainly governed by the charge
density, forming aggregates with the polymer added (Raj et al., 2017;
Balea et al., 2019b).

The effect of polyelectrolyte depends on its morphology, charge,
molecular weight and on the surface charge of the NC. In general,
the maximum surface coverage by a polyelectrolyte vary inversely to
polymer charge density and is independent of polymer molecular
weight and morphology. Properties of the soft colloid flocs (size,
strength, and reformation) can be controlled by the polyelectrolyte
charge density and concentration as well as by the shear forces.
Different flocculation mechanisms are possible as neutralization,
patching and bridging which form a self-supporting fibrous network
of fibrillated cellulose (Figure 4). Some flocculants present different
mechanism as a function of theirmolecularweight and charge like in
the case of poly (diallyldimethylammonium chloride (pDADMAC).
These mechanisms may change over time and depends on shear
conditions. Reflocculation is possible when soft flocs are formed
as in the case of neutralization and patching while only partial
flocculation occur when bridging is the primary flocculation
mechanism. Polysalts as polyaluminum chloride flocculates by
compressing the colloidal electrical double layer, with small and
dense flocs that do not form a 3D network. Polymers of high
charge along their molecular structure attach themselves to the
negatively charged particles, forming “patches” on the particle
surfaces, as in the case of polyethylenimine (PEI). If 50% of the

particle surface is covered the flocculation with other particles will
be optimal for neutralization. Flocs are compact and soft easy to
break down by shear forces but with the possibility of reflocculating
when the shear forces decrease. Polymers of high molecular weight,
like polyacrylamides (PAM), adsorb onto the surfaces of particles
and extend into the surrounding solution, forming long loops
and chains. These chains go beyond the Debye length or distance
where the electrostatic interactions between charged particles are
significant. They interact with other particles, linking them together
by bridging which facilitating the formation of large and hard flocs,
difficult to break down but with lower reflocculation capacity. With
time these polymers may reconform with shorter and flatter loops
(Cadotte et al., 2007; Raj et al., 2017).

2.2.5 Mechanical shear
Mechanical shear can have both positive and negative effects

on NC stability, depending on the specific circumstances. On the
positive side,moderatemechanical shear can improve the dispersion
and homogeneity of NC in a liquid medium, such as water or a
polymermatrix.This can enhance the stability of NC suspensions or
composites by preventing the formation of aggregates or sediments.
Shear forces can break down large NC aggregates into smaller
aggregates and individual particles, leading to improved rheological
properties and increased stability. However, excessive, or prolonged
mechanical shear can have detrimental effects on NC stability.
Intense shear forces can cause the breakage or degradation of
NC fibers, resulting in a reduction in their length and overall
properties as shown by Sanchez-Salvador et al. (2022). This can lead
to decreased stability, loss ofmechanical strength, and changes in the
structural integrity of NC-based materials. It is crucial to carefully
control and optimize the shear conditions to balance the dispersion
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FIGURE 4
Main flocculation mechanisms of different polyelectrolytes (Adapted from (Raj et al., 2017)).

and stability of NC. By understanding the specific requirements of
the NC material and application, it is possible to define appropriate
shear conditions to maximize the benefits of mechanical shear while
minimizing potential negative impacts on nanoparticles and on
stability.

2.2.6 Temperature
Changes in temperature can impact the stability of NC

dispersions. Low temperatures can decrease themobility of particles,
reducing the likelihood of aggregation and enhancing stability.
Conversely, high temperatures increase the kinetic energy of
particles, resulting in more vigorous Brownian motion which
enhances collisions and aggregation. In some cases, increasing
temperature can enhance the solubility of certain components,
leading to changes in the colloid’s properties. This effect is
particularly relevant in systems involving temperature-sensitive
phase separation or aggregation, such as certain polymer-based
composites. Temperature also influences the viscosity of both
the dispersing medium and the colloidal system. Generally,
temperature increases lead to a decrease in viscosity, which can
affect the flow behavior and stability of the NC suspensions.
Changes in viscosity can impact processes such as sedimentation,
diffusion, and coagulation.Generally, NC exhibits increased stability
at lower temperatures. High temperatures can lead to various
degradation mechanisms, such as thermal decomposition and
chemical reactions, which can negatively impact the structure and
properties of NC. These degradation processes can result in a loss of
mechanical strength, changes in particle size and morphology, and
alterations in the surface chemistry of NC. Temperature may also
induce phase transitions in defibrillation processes to produce NC
gels. It is important to consider the temperature conditions during
storage, processing, and application of NC to ensure its stability and
preserve its desired characteristics.

2.3 Self-assembly and aggregation
behavior

NC self-assembly refers to the spontaneous organization of NC
particles into larger structures through non-covalent interactions.
This self-assembly and aggregation behavior is due to its unique

structural and physicochemical properties associated to its rod-
like or fibrillar shape, high aspect ratio, and the presence of
hydroxyl groups on its surface (Smalyukh, 2021). The process is
driven by various forces, including van der Waals forces, hydrogen
bonding, electrostatic interactions, and hydrophobic interactions.
These forces cause the NC particles to align and arrange themselves
in specific orientations, leading to the formation of hierarchical
structures.Thepresence of hydroxyl groups enables strong hydrogen
bonding interactions between particles, leading to the formation
of the 3D networks. The self-assembly process can be influenced
by factors such as surface modifications, concentration, pH,
temperature, and the presence of additives (Wang et al., 2019). The
combination of NC and polyelectrolytes enables the formation of
dense films with excellent mechanical properties and with tailored
optical properties (Wågberg and Erlandsson, 2021). CNCs and
CNFscan be effectively formed Layer-by-Layer (LbL) structures
together with cationic polyelectrolytes (Karabulut and Wågberg,
2011).These LbL structures exhibit a highly precise andwell-defined
architecture, and the resulting layers possess distinct structural
colors when exposed to diffusely reflected white light, thus enabling
to create different structural colors depending on the number of
layers (Wgberg et al., 2008). Moreover, the incorporation of NC
and PEI in LbL films provides an exceptional approach to produce
mechanically durable coatings. For example, thin films of CNF/PEI
had a Young’smodulus of ≈4 GPa at 64%RH, 12 GPa at 40%RH and
6 GPa at 30% RH (Kan and Cranston, 2013).

NC aggregation refers to the clustering or association of these
NC particles to form aggregates. Aggregation can occur through
reversible or irreversible mechanisms depending on the specific
conditions. Reversible aggregation can be induced by changes in
environmental factors such as pH, ionic strength, or temperature.
It often leads to the formation of reversible networks, gels, or liquid
crystalline phases. Irreversible aggregation, on the other hand,
involves the formation of permanent structures or irreversible
precipitation, which can limit the material’s functionality. An
instance of a challenge is the irreversible aggregation that occurs
during the drying process of NC, commonly referred to as
hornification (Benselfelt et al., 2023). This phenomenon poses
difficulties in the efficient transportation of NC as it requires
them to be in a dispersed state containing over 90% water.
Despite centuries of discussion, no definitive explanation for
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the mechanism of hornification has been established. Then, it
is crucial to invest more efforts in comprehending hornification
and finding preventive measures as it would greatly benefit the
pulp and NC industries. In the case of CNFs prepared using the
TEMPO/NaBr/NaClO reaction, an additional factor contributing
to irreversible aggregation during drying is the formation of
interfibrillar hemiacetals/hemiketals. These compounds arise from
the reaction between aldehydes/ketones and hydroxyl groups
and further promote the aggregation process. To mitigate this
effect, the content of aldehydes and ketones can be decreased
by employing NaBH4 reduction which minimizes the formation
of interfibrillar bonds. Hot water (80 °C) in alkaline conditions
can break the interfibrillar bonds. Additionally, oxidation of
aldehydes using NaClO2 provides a slight improvement in
redispersibility, but irreversible aggregation still takes place
due to the presence of remaining ketones (Benselfelt et al.,
2023).

In the case of functionalized cellulose, the presence of different
charged groups on the NC surface can lead to electrostatic repulsion
or to attraction between particles, affecting their aggregation
behavior. The addition of charged groups to the surfaces of CNFs
offers several advantages. It allows for the creation of stable
dispersions at the colloidal level and improves the ability of
the CNFs to disperse again after drying. The positive effect of
charges on redispersibility can be attributed to two factors: the
osmotic effect, which increases the force for swelling and aids in
dispersion, and the steric effect caused by the charged groups,
which prevents aggregation. Generally, the higher the surface charge
density, the better the CNFs can regain their original properties
after redispersion (Nordenstrom et al., 2021). On the other hand,
the introduction of sterically stabilizing component by covalent
grafting on the surface (Wen et al., 2017; Kaldéus et al., 2018) can
form steric hindrance and increase the interface compatibility
and the redispersability. However, the use of covalent grafting
is often hindered by their difficulty of implementing on a large
scale production and the irreversible changes to the surface
properties of CNFs (Nordenstrom et al., 2021). Furthermore, the
interaction between NC and other components in a system, such as
polymers or other nanoparticles, can also influence aggregation.
Therefore, the strategy of using redispersing agents such as
polyethylene glycol, glycerol, cetyltrimethylammonium bromide,
polyvinyl alcohol, maltodextrin, gum arabic or lignin, to circumvent
the irreversible CNF association has been deeply reported
(Vigneshwaran et al., 2011; Campano et al., 2018; Benselfelt et al.,
2023).

The resulting final aggregates can exhibit different sizes,
shapes, and structures depending on the specific conditions
and properties of the NC material. Thus, the self-assembly
and aggregation behavior of NC have significant implications
for various applications. These properties can be harnessed to
create materials with tailored structures and functionalities, such
as films, coatings, gels, and composites. The ability of NC to
form stable networks and gels has been exploited in areas like
tissue engineering, drug delivery, and food science. Additionally,
understanding and controlling the self-assembly and aggregation
behavior ofNC can contribute to the development of sustainable and
renewable materials with improved mechanical, barrier, and optical
properties.

3 Characterization of nanocellulose
colloids

NC colloids are characterized by their unique properties and
behavior at the nanoscale. Therefore, characterizing the colloidal
properties of NC is essential for understanding its behavior and
optimizing its applications. Techniques such as light scattering,
electron microscopy, zeta potential measurements, and rheological
analysis are commonly employed to determine particle size, size
distribution, surface charge, and rheological properties of NC
suspensions. These characterization techniques provide valuable
insights into the stability and reactivity of NC colloids. Some key
aspects that can be measured to characterize NC are the following.

3.1 Size, morphology and concentration

NC colloids typically have a rod-like or fibrillar shape, with
dimensions ranging from a few nanometers to micrometers in
length and a few nanometers in width. The size and morphology
can be determined using advanced microscopic techniques such as
transmission electron microscopy (TEM), atomic force microscopy
(AFM) or scanning electron microscopy (SEM). Microscopic
techniques are time-consuming and require the preparation of
suitable samples on specialized supports or grids, which involves a
drying step. Unfortunately, during the drying process, NC particles
can aggregate, leading to larger particle sizes. Therefore, scattering
techniques (neutron, X-ray, and light) can be used to determine
the dimensions of NC, from nanoscale to submicroscale, in the
dispersion state (Mao et al., 2017). Although small-angle neutron
scattering (SANS), small-angle X-ray scattering (SAXS) have been
used to determine statistically averaged dimensions of individual
NC, light scattering techniques are more commonly employed for
this purpose. This last type can be measured in terms of fluctuations
in the intensity of the light scattering measurement, such as static
or dynamic light scattering (SLS/DLS) or as a function of the
scattering angle in the case of laser diffraction spectroscopy (LDS)
(Bhattacharjee, 2016; Li et al., 2019). The technique of SLS requires
a high level of sample cleanliness, as even slight contamination by
foreign dust present in the solution can greatly affect the accuracy
of measurements. This is because SLS measures the averaged
intensity of scattered light, which scales approximately with the sixth
power (∼ r6) of the particle diameter (assuming spherical particles).
Therefore, it is crucial to ensure a dust-free sample before conducting
SLS measurements, typically achieved through filtration. However,
this cleaning method is not usually suitable for NC dispersions
containing highly asymmetric particles. On the other hand, DLS
is more feasible for analyzing less clean samples since it focuses
solely on particle dynamics, where dust particles and nanoparticles
exhibit significant differences (Mao et al., 2017). Nevertheless, the
techniques based on light scattering provide the size information in
terms of equivalent spherical diameter, assuming that the material
is similar to spherical particles, so these techniques can be used to
compared different samples, mainly in the fibrous particles with a
greater deviation from sphericity (Gamelas et al., 2015).

The self-assembled and aggregated structures of NC is also
determined by TEM and SEM to visualize the hierarchical
structures at various length scales. X-ray diffraction (XRD)
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provides information about the crystallinity and orientation of
NC assemblies. Furthermore, spectroscopic techniques such as
infrared spectroscopy (FTIR) and nuclear magnetic resonance
(NMR) spectroscopy aid in understanding the intermolecular
interactions and chemical changes during self-assembly and
aggregation processes (Asad et al., 2018).

Concentration of the NC particles is calculated by gravimetric
analysis or thermogravimetric analysis (TGA), this traditional
technique involves drying and weighing a known volume of
NC suspension before and after evaporation of the solvent. The
difference in weight provides the NC concentration (Jordan et al.,
2019). Another simple technique is turbidity, that allow to quantify
the light scattering or absorption caused by the suspended
NC particles can provide a reliable measure of concentration
(Foster et al., 2018). However, turbidity measurements are sensitive
to particle size, and variations in NC particle size may affect the
accuracy of concentration determination. It is essential to ensure
consistent particle size distribution to obtain reliable turbidity
results. Another technique is dynamic light scattering (DLS) which
measures the intensity of scattered light caused by particle Brownian
motion (Bhattacharjee, 2016). The diffusion coefficient is related
to the size and concentration of the particles through the Stokes-
Einstein equation. By comparing the measured diffusion coefficient
with a calibration curve obtained using standard samples of
known concentration, the concentration of NC can be accurately
determined.

3.2 Chemical composition

The chemical composition of NC colloids can be analyzed
to determine the purity and content of cellulose, hemicellulose,
lignin, and other impurities. Carbon hydrogen nitrogen sulfur
elemental analysis (CHNS EA) is used to characterize the chemical
composition of NC in three main cases (Foster et al., 2018): 1)
CNC produced from sulfuric acid hydrolysis because residual sulfur
groups are easily identifiable; 2) functionalized NC with groups
containing N or S and 3) to measure the degree of chemical
leaching in polymers containing NC when the leachate contains C,
H, N, S, or O. Other techniques such as Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), or
solid-state nuclear magnetic resonance (NMR) spectroscopy can
provide information about the chemical bonds and functional
groups present in the colloid (Asad et al., 2018).

3.3 Surface charge

The surface charge of NC colloids plays a crucial role in
their stability and interactions with other particles or materials
(Hajian et al., 2017). The surface charge is commonly characterized
by measuring the zeta potential. This technique determines
the electric potential at the particle’s surface in a solution,
providing insights into its stability and electrostatic interactions.
By employing techniques such as electrophoretic mobility or laser
Doppler velocimetry, or streaming current potential, zeta potential
measurements enable the determination of the surface charge of NC
(Raj et al., 2016).

Since NC has functional groups, such as carboxyl and hydroxyl
groups, that dissociate and contribute to its surface charge. By
varying the pH and monitoring the corresponding surface charge,
the isoelectric point (IEP) of NC can be determined. The IEP
represents the pH atwhich theNC surface has not net charge. On the
other hand, conductometric titration involves the gradual addition
of a charged titrant to a NC suspension while monitoring the change
in its electrical conductivity. The point of zero charge (PZC) is
determined when the conductivity remains constant, indicating that
the NC surface has reached a neutral state. This technique provides
valuable information about the NC’s surface charge behavior and its
interactions with ions in solution (Wu et al., 2021).

The surface charge of NC also influences the rheological
properties of the suspension, particularly at the percolation
threshold which is identified as the concentration wherein there is
no double yielding behavior (Mendoza et al., 2018a). At percolation
threshold, increasing the surface charge of NC from 0.65 to at
least 1 mmol per gram leads to higher viscosity due to stronger
electrostatic interactions. However, at higher concentrations, the
length of the NC and surface charge have minimal impact, and
the gel’s dynamic rheological properties (G′ and G″) are primarily
influenced by the NC concentration (Mendoza et al., 2018b). These
findings suggest that NC gels can exhibit similar properties,
regardless of the pulp source and with minimal surface charge, at
fiber concentrations above the percolation threshold.

3.4 Mechanical properties

The mechanical properties of NC-based materials are highly
dependent on their colloidal properties. The colloidal properties
of NC, such as its surface area, aspect ratio, surface charge,
and alignment, play a crucial role in determining its mechanical
properties (Benselfelt et al., 2023). For instance, NC particles with
high aspect ratios and high surface areas can lead to materials
with improved mechanical properties such as higher strength and
toughness. Similarly, high surface charge can affect the colloidal
stability of the suspensions, which is essential for the formation of
homogeneous NC-based composites. The degree of alignment and
orientation of the NC particles is another important factor that can
impact mechanical properties such as stiffness, elasticity, and tensile
strength.

Mechanical characterization of NC has gained significant
attention due to its potential applications in various fields such
as materials science, biomedical engineering, and electronics.
Mechanical properties can be evaluated using techniques like tensile
testing or nanoindentation. Mechanical properties, including high
strength, stiffness, and toughness (Fukuzumi et al., 2013). However,
measuring these properties at the nanoscale presents numerous
challenges associated to homogeneity of the suspensions, surface
effects and potential sample deformation during measurements
and environmental conditions. Macroscopic mechanical properties,
such as tensile strength, elastic modulus, and strain at failure, can be
determined by subjectingNCfilms or fibers to tensile tests.However,
challenges arise due to sample preparation and alignment issues
(Fukuzumi et al., 2013).The viscoelastic behavior ofmaterials under
dynamic loading can be measured by dynamic mechanical analysis
(DMA), providing valuable information about their mechanical and
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thermal properties. By subjecting NC to a range of temperature
and frequency variations, DMA enables the characterization of
parameters such as storage modulus, loss modulus, and damping
factor. These measurements aid in understanding NC’s response to
temperature changes, its structural integrity, and its potential for
applications requiring mechanical stability over a wide temperature
range (Kajtna and Šebenik, 2017). Through DMA, Dominic et al.
(2020) observed that a composite containing 5 wt% of rice husk-
NC and 25 wt% carbon black exhibited a lower loss tangent (tan
δ) at 60°C compared to a composite containing 30 wt% carbon
black alone. This finding suggests that the presence of rice husk-NC
contributes to reduce rolling resistance, a critical parameter in the
context of tire applications.

On the other hand, the use of atomic force microscopy (AFM)
is widely used to investigate the surface topography and mechanical
properties of NC. Force-distance spectroscopy and nanoindentation
techniques provide valuable information about Young’s modulus,
adhesion, and stiffness (Lahiji et al., 2010).

3.5 Rheological properties

Rheology examines the flow behavior of NC suspensions
under different shear conditions due to their unique structure
and viscoelastic properties. NC suspensions display shear-thinning
behavior, meaning that the resistance of the material to flow
decreases as the shear rate increases. In addition, these suspensions
also show viscoelastic behavior, which is a combination of viscous
and elastic characteristics. The colloidal properties of NC, such
as particle size, shape, concentration, and interactions with the
solvent, can affect the rheological behavior of these suspensions.
Depending on them, the suspensions can have different rheological
properties. For example, the extensional viscosity of NC suspensions
is significant and can be affected by the concentration of the
nanoparticle and the degree of particle alignment. The shape of NC
particles affects the yield strength and non-Newtonian character of
the suspension flow, as rod-shaped particles show higher viscosity
than spherical particles (Hubbe et al., 2017; Atakhanov et al., 2020).
The behavior of NC suspensions in a flow depends on the shape,
size, particle concentration, temperature, degree of interaction, and
kinetic stability. The rheological study of the aqueous suspensions
is of interest, since during flow of the suspension their initial
structural organization changes and is destroyed (Hubbe et al.,
2017). In addition, NC-based lubricants have been developed with
unique rheological properties that make them effective for certain
applications. Cationic surface modification of NC has been shown
to affect its microstructure and rheological behavior, which has
implications for its use in various applications. Overall, there
is ongoing research into the rheological properties of NC and
how they can be used to develop new materials and applications
(Benselfelt et al., 2023).

Rheological characterization techniques such as shear rheology
or oscillatory rheology can be employed to study their viscoelastic
properties, including shear thinning behavior, elasticity, and gelation
(Li et al., 2021). Rotational rheometers, which apply controlled
shear stress or shear rate, are commonly employed for steady-
state shear tests. These tests generate flow curves that provide
information on viscosity, shear thinning behavior, and yield

stress, enabling the determination of concentration and dispersion
stability of colloidal suspensions (Moberg et al., 2017). Oscillatory
measurements, utilizing dynamic oscillations of shear stress or
strain, are useful for assessing the viscoelastic properties of NC
suspensions. Storage modulus (G′) and loss modulus (G″) can be
measured to determine the stability and strength of the particle
network within the suspension (Pääkkö et al., 2007). Moberg et al.
(2017) concluded that the rheological properties varied significantly
between the suspensions depending on the dimensions of the
cellulosic elements and their surface characteristics. In this context,
the length (or the aspect ratio) of the particles plays a very important
role together with the concentration of the sample. Increasing the
concentration ofNC led to an increase in viscosity and the formation
of a gel structure, which is attributed to the formation of the colloidal
network structure (Aulin et al., 2012). This points to the importance
of a careful characterization of the dimensions and surface character
of the elements when comparing such systems and using them in
different situations. The interactions between the NC particles and
the solvent can also affect the rheological behavior. For example,
the addition of salt to a NC suspension can change the rheological
properties due to changes in the electrostatic interactions between
the particles.

3.6 Thermal properties

Thermal stability are essential characteristics of NC for some
applications. The colloidal properties of NC can impact its thermal
properties as well. For instance, the presence of hydroxyl groups
on the surface of the particles can lead to strong intermolecular
hydrogen bonding, which affects the thermal stability of NC
composites. In addition, the orientation of NC particles can
influence thermal conductivity as it is highly dependent on
the degree of alignment of the particles. Several studies have
reported improved thermal properties ofNC-reinforced composites,
particularly in terms of thermal stability, thermal conductivity, and
heat storage capacity (Munier et al., 2020).

Differential scanning calorimetry (DSC) provides information
about thermal behavior and stability. DSC is a widely used technique
for measuring the thermal behavior of materials. In the context
of NC, DSC allows the determination of important parameters
such as glass transition temperature (Tg), melting temperature
(Tm), and heat capacity (Gan et al., 2020). By subjecting NC
samples to controlled heating and cooling cycles, DSC provides
insights into the thermal transitions occurring within the material.
The obtained data helps researchers understand the thermal
stability, phase transitions, and energy storage capabilities of NC
or thermogravimetric analysis TGA enables the measurement of
weight changes in NC samples as a function of temperature.
This technique is invaluable in determining thermal degradation
properties such as onset temperature, degradation rate, and
residue content. TGA can provide valuable information about
NC’s thermal stability, decomposition behavior, and potential
applications in high-temperature environments. Additionally, TGA
coupled with evolved gas analysis (EGA) techniques allows the
identification of gases released during thermal degradation, aiding
in understanding the degradation mechanisms (Risoluti and
Materazzi, 2019). Accurate determination of thermal conductivity
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is essential for assessing NC’s heat transfer properties. Several
techniques, including the transient plane source (TPS) method and
the laser flash method, are commonly employed for measuring
thermal conductivity.Thesemethods involve subjectingNC samples
to controlled heat flow and measuring the resulting temperature
changes. By quantifying the thermal conductivity, researchers can
evaluate NC’s heat dissipation capabilities, making it useful for
applications such as thermal insulation and electronic devices.

3.7 Dispersion stability and aggregation

Accurate measurement of NC stability and the occurrence
of aggregation is crucial for understanding its colloidal behavior,
optimizingmanufacturing processes, and achieving desiredmaterial
properties. Several widely used methods exist for evaluating
dispersion stability and observing aggregation phenomena.

Turbidity is a valuable technique for assessingNCagglomeration
and estimating the widths of NC materials. Higher turbidity values
indicate a greater presence of aggregated particles in the suspensions
(Shimizu et al., 2016). UV-Vis Spectroscopy utilizes the absorption
of light by NC at specific wavelengths. Absorbance peak for NC
suspensions shifted to longer wavelengths as the particle size
increased, due to increased light scattering and reduced absorption
(Goh et al., 2014). The effect of salt on the colloidal stability of NC
suspensions leads to changes in the UV-Vis spectra due to particle
aggregation (Lavoine et al., 2012). Recently, a multi-wavelength
spectroscopic technique has been developed for quantifying the
carboxyl group content in NC using methylene blue (MB) was used
as a color indicator (Yan et al., 2021). DLS also provides information
about particle size distribution and can be used to monitor changes
in the dispersion stability but it has some limitations. DLS assumes
that the particles are spherical and monodisperse, which is not
true for NC. Non-spherical or aggregated particles can lead to
erroneous size and concentration measurements. Additionally, high
concentrations of NC can cause multiple scattering, affecting the
accuracy of the results. Careful sample preparation, dilution, and
data analysis techniques are necessary to mitigate these challenges
(Foster et al., 2018).

On the other hand, light diffraction spectroscopy (LDS) is
based on the relation that can be established between the scattering
angle and the size of the particles. From the raw signal obtained
one can extract information on the particle size distribution of
the sample, based either on the Fraunhofer or on the Lorenz Mie
theory, and on the fractal dimension of the aggregates. The fractal
dimension supplies information about the density of the aggregates
which is related to the colloidal destabilization mechanisms and,
according to the Rayleigh–Gans–Debye theory, can be calculated
from the negative slope of log–log plot of the scattered light
intensity as a function of the wave number vector (Rasteiro et al.,
2008).

Focused beam reflectance measurements (FBRM) have been
also used to monitor NC aggregation. The FBRM devices operate by
scanning a highly focused laser beam over particles in suspension at
constant speed andmeasuring the time duration of the backscattered
light from these particles. The chord length is the characteristic
measurement of particle geometry which is obtained by multiplying
the temporal duration of the reflection from each particle or

floc by the velocity of the scanning laser (Blanco et al., 2002). By
monitoring the number of counts and the chord length of the
particles under different shear forces it is possible to determine the
colloidal destabilization mechanism and the floc properties when
NC is destabilized, and aggregates are larger than 0.5 µm.

In addition, shear birefringence technique is commonly
employed to assess dispersion quality of CNCs (Nagarajan et al.,
2021). This technique involves birefringence experiments using flat
capillary tubes with an inner diameter of 10 mm which are used
to equilibrate the CNCs suspensions, and the resulting images are
polarized using an optical microscope. By observing the changes
in cross-polarization of light passing through the suspensions, the
optical effects can be quantified. In CNCs suspensions, individual
nanocrystals possess a rigid rod-like structure, leading to a strong
tendency to align parallel to a vector director (Habibi et al., 2010;
Lane et al., 2022). This alignment of nanocrystals produces a
macroscopic birefringence, which can be directly observed through
a crossed polarizer. However, when the dispersion is poor due
to agglomeration or a low number of particles present in the
suspension, visible monochromatic domains are formed, and no
birefringence is observed in such cases.

On the other hand, the use of electron microscopes, such as
TEM, allows direct visualization and imaging of NC structures
(da Silva et al., 2020). By comparing the area occupied by NC with
the total area in an image, the concentration can be estimated. In
the field of aggregate characterization, TEM is essential to assess
dispersion stability and to ensure uniform properties in NC-based
materials. It enables the visualization of both individual particles and
aggregated structures. The high resolution of TEM makes it well-
suited high for imaging NC. Furthermore, TEM enables the efficient
screening of a large population of particles, with the flexibility to
adjust the sampling as required (Campano et al., 2021). have devised
a method to characterize the aggregation state of CNC suspensions
by analyzing TEM micrographs. Utilizing this approach, particles
captured in the images were automatically sorted into distinct
groups based on their characteristics such as maximum Feret
diameter (MFD), elongation, circularity, and area.This classification
method demonstrated the highest inter-cluster distance, offering a
valuable and descriptive representation of the CNC aggregates that
allow to explain their colloidal behavior.

Monitoring viscosity, shear stress, and other rheological
parameters helps to assess the stability of the dispersion, as
aggregation can lead to changes in flow properties. Time-dependent
rheological measurements, such as creep and stress relaxation
tests, can be employed to evaluate the structural changes in
NC suspensions over a specified period. An unstable dispersion
may show an increase in viscosity due to particle aggregation
or network formation, leading to reduced flowability (Iotti et al.,
2011). Conversely, a stable dispersion will maintain its desired
rheological properties without significant changes. Rheological
analysis enables the determination of critical parameters, such as
the gelation time, which indicates the onset of irreversible structural
changes.

The measurement of the surface charge of NC using the zeta
potential also allow to determine the stability of the colloidal
particles. By measuring the electrophoretic mobility, which relates
to zeta potential, one can assess the stability of the dispersion. For
example, if zeta potential of NC ranges from −15 to 15 mV, there is
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a possibility of NC agglomeration, suggesting an insufficient charge
on the particle surfaces. However, when the zeta is below −30 mV or
above 30 mV, the NC suspension becomes more stable (Yang et al.,
2017). In these cases, the higher magnitude of zeta potential ensures
better electrostatic repulsion between the NC particles, leading to
improved dispersion and reduced chances of agglomeration.

4 Interactions with other particles

The interaction of NC with other particles depends on
factors such as NC concentration, surface chemistry, particle size,
dispersion method, the nature of the surrounding medium and
the processing conditions. These interactions play a crucial role in
determining the properties and potential applications of NC-based
materials. As there are many applications the potential application
of NC with other particles is very wide, so we can highlight the
interactionwith paper products, cement fractions, surfactants, other
nanoparticles and other polymers.

4.1 Nanocellulose and paper fractions

NC interacts with fibers, fines, fillers and anionic trash present
in the pulp suspensions. The interaction with fibres and fines
enhances the mechanical properties of the paper (Perdoch et al.,
2022). The interaction with fines and fillers improves retention and
reduces linting during paper printing, the interaction with colloidal
material reduces the anionic trash and clean the process waters
(Song et al., 2010; Balea et al., 2018). Nowadays, the main industrial
application of NC is as bulk additive in papermaking to increase
paper mechanical properties (Perdoch et al., 2022). The range of
improvements is wide and depends on the NC structure. On the
other hand, when NC is added to produce coating suspensions
for papers, they can alter the rheological properties by increasing
viscosity and providing shear-thinning behavior (Liu et al., 2017).
This modification facilitates a better coating, improved runnability,
and enhanced printability. Incorporating NC into paper also
enhance its barrier properties against gases, liquids, and oils, offering
potential applications in packaging materials (Dufresne, 2017;
Zhang et al., 2021a). Although papermaking is the main industrial
application of NC, nowadays there are still several challenges related
to their high cost, production of homogeneous and stable products,
optimal dispersion for the different uses and a better knowledge on
the interaction mechanisms such as hydrogen bonding, adsorption,
and bridging effects to optimize the integration of NC within the
paper matrix (Balea et al., 2020; Das et al., 2020).

4.2 Nanocellulose and cement fractions

NC has shown promising interactions with various cement
fractions. When incorporated into cementitious materials, NC
can enhance their mechanical properties, improve workability,
accelerated hydration, modify the rheology of the slurries, reduce
the porosity, and offer sustainability benefits (Balea et al., 2019a;
Guo et al., 2020; Szafraniec et al., 2022). These materials can be
added to cement pastes, mortars, or concrete mixtures either during

the mixing process or by pre-dispersion, acting as a multifunctional
additive due to its unique properties, such as high aspect ratio,
large surface area, and high tensile strength.The interaction between
NC and cement fractions occurs through several mechanisms
(Peters et al., 2010; Balea et al., 2021). Firstly, NC can act as a
physical filler, reinforcing the cement matrix and increasing its
strength and toughness. The NC fibers form a network within the
cementitious material, reducing crack propagation and improving
overall durability. Secondly,NCcan influence thewater-cement ratio
and rheological properties of cementitious systems. It acts as a water
retention agent, allowing for better control of the workability and
setting time of cement mixtures. Nanocellulose also enhances the
thixotropic behavior of cement pastes, leading to improved cohesion
and reduced bleeding. Furthermore, nanocellulose can promote the
hydration of cement, leading to accelerated strength development. It
acts as a nucleation site for the formation of calcium silicate hydrate
(C-S-H) gel, the primary binder in cementitious materials. This
accelerated hydration can result in improved early-age strength and
reduced curing time. In addition, NC can also enhance the thermal
and acoustic properties of cement-based composites, making
them more energy-efficient. Additionally, NC exhibits eco-friendly
characteristics, contributing to the sustainability of cementitious
materials reducing the carbon footprint of cement production
(Balea et al., 2021). Continued research and development in this
field hold great potential for the advancement of construction
materials.

4.3 Nanocellulose and polymers

The interaction betweenNCand polymers has gained significant
interest in recent years due to its potential applications in various
fields such as materials science, biomedical engineering, or
environmental sustainability due to NC can be incorporated
into polymer matrices to form nanocomposites (Raj et al., 2016;
Lasrado et al., 2020). NC and polymer interaction are typically
produced by hydrogen bonding and van der Waals forces
(Mishnaevsky Jr et al., 2019). NC fibers or particles can disperse
within the polymer matrix, leading to enhanced mechanical
properties, improved barrier properties, and increased thermal
stability. Polymers used for flocculation purposes in NC systems can
improve the dewatering and filtration efficiency of NC suspensions.
Polymers, such as PAM, PEI, pDADMAC and biopolymers like
chitosan, are commonly employed for flocculating NC suspensions
(Raj et al., 2016; Balea et al., 2019b). These polymers interact with
NC particles through different mechanism: charge neutralization,
patching and polymer bridging mechanisms, as explain before,
leading to the formation of different type of flocs: small-large, soft-
hard, compact-spongous. The properties of the flocs will determine
their stability and reflocculation capacity after being subjected
to high shear forces like in a pump. Nanocellulose flocculated
suspensions are used to favour the nanoparticle retention or to
separate the nanoparticles after their use as in the case of adsorption.

Among the different types of polymers that can interact
with nanocelluloses, proteins are a notable subset (Fritz et al.,
2016). NC can interact with proteins through electrostatic
interactions, hydrogen bonding, and hydrophobic interactions.
These interactions can influence the stability, structure, and
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functionality of proteins. Nanocellulose can act as a carrier for
protein delivery or as a scaffold for protein immobilization in
various applications, such as biomedical devices or food systems.
Although this is an emerging field of research it already has
significant potential applications in various industries. Several
key research needs in this area include: characterization of
protein-nanocellulose interactions with standardized methods,
such as spectroscopic techniques, surface analysis, and molecular
simulations: Investigating the stability of protein-nanocellulose
complexes is important for their successful application in various
formulations as well as the potential for protein aggregation on
nanocellulose surfaces is essential to ensure product safety and
performance.

Further research is needed to deepen in the understanding
of the fundamental interactions between NC and the different
type of polymers at the molecular level. This includes studying
the intermolecular forces, surface chemistry, pH, temperature,
ionic strength, and the influence of the different polymer types
and structures on the interaction behavior. In addition, the
investigation of the compatibility and long-term stability of NC-
polymer composites is crucial for their practical applications.
Among them, for biological applications the evaluation of the
potential cytotoxicity, biocompatibility, immune response, and
long-term effects of these complexes are relevant for biological
systems, including in vitro and in vivo models. Besides, the
impact of NC on protein bioactivity and functionality is crucial,
requiring the study of NC interaction with protein structure,
folding, and enzymatic activity. Furthermore, the understanding
of the NC influence on protein functionality is required, such as
drug delivery, tissue engineering, and food science applications.
In general, research also should focus on understanding the
factors that affect the compatibility between NC and different
polymers, as well as developing strategies to enhance the stability
and prevent phase separation or degradation over time. Studying
the reinforcement mechanisms within the composites, including
load transfer, stress distribution, and deformation behavior, can
help optimize the composite materials for specific applications.
Exploring the potential for imparting additional functionalities to
nanocellulose-polymer composites is an area of interest. Research
should investigate techniques for incorporating functional additives,
such as nanoparticles, dyes, or biomolecules, to create composites
with tailored properties such as enhanced electrical conductivity,
optical properties, or antimicrobial activity.

4.4 Nanocellulose and surfactants

Surfactants can be used to modify the surface properties of
NC and enhance its dispersibility in water or organic solvents. The
hydrophilicity of NC produces by the high content of hydroxyl
groups can be reduced by adding surfactants with a hydrophilic
end which bind to the NC and another hydrophobic (Xie and
Liu, 2021). In this way surfactant molecules can adsorb onto the
NC surface, forming a protective layer that prevents agglomeration
or aggregation of the particles (Tardy et al., 2017). This enables
the stable dispersion of NC in different media and facilitates its
incorporation into various formulations. In this way, surfactants
present different effects on the surface properties of NC, such

as wettability, dispersibility, and stability. Some challenges in this
field are a deep understanding of the interactions of surfactants
at different concentrations with the NC surface, that can enable
the development of tailored surface modifications for specific
applications with different shear thinning behavior, and viscoelastic
properties. The examination of the interfacial behavior between NC
and surfactants at the air-water and oil-water interfaces can give
light on the formation of surface films, emulsions, foams, and other
interfacial structures, which can be utilized in areas such as food
processing, cosmetics, and materials science.

4.5 Nanocellulose interactions with other
nanoparticles

NC can interact with nanoparticles, such as metal nanoparticles
or carbon nanotubes (Dias et al., 2020; Pagliaro et al., 2021). These
interactions can be both physical and chemical in nature. Physical
interactions include adsorption or coating of nanoparticles onto
the NC surface, while chemical interactions may involve covalent
bonding between the nanoparticles and NC. There are diverse
potential applications for this combination of materials, such
as in composites, coatings, films, electronics, energy storage, or
biomedical devices (Pagliaro et al., 2021). Specific research is needed
to understand their behavior and optimize their performance in
each application, addressing unique challenges and requirements.
The potential health and safety implications of nanocellulose and
nanoparticles need thorough investigation. Researchers should
assess their toxicity, environmental impact, and long-term effects on
human health to ensure safe handling, disposal, and use in different
applications.

5 Research needs of nanocellulose
colloids

As it has been mentioned, several NC properties are critical for
each application, so in most cases a balance between the different
properties is required. Therefore, in this section we discuss the
colloidal properties and research needs focusing on the main NC
applications in several sectors (Figure 5).

5.1 Biomedical applications

NC-based colloidal systems have been explored for different
biomedical applications such as drug delivery, tissue engineering
scaffolds, wound healing materials, and bioimaging (Harish et al.,
2022). This is a low market of high added value that represents
an interesting niche market. The large surface area, surface charge
and biocompatibility of NC make it an ideal candidate for these
applications. The surface charge of NC affects its interactions with
cells, proteins, and other biomolecules, and can influence properties
such as colloidal stability, cellular uptake, and biocompatibility
(Curvello et al., 2019). Controlling and optimizing the surface
charge of nanocellulose can enhance its performance and suitability
for various biomedical applications, including drug delivery, tissue
engineering, and wound healing. Additionally, the colloidal stability
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FIGURE 5
NC applications in several sectors.

of NC suspensions allows them to be used for controlled release
of therapeutic agents while some parameters such as pH or
ionic strength can be modified (Dutta et al., 2016; Curvello et al.,
2019).

Further studies are needed to evaluate the biocompatibility of
NC materials, including their interactions with living cells and
tissues (Gumrah Dumanli, 2017; Rai and Dhar, 2022). This research
should include in vitro and in vivo experiments to assess the
cytotoxicity, immunogenicity, and long-termeffects of nanocellulose
on biological systems. Investigating the potential of NC as a
carrier for controlled drug release is crucial. Research should
focus on optimizing the loading and release kinetics of various
therapeutic agents, such as drugs, proteins, and nucleic acids,
using nanocellulose-based matrices or nanoparticles. Nanocellulose
can be utilized to fabricate three-dimensional scaffolds for tissue
regeneration. In addition, research also needs to optimize the
mechanical properties, degradation rates, and cellular response of
nanocellulose scaffolds, as well as to explore their potential in the
support and proliferation of different cell types that can be seeded
in the NC. Investigating the potential of NC in promoting wound
healing is important. Research should focus on developing NC-
based dressings or patches with enhanced antimicrobial properties,
moisture retention capacity, and modulation of cellular responses to
accelerate the healing process. Exploring the use of NC in diagnostic
imaging techniques, such as contrast agents or nanoparticles for
targeted imaging, is an emerging research area. Further investigation
is needed to optimize the imaging capabilities, stability, and
biocompatibility of nanocellulose-based contrast agents as well as a
further development of NC functionalization.

5.2 Paper and board industry

NC colloids have the potential to revolutionize the paper
industry by improving paper strength, transparency, and printability
(Balea et al., 2020; Chugh et al., 2022). This market is of high
interest because its high volume. The potential to increase barrier
properties are of great importance to increase the potential of
paper-based products to substitute plastics. Several parameters have
influence on paper applications like particle size, surface area,
crystallinity, chemical composition and dispersibility. However,
the concentration may be considered as the key parameter. The
concentration of NC in the paper or board formulation affects
its mechanical strength, optical properties, and barrier properties
(Das et al., 2020; Sanchez-Salvador et al., 2020). A higher NC
concentration generally leads to improved strength and stiffness,
increased opacity, and enhanced barrier properties, such as
improved water resistance and gas barrier performance. However,
excessively high concentrations can also pose processing problems
and may result in decreased workability, dewatering difficulties
or increased the viscosity of the formulation (Osong et al., 2016).
Therefore, finding the optimal NC concentration is crucial for
achieving the desired properties in NC-based paper and board
products. Another important property is the dispersion degree
before its use. Exploring ways to incorporate NC into paper to
enhance its properties is still necessary. Starting from the two main
possible alternatives to use the NC, in bulk and superficially as
a coating, the modification of the NC surface or the developing
of suitable surface treatments are the more used options to
improve NC compatibility with paper fibers (Lengowski et al.,
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2019; Hashemzehi et al., 2022). The development of functional
papers with enhanced barrier properties, lightweight packaging
materials, biodegradable composites, and environmentally friendly
printing substrates is still a research need (Hashemzehi et al., 2022;
Mujtaba et al., 2022). An interesting novel topic of research is the
synergic effect between the use of NC and hot-pressing. On the
other hand, NC can interact with other type of fibers, for instance
with textile fibers, imparting desirable properties, such as increased
tensile strength, water absorption capacity, and dye adsorption
efficiency (Spagnuolo et al., 2022).

5.3 Food industry

NC colloids can enhance food quality and safety by acting
as stabilizers, emulsifiers, and thickeners. They can improve the
stability and texture of food products, replace synthetic additives
(Perumal et al., 2022). One of the most studied topics in this
field have been the use of NC as Pickering emulsifier via the
formation of 3D networks that envelopes the emulsion droplets
inhibiting their movement (Martins et al., 2020; Teo et al., 2022).
On the other hand, the eco-friendly nature of NC aligns well
with the increasing demand for sustainable packaging solutions
providing excellent barrier properties (Zhang et al., 2021c). One
key parameter for NC in food and packaging applications is its
particle size. Nanocellulose particles with a small and uniform
size are desirable because they can improve the mechanical
properties, transparency, and barrier properties of food packaging
materials. Additionally, smaller particle sizes enhance the stability
and dispersibility of nanocellulose in food systems, allowing for
better control of the rheological properties, texture and organoleptic
properties (Martins et al., 2020). In this application further studies
are needed on the potential toxicity and any possible interactions
with food components, investigating the compatibility of NC
materials with different types of food products (Silva et al., 2020).
Research should explore potential interactions between NC and
various food components, such as acidity, moisture content, and
oil content. Besides, a better understanding of the role and
effectiveness of NC in preventing moisture, oxygen, and other gases
from permeating the packaging material and affecting the food
quality is still necessary, requiring further study of the potential
of NC-based materials to extend the shelf life of food products
by maintaining their freshness, preventing spoilage, and reducing
microbial contamination is important (Ahankari et al., 2021). This
may involve incorporating antimicrobial agents or developing
active packaging systems (Moreirinha et al., 2020; Abdalkarim et al.,
2021). Finally, consumer perceptions, acceptance, and willingness to
adopt nanocellulose-based food packaging is crucial. Understanding
consumer attitudes, concerns, and preferences can help drive
market adoption and identify potential barriers to consumer
acceptance.

5.4 Energy

NC colloids have shown promise in energy-related applications,
including supercapacitors, batteries, and solar cells (Du et al., 2017).
Their high surface area and electrical conductivity make them

suitable for energy storage and conversion devices (Lokhande et al.,
2022). High tensile strength and stiffness are required for reinforcing
materials in energy-efficient composites. Thermal stability allows
NC to withstand high temperatures without significant degradation.
Low density contributes to lightweight materials and structures.
Explore the potential of NC-based materials as efficient and cost-
effective alternatives for energy generation and storage is essential
to increase their performance and stability. However, the use
of NC as a catalyst or support material for biofuel production
needs to be further explored (El-Nahas et al., 2017). The potential
of NC-based materials for energy harvesting applications, such
as piezoelectric or triboelectric nanogenerators must be further
explored as well as the use of NC to an efficiently conversion
of mechanical or environmental energy into electrical energy
(Zhang et al., 2021b). Investigate the compatibility and integration
of NC-based energy materials with existing energy infrastructure
and systems. Assess the feasibility of incorporating NC into current
energy technologies and evaluate their performance in real-world
conditions.

5.5 Environmental applications

NC materials, with a large surface area, enable an efficient
adsorption and the removal of pollutants, making it valuable
for environmental remediation and water purification processes
(Mahfoudhi and Boufi, 2017; Shak et al., 2018). The mechanical
strength of NC plays a crucial role in water applications such as
filtration, membrane technology, and reinforcement of hydrogels.
High mechanical strength allows NC-based materials to withstand
water flow, pressure, and other mechanical stresses. NC exhibits
excellent water retention properties, enabling it to retain water
and maintain a stable water content in various applications,
such as in personal care products or soil amendment for water
retention in agriculture (Bauli et al., 2021; Barajas-Ledesma et al.,
2022).

5.6 Coatings and films

NC colloids can serve as additives in coatings and films,
imparting enhanced mechanical properties, barrier properties, and
flame retardancy. They can be incorporated into paints or coatings
to improve their performance and reduce the environmental impact
of these materials (Panchal et al., 2018). The different properties
that present the diverse NC materials can affect in the different
properties of the end products. Some examples are the particle
size that affects properties such as film transparency, mechanical
strength, or the barrier performance, the aspect ratio which mainly
affects the film strength, flexibility or reinforcement capability, the
crystallinity that affects themechanical properties, water absorption,
or the barrier properties of films and coatings, the surface charge
and chemistry functionalization that influences in the interactions
with other particles, the dispersibility in solvents, or the adhesion
to substrates, and also the influence in the rheological properties in
coating production or during film processing, with modifications
such as flow behavior or film thickness and uniformity control
(Dufresne, 2019; Sharma et al., 2020; Pirozzi et al., 2021).
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NC films and coatings are typically formed through solvent
evaporation or self-assembly, in which the drying behavior affects
in some properties such as film thickness, smoothness, and
homogeneity (Wang et al., 2019). NC films can exhibit barrier
properties against gases, such as oxygen or water vapor (Wu et al.,
2022). The barrier performance depends on factors like film
thickness, porosity, and crystallinity. NC can be combined with
other materials, such as polymers or nanoparticles, to enhance
specific properties or functionalities (Xu et al., 2021). Compatibility
with other components is crucial for achieving desired film/coating
performance.

5.7 Composites production for different
sectors

The use of NC can serve in other multiple sectors and
applications. NC colloids can serve in the production of composites
and nanocomposites with other polymers mainly to enhance
mechanical strength of them (Chakrabarty and Teramoto, 2018).
Further research is required to optimize processing techniques
for incorporating NC into composite materials. This includes
investigating different methods for dispersing uniformly the NC
materials within a matrix, such as melt blending, solution casting,
or electrospinning. Exploring the potential of NC for imparting
multifunctional properties to composites is an important research
area, investigating its ability to enhance thermal, electrical, and
barrier properties can open up new applications in areas such as
packaging, electronics, and energy storage. Besides, NC can be
added as an additive to reinforce fiber–cement composites. The use
of NC in fiber cement production has been demonstrated to be
efficient in improving mechanical properties, modifying the slurry’s
rheology, reducing the porosity, and driving interactions with other
components of the slurry (Balea et al., 2019a). In addition, the use
of NC in energy-efficient materials for buildings and transportation
is also in exploration, looking for the NC incorporation into
composites, coatings, and insulation materials to enhance their
thermal insulation properties and reduce energy consumption.

5.8 Others

Moreover all applications and sectors described, and due to the
wide number of valuable properties of NC, these colloids can be
applied in other sectors. Some examples are the use in cosmetics
as a carrier of active ingredients or as a structuring agent of
cosmetic formulations (Almeida et al., 2021), the use in textiles as
an antimicrobial agent or fire-retardant additive (Spagnuolo et al.,
2022) or to enhance oil recovery by the functionalization of the NC
chains to make them more hydrophobic (Zhu et al., 2021a).

6 Conclusion and Future perspectives

When viewed from a colloidal material perspective, NC presents
intriguing possibilities for various applications. Understanding
the colloidal behavior, stabilization mechanisms, hydrodynamic
forces and characterization techniques associated with NC colloids

is crucial to unlock their potential. The unique properties and
eco-friendly nature of NC make it an attractive material for
industries seeking sustainable and high-performance solutions.
The main lessons learnt in the last years have been that the
industrial implementation is more difficult than expected due to the
heterogeneity of these materials which highly affect their stability
and performance on the final products.

Researchers and users must consider that stabilization of NC
materials involves many factors, both intra and interrelated, that
are all connected, and their combined effects determine the overall
stability of a NC colloidal suspensions at a given time. To favor the
use of NC products developing cost-effective and scalable methods
to produce NC is a key research need. Investigating different
sustainable production processes and optimizing extraction and
purification processes can contribute to the large-scale production
of NC for the different applications. Based on the specific key
parameters identified for the different uses NC products fit-for-
use must be produced for which colloidal properties are key.
Research should focus on strategies to control the self-assembly
and to achieve homogeneous products and uniform dispersion
of NC within the different matrices, as well as on exploring
innovative methods for manufacturing complex-shaped structures
in which interactions between particles are critical to development
sustainable and renewable materials with improved mechanical,
barrier, and optical properties.

The sustainability aspects of NC production and its impact on
the environment throughout its life cycle is also a key challenge.
This includes assessing the environmental footprint, energy
consumption, water usage, and waste management associated with
NCproduction and its integration into paper products.The colloidal
interactions when reactive and catalysts are reused are critical to
further develop sustainable processes.

As NC move towards commercialization, it is essential to
conduct comprehensive safety assessments and establish clear
regulatory guidelines for the use of NC-based colloid systems
in the different applications, especially for biomedical, food
and packaging applications. Research should address long-term
safety. Establishing standardized testing methods, quality control
protocols, and regulatory frameworks for NC-based products
can facilitate commercialization and ensure product safety and
consistency.

Exploring synergistic combinations of NC with other
biomaterials, such as polymers, hydrogels, or nanoparticles, can
lead to improved properties and functionalities. Research should
focus on understanding the mechanisms of NC integration into
the matrix and on developing composite materials that leverage the
unique characteristics of NC in combination with other materials
for enhanced applications. Enhancing the mechanical strength
and flexibility of NC-based materials is essential for their use as
reinforcement agents. Research should focus on improving their
resistance to tearing, puncturing, and other mechanical stresses
encountered during transportation and handling. The continued
research and development in this field will undoubtedly unlock
further opportunities for NC-based colloidal systems. Future
direction should consider.

• Multiscale Modeling: Integrating experimental measurements
with computational modeling techniques to offer insights
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into the colloidal and mechanical behavior of NC. Multiscale
simulations help bridge the gap between the nanoscale and
macroscopic properties.

• In-situ Techniques: Developing in situ characterization
techniques enables real-time monitoring of NC behavior
under mechanical loading. This approach provides a deeper
understanding of deformation mechanisms and dynamic
property changes.

• Dispersibility and stability: Exploring surfactant-assisted
dispersion methods to enhance the dispersibility and stability
of NC suspensions. This research can involve optimizing
surfactant concentrations, types, and processing conditions
to achieve improved dispersion and long-term stability.

• Assessing the compatibility of NC and surfactants with other
materials and evaluating their combined properties for specific
applications. This research can explore the synergistic effects,
such as improved mechanical strength, thermal stability, or
barrier properties when NC is combined with surfactants,
which can be valuable in fields like packaging, composites, and
biomedicine.
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