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Excellent photo-physical, photo-chemical, and surface properties, which enable them to be used in a wide
range of applications, make TiO, nanomaterials (TiNMs) among the most extensively investigated and
commercially utilized nanomaterials. In many applications, TiNMs are used in the form of suspensions.
Therefore, understanding their dispersibility and colloidal stability is crucial. Despite a large number of

investigations into the colloidal stability of TiNMs, the preparation of stable suspensions and the choice
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Accepted 18th June 2025 of suitable dispersants still rely on trial and error. Motivated by this, in this review, we present and discuss
the versatility of dispersants for stabilizing TiNMs. The investigations are discussed within the framework

DOI: 10.1039/d5ra02493d of DLVO theory, which, despite its limitations, provides a theoretical foundation for understanding the
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1. Introduction

Titania nanomaterials (TiNMs) are nowadays among the most

extensively engineered nanomaterials, incorporated in
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observed effects. In addition, tested and commercial applications are briefly discussed.

numerous consumer and industrial products." Titania-based
nanostructures are being utilized for diverse applications due
to their unique energy band gap and quantum efficiency,
highlighting their photo-physical, photo-chemical and surface
properties. Because of that, TINMs are significantly used in
catalytic reactions (reduction of nitrogen oxides to elemental
nitrogen,” antibiotic degradation®), photochemical and photo-
physical applications (photodegradation of pollutants, water
remediation, hydrogen production, self-cleaning surfaces,
antimicrobial  coatings),*” (bio)medicine (drug-delivery
systems, treatment of cancer),*® as an additive in ceramics,'***
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paint pigments,"”” cement composites and polymer filler,"
medical applications,**® food and in cosmetics as a UV
absorber.'”*® Therefore, it is not surprising that global market
analyses predict a twofold growth in the value of the TiNMs
market over the next nine to ten years.*®

As for other nanomaterials, the properties of nanosized titania
materials differ significantly from their bulk counterparts.”* As
the particle size decreases, a larger fraction of atoms is located at
the surface relative to the bulk, creating numerous reactive sites
that enhance chemical interactions with the surroundings.
Additionally, the high surface-to-volume ratio and disruption of
the periodicity of the lattice symmetry at the surface alter the
electronic structure of TiNMs, resulting in novel quantum
effects.”” Furthermore, the reduced particle size has a significant
impact on the mobility in dispersions, which is mainly controlled
by Brownian motion.”® However, like other nanoscale materials,
small titania particles have a strong tendency to aggregate
spontaneously and eventually settle, thereby reducing their
surface energy. This process can have a negative impact on the
final TiNMs applications and must, therefore, be avoided.

Since the majority of chemical, biological, and environ-
mental processes occur in wet conditions, the dispersibility of
TiNMs in solvents of varying polarity is a fundamental aspect to
consider.>*** To fully understand how these nanomaterials are
dispersed in a liquid medium, it is essential to investigate the
formation and properties of the solid-liquid interface. In
general, various forces act on nanomaterials (NMs) in a liquid
medium and determine their stability - attractive van der Waals
forces (vdW), repulsive forces resulting from the electrical
double layer (EDL) surrounding the particle, hydrophilic/
hydrophobic interactions, and steric, electrostatic and elec-
trosteric forces as a result of the particle surface coating. To
predict the stability of nanomaterial suspensions, the DLVO
theory, which considers only attractive van der Waals and
repulsive electrostatic double layer forces, is most commonly
used, despite its drawbacks.?® Since many properties of the final
product strongly depend on the colloidal stability of the
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particles, the dispersibility of nanopowders in a liquid medium
remains a significant challenge and a focus of extensive scien-
tific research.

Suspensions are heterogeneous systems in which fine
particles are uniformly distributed in a continuous liquid phase
and do not dissolve.”” The dispersion of TiNMs typically
involves three key steps: wetting of the nanomaterial surfaces,
mechanical dispersion (often achieved through ultrasonic
treatment), and stabilization of the resulting colloidal suspen-
sion.”® Wetting, i.e. the ability of liquids to remain in contact
with solids, is a direct result of the intermolecular interactions
that occur at the solid/liquid interface. After the wetting step,
mechanical dispersion is employed to achieve complete sepa-
ration of the particles. Once dispersed, maintaining long-term
stability is crucial. This is usually achieved through the use of
surface activators and/or dispersants.>®

Over the last decades, many studies have focused on the
TiNMs dispersion stability in water*>** and organic solvents,***
using a broad spectrum of chemical species as particle stabi-
lizers: surfactants,** polyelectrolytes and copolymers,***® organic
acids,*” and small inorganic species.*® In addition, numerous
studies have been conducted to study the impact of
ultrasonication,®** nanoparticle concentration,* ionic strength
(IS), and pH.*** Furthermore, a large number of review papers
on titania nanomaterials have been published, focusing on
synthetic nanomaterial approaches,*>'"**** classification and
material applications,* photocatalytic activity,* functionalized
textile surfaces,*® wastewater remediation,® antimicrobial coat-
ings,*”** indoor air purification,* volatile organic compounds
(VOCs) sensor,* medical applications,'® food and personal care
products,'”** toxicology and environmental impact®>* providing
insight into a broad spectrum of titania nanomaterials applica-
tions. This can be evidenced by the exponential growth in the
number of scientific and review papers that are based, at least in
part, on the colloidal stability of TiNMs (Fig. 1).

However, to the best of our knowledge, only Faure et al**
have reviewed the stability of suspensions of TiNMs for
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Fig. 1 Number of publications per year and cumulative publications
regarding TiO, nanomaterials’ colloidal stability. Determined from
Scopus platform using keywords: “titanium dioxide OR titania OR TiO,
OR anatase OR rutile (title) and suspension* OR dispersion* OR
colloid*".
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transparent photocatalytic and UV-protecting coatings and
sunscreens. The aim of this paper is, therefore, to provide
a comprehensive overview of the colloidal behaviour of nano-
sized titania materials in aqueous media in terms of particle
size, particle size distributions, and zeta potential values, taking
into account the effects of TiNMs concentration, nature of
stabilizing agents (surfactants, polymers, small organic and
inorganic molecules and natural organic molecules) and their
concentrations, as well as the effects of the type of homogeni-
zation method, solution chemistry parameters (influence of
ionic strength and pH of the media) and their versatile
applications.

The review starts with a description of TiNMs, their crystal
structure, and methods of synthesis. A short description of
DLVO theory and aggregation processes follows. The versatility
of dispersants for stabilizing TiNMs is then examined and dis-
cussed in detail, including the stability of pristine TiNMs
suspensions and colloidal stability in the presence of surfac-
tants, polymers, small organic and inorganic molecules, and
natural organic matter (NOM). In the final section of the paper,
the application of stable TiNMs suspensions in the preparation
of photocatalytic coatings, self-cleaning coatings on textiles,
antibacterial surface coatings, additives for enhancing lubrica-
tion, and tribological properties of pure water, solar cells, and
pigments is briefly discussed.

2. Titanium dioxide nhanomaterials

2.1. Titanium dioxide crystal structure

Titanium dioxide (TiO,) occurs in at least eleven crystalline
forms, of which anatase, brookite, rutile, and TiO,(B) (Fig. 2) are
the most frequently encountered as they are stable at ambient
or low pressure.> Anatase and rutile, which are thermody-
namically stable at low and high temperatures, respectively, are
widely employed in photocatalysis and pigment production. In
contrast, brookite and TiO,(B) are metastable, rarely found in

brookite

TiO,(B)

Fig. 2 Crystal polymorphs of TiO,. Crystal structures taken from The
Materials Project website (https://next-gen.materialsproject.org/
about/cite) and displayed in VESTA%”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nature, and challenging to synthesize in pure form.*>® Although
all forms share the same TiO, stoichiometry, their crystal
structures differ significantly. The base building block of all
TiO, phases is a Ti-O polyhedra; in the case of low-pressure
phases, the [TiOg]*~ octahedra. The variations in the three-
dimensional arrangement, in particular, whether the octa-
hedra share corners, edges, or a combination of both, give rise
to distinct crystalline structures. For example, the structures of
rutile, brookite, and anatase differ in the number of shared
octahedral edges. In rutile 2, brookite 3, and in anatase 4 out of
12 [TiOe]*~ octahedra edges are shared.>*>

Interestingly, despite similar Ti-O bond lengths in all poly-
morphs, the O-O distances between adjacent and non-sharing
octahedra differ substantially.®® These structural variations
influence the mass density and electronic band structure of the
nanomaterial, thereby affecting the physicochemical and
optoelectronic properties that are crucial to the applications.*

2.2. Synthesis of TiO, nanomaterials

Numerous methods suitable for the synthesis of titania nano-
structures have been developed, including the solvothermal/
hydrothermal method, sol-gel synthesis, micelle and inverse
micelle method, microemulsion method, laser pyrolysis, and
laser ablation, chemical and physical vapor deposition, elec-
trodeposition, electrospinning, sonochemical method, micro-
wave assisted synthesis, ball milling, direct oxidation method,
spray pyrolysis.*>**%> Nowadays, eco-friendly, high-productive,
and cost-effective methods utilizing microbial or plant
extracts or other biological sources are preferred for the efficient
production of TiNMs.%*%*¢* In general, all the above methods
can be summarized in two different synthetic approaches: (i)
top-down, in which mechanical force is applied to break down
the bulk material into the nanosized entities, and (ii) bottom-
up, in which the functional nanomaterial is prepared using
atomic building blocks.®**” Each approach renders a variety of
nanostructures that differ in size, morphology, and dimen-
sionality at the nanoscale (0D - particles, 1D - wires, 2D - layers
and sheets, or 3D architectures), crystalline form, and surface
8-7% Different morphologies, such as nanorods, nanotubes,
or nanowires, offer varying degrees of surface area-to-volume
ratios and may express different crystal facets, which can
significantly influence the activity of titania materials for their
intended applications and affect their dispersibility. The
differing shapes may hinder agglomeration; for example, the
anisotropic shape of nanorods can lead to less favourable
packing of the titania nanoparticles, ie., causing steric
hindrance and resulting in an overall weaker interaction than
that of nanospheres.”

area.

3. Colloidal stability of nanomaterials
suspensions
3.1. Colloidal stability

The theoretical framework for describing, understanding, and
predicting the stability of nanomaterial suspensions is given by
the DLVO theory of colloidal stability developed by Derjaguin,

RSC Adlv, 2025, 15, 21341-21368 | 21343
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Landau, Vervey, and Overbeek.””* According to DLVO theory,
the stability of the suspension in question depends on the
interplay of two contributions: attractive van der Waals forces
(Wvaw(d)) and repulsive electric double-layer interactions
(Wai(d)). DLVO theory considers that these two contributions
are additive and sum to give the total energy of interaction
(W(d)) between the particles as a function of their distance, d:"*

W(d) = Weaw(d) + Wa(d) »

van der Waals forces are short-range electromagnetic attractive
forces between NPs originating from fluctuating electromag-
netic fields.*® This contribution is calculated using Hamaker
theory simplified by Derjaguin approximation.” For the inter-
action of two identical spheres with radius r, Wyqw(d) equals:™®

Hysr

Wiaw(d) = 12d (2)

where d is the separation distance of the spheres, and Hjz;
Hamaker constant, for similar materials 1 interacting across
medium 3, which defines the strength of the interaction.”
Around charged nanoparticles present in the electrolyte
solution, an electrical double layer forms. It consists of a tightly
bound counterion layer and a counterion diffusion layer in
which a concentration gradient occurs.” The Wgi(d) can be
calculated using the mean-field Poisson-Boltzmann
formalism.” Coupled with the Debye-Hiickel approximation,
this approach gives an analytical solution for low ionic
strengths.”” When two similarly charged particles approach
each other, their electric double layers overlap, resulting in
repulsion.” The charge of the particles can be estimated from
the measured zeta potential, which represents the charge at the
shear plane.”® The electric double-layer interactions between
spherical particles at a distance d can be calculated as:™

27tro?

Wdl (d) = eﬁ“’ (3)

eey
where r is the particle radius, ¢ its charge, ¢ the dielectric
constant of water, ¢, is the permittivity of vacuum and « the
inverse Debye length.

Significant work has been conducted to extend the range of
DLVO applicability, encompassing wider ranges of ionic
strength and ion charges. Extended DLVO theory (XDLVO)
enables the description of heteroaggregation phenomena,”
while Sogami-Ise theory” improves prediction for ions with
higher charges, asymmetric electrolytes, and non-spherical
particles.”

As DLVO theory was developed for colloidal systems, it
contains serious drawbacks when applied to the stability of
nanoparticle suspensions, due to which correct simplifications,
assumptions, and boundary conditions should be applied when
interpreting the results.*® Kovalchuk et al.®* pointed out that the
range of interaction between nanoparticles is larger than the
radius of the nanoparticles. Consequently, the concentration at
which all particles are interconnected is very low compared to
colloidal systems. Therefore, at concentrations above the crit-
ical, interactions between particles become collective.

21344 | RSC Adv, 2025, 15, 21341-21368
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Additionally, the diffusion coefficient of nanoparticles is
significantly larger than that of colloidal particles.

Another drawback is that DLVO theory assumes only two
types of forces. However, non-DLVO interactions such as Born
repulsion (repulsion forces between atoms), hydration effects
(repulsion forces arising from the tendency of hydrated parti-
cles to dehydrate in order for contact of the particles to occur),
hydrophobic interaction (attractive forces arising due to the
different structuring of water molecules around hydrophobic
surfaces), steric interactions (stabilizing effect of polymer layer
adsorbed at the surface of NP), and polymer bridging (bridging
of the particles by long-chain polymers present in low concen-
tration leading to aggregation) should also be taken into
account when discussing the stability of the nanoparticles’
suspension.®

3.2. Aggregation

The balance between attractive interparticle forces and repul-
sive EDL forces determines the overall aggregation rate. In
general, it is considered that particles with sizes greater than 10
um can be easily mechanically dispersed even in cases where
van der Waals attraction is strong.”” However, this is not the
case for nanomaterials. As aggregation progresses, larger clus-
ters of nanomaterials form, resulting in a non-uniform distri-
bution of the particles, changes in their physicochemical
properties, and, consequently, the sedimentation of the parti-
cles. Aggregation is thermodynamically spontaneous as it
minimizes the interfacial free energy by reducing the total area
of the solid-liquid interface. However, it can be slowed down
kinetically by altering the solution chemistry (type of base fluid,
pH value, and/or ionic strength control) and the type of
dispersion/stabilization mechanism.*

Polymers or surfactants present in suspensions can adsorb
on the surface of the nanomaterial. A formed adsorbed layer
acts as a steric barrier (Fig. 3), preventing contact between
particles and, consequently, their aggregation. For achieving

ELECTROSTATIC STABILIZATION

STERIC STABILIZATION

ELECTROSTERIC STABILIZATION

Fig. 3 Schematic representation of steric, electrostatic, and elec-
trosteric stabilization of hanomaterials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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good stabilization, polymers of sufficient length with good
adsorption properties are used.”® Examples of such dispersants
include polyvinylpyrrolidone (PVP), polyethylene glycol (PEG),
and pluronic copolymers. The second type of dispersion
mechanism, ie., electrostatic stabilization (Fig. 3), occurs
through the coordination of ions on the surface of nano-
materials forming EDLs. The stability of the systems is achieved
by repulsion of the EDLs of nanoparticles with the same
charge.” Electrostatic stabilization will be different depending
on the polarity of the base solvent. Typical examples of elec-
trostatic stabilizers are sodium dodecyl sulphate (SDS), citrate,
and poly(acrylic acid) (PAA). Electrosteric stabilization, i.e., the
combination of steric and electrostatic mechanisms (Fig. 3), is
the most efficient way to stabilize nanoscale particles. For
electrosteric stabilization, charged polymers are used. By
adsorption of such polymers on the surface of charged nano-
particles, a charged steric barrier is formed. Highly charged
polyelectrolytes, like poly(styrene sulfonate) (PSS), PAA, and
polyethyleneimine, are used as electrosteric stabilizers.”

4. Dispersants investigated for
stabilization of TiO, nanomaterials
suspensions

In the design of functional nanomaterials, their architecture

can be divided into two main parts - the core and the coating,
i.e., the stabilizing material. The core determines the size and

View Article Online
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shape, but the coating defines the physicochemical properties
of the nanomaterials, which in turn determines their inter-
action with the environment and, thus, their overall behaviour
during application. One of the essential physicochemical
properties is colloidal stability in pure and mixed liquid
media, at various pH values, and in the presence of salts and
proteins. Nonetheless, several examples of stable suspensions
prepared from bare, uncoated titania particles can also be
found in the literature, and they are also included in this
review (Table 1).

4.1. Pristine TiO, nanomaterials in aqueous media

Scientific papers summarized in this section focus on investi-
gating suitable nanomaterial concentrations, ionic strengths,
sonication parameters, and dispersion methods for preparing
stable colloidal suspension of pristine, uncoated titania nano-
materials. The motivation for investigating the colloidal
stability of pristine TiNMs in aqueous suspensions is twofold.
On the one hand, it serves as a starting point for determining
the efficacy of a specific dispersant. On the other hand, under-
standing the fate and behaviour of TiNMs in natural waters is
crucial for their exposure-driven risk assessment, which serves
as the basis for evaluating the safety of their applications.*
The surface of TiNMs after synthesis does not simply consist
of titanium and oxygen atoms (Ti-O-Ti). The surface titania
atoms are typically coordinated with amphoteric hydroxyl
termination groups, which form upon the adsorption of water.

Table 1 Summary of the reviewed studies investigating the stability of aqueous suspensions of pristine TiO, nanomaterials (TiNMs) without the

addition of dispersants

TiNMs (w/v concentration in suspension) Homogenization method Ionic strength pH Reference
Nanoparticles and nanorods, anatase (0.002%) Sonication, 40 min 2-100 mM NacCl; 1-50 mM 3,7 88
CacCl,

Nanoparticles (0.1-6.4%) Stirring, 900 rpm, 5 mM of acetate, phosphate 2-12 89
24 h or carbonate buffer

Nanoparticles, anatase and rutile (0.002%) Sonication, 2 h 0 and 5 mM NacCl 7 90

Nanoparticles, anatase Vortex, 1 min, sonication, — — 91
5 min

Nanoparticles, rutile Sonication, 20-200 min — — 41

(0.005-0.05%)

Nanoparticles, anatase, sulfonated (10-50%) Stirring 24 h, — 11 92
sonication 4-6 h

Nanoparticles doped with Er and Yb, Stirring 24 h, — — 93

anatase (0.1%) sonication 1 h

Nanoparticles (0.5%) Stirring 1 min, — — 39
sonication 30-180 min

Nanoparticles, P25 Sonication 45 min, — 4-6, 11 30
stirring 45 min, sonication
45 min at 60 °C

Nanoparticles, a mixture of anatase and Stirring, 2 min 0.001 M NaCl and CaCl, 4.5-8.2 43

brookite (0.0042%)
Nanoparticles, a mixture of anatase and
rutile (0.01%)

Sonication in an
ice bath 10 min

Nanoparticles (Ag modified), (0.1-10%)
Nanoparticles, rutile (NM-104, Al,O; coated)
and anatase (E171, SiO, coated) (0.005%)

Sonication, 20 min

© 2025 The Author(s). Published by the Royal Society of Chemistry

Artificial fresh water 2 mM 7.5 and 8.5 84
and artificial sea water

630 mM

Sonication, 0-30 min — — 94

— 2-12 95

RSC Adv, 2025, 15, 21341-21368 | 21345
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The surface hydroxyl groups (=Ti-OH) can be protonated or
deprotonated according to eqn (4) and (5):*

=Ti-OH + H" — =Ti-OH," (4)
=Ti-OH + OH™ — =Ti-O™ + H,0 (5)

When charged titania particle come into contact with an
electrolyte solution, the electric double layer is formed due to
the surface hydroxyl groups.** Among the key factors influ-
encing the surface charge of TiNMs is the pH of the media.*”
Two pH values, related but distinct, are of interest. At the pH of
the point of zero charge (pHpzc), the net surface charge is equal
to zero, i.e., the number of positive and negative surface charges
is equal. The iso-electric point (pHygp) is the pH at which the
zeta potential of NMs in suspension is equal to zero.*”*® As
a result, the electrostatic repulsion for a given system is
minimal.®® Depending on the applied electrolyte and NPs
properties, the pHygp for TiO, nanoparticles (TiNPs) ranges
from 5-7.”

As expected, stable TiNPs aqueous suspensions can be ob-
tained at pH 6, higher than pHgp.’® However, reducing pH
slightly below pHigp results in the aggregation of NPs,* but
further reducing can lead to stable positively charged TINPs.*
In addition, it was observed that the aggregation rate is higher
at the initial stages of the process but decreases at later stages,
which can be explained by the equilibrium between aggregate
growth and breakup. An increase in TiNPs concentration also
resulted in increased aggregation, as expected.* A study of the
stability of TiNPs suspensions at pH = 2-12, obtained using
HCI/NaOH solutions or different buffers, confirmed pH
dependence of both zeta potential and average diameter of
TiNPs aggregates in aqueous suspensions. Additionally, it was
indicated that the size of TiNPs aggregates is medium-
dependent at pH around 6 and differs significantly in
different buffer solutions and HCI solution.*

Another important factor for the stability of charged NMs is
ionic strength and the nature of the ions. Brunelli et al.** used
deionized water (DW) as a reference medium to study the
stability of P25 NPs. In this way, the presence of any ion that
could interact with TiNPs and affect their stability was avoi-
ded.”® It was shown that P25 TiNPs have good colloidal stability.
However, the stability of TiNPs was lower in artificial freshwater
(AFW) and artificial marine water (AMW), as evidenced by the
increase in hydrodynamic diameter and sedimentation velocity.
Additionally, a decrease in the absolute value of the zeta
potential of the TiNPs was observed in the order DW > AFM >
AMW. Generally, it is expected that divalent cations will have
a more profound influence on TiNMs' stability than monovalent
cations. French et al.** have shown that at ionic strength and pH
values typical for surface waters and soils, it can be expected
that the TiNPs aggregates are formed. The higher tendency of
TiNPs to aggregate in the presence of divalent Ca** ion, as
compared to Na" ion, was ascribed to a higher decrease of Debye
length consequently lower electrostatic repulsion potential.

In addition to the properties of the media, the various
properties of NMs, such as size, morphology, composition and

21346 | RSC Adv, 2025, 15, 21341-21368
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structure, can significantly impact the stability of suspensions.
Marucco et al.®* investigated the stability of TiNPs suspensions
without the use of a dispersant. They used TiNPs with diame-
ters of 5 nm and 20-300 nm. Both suspensions exhibited
polydispersity and a wide range of particle sizes, as well as very
low stability, as sedimentation occurred within 1-2 hours. Liu
et al.*® investigated the stability of suspensions of four different
types of TiNPs, three types of anatase nanoparticles with
nominal diameters of 5, 10, and 50 nm, and rutile nano-
particles with dimensions 10 x 40 nm and 30 x 40 nm.
Suspensions were prepared via sonication for 2 h, without any
dispersant, in DI water and in 5 mM NacCl solution. The results
showed that 50 nm anatase and 10 x 40 rutile are the most
stable ones, as they almost do not sediment in water and have
a slower sedimentation rate in NaCl solution, compared to
other samples. 5 nm anatase TiNPs suspension showed slow
sedimentation in water, but rather fast in NaCl solution, where
it sedimented completely within first few days, while 10 nm
anatase TiNPs suspension sedimented quickly in both
mediums. The main factor determining the stability of TiNPs
aqueous suspensions was shown to be the surface charge,
influenced by the varying concentrations of impurities in the
pristine material, as the most stable sample had the highest
zeta potential values.?® Degabriel et al.*® have shown, using real-
time DLS profiles, that the critical coagulation concentration
(CCC) was significantly lower for the rods compared to the
spheroids in both NaCl and CaCl, suspensions. The aggrega-
tion was also pH dependent for both spheroids and rods.
Doping TiNPs with Er and Yb, can significantly improve TiNPs
stability. Although, it was shown that doping of TiNPs did not
affect their crystalline structure, suspensions in water and
other solvents maintained stability for at least 21 days.”
Additionally, Sentis et al.®® investigated the dispersibility and
stability of suspensions of two TiNPs types, commercial NM-
104 and food-grade commercial E171. It was shown that NM-
104 had a smaller average primary diameter compared to
E171, but was less dispersible, i.e., formed larger aggregates
under the same preparation conditions. Nevertheless, it was
demonstrated that NM-104 exhibited better stability, charac-
terized by a lower settling velocity and smaller Stokes diameter
of aggregates. They also reported the influence of pH on the
zeta potential of TiNPs. Results showed that TiNPs E171 had
zeta potential around zero at pH = 2, which decreased to
—70 mV when pH reached 12. Zeta potential of TiNPs NM-104
had positive values at pH < 6.5, and negative values at pH > 6.5,
where in both cases the absolute value of TiNPs zeta potential
was around 20 mV.

The method of preparing the suspensions can also signifi-
cantly influence their stability. The influence of sonication time
on suspensions with different TiNPs concentrations and
without dispersant was also investigated.** It was determined
that with an increase in the concentration of TiNPs, the elec-
trophoretic mobility of nanoparticles increased, and their size
decreased. Furthermore, it was shown that 20 min sonication is
sufficient to disperse agglomerates of TiNPs, while further
increases in sonication time had no influence on TiNPs diam-
eter. Phromma et al®* also investigated the influence of
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sonication time and amplitude on the stability of TiNPs
suspensions with different concentrations. The authors found
that the irradiation of larger amplitude (35%) and duration (15—
30 min) was more suitable for lower TiNPs concentrations (0.1
and 1%), while short irradiation (70-140 s) with lower sonica-
tion amplitude (20%) was preferable for higher TiNPs concen-
trations (5 and 10%). By applying these conditions, authors

Ultrasonication duration
120 min 90 min 60 min 30 min 0 min

150 min

180 min
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obtained 90 min stability of pristine TiNPs suspensions. Mah-
bubul et al.*® investigated the influence of sonication duration
on particle diameter in TiO, suspensions. It was found that the
decrease in diameter size with sonication duration had an
irregular trend. During the first 30 min of sonication, the value
of diameter decreased rapidly. Subsequently, a slight decrease
was detected from 30 minutes to 90 minutes. Finally, no

Scales
200 n

A . de

Fig.4 TEM images of TiO, nanoparticles dispersed in water for different periods of ultrasonic treatment. Reprinted from ref. 39 with permission

from Elsevier Ltd.
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changes in diameter value were observed after the sonification
of the sample for 90 min to 180 min (Fig. 4).

Another approach to obtain a stable NMs suspension is to
prepare functionalized NMs. This approach is not as frequently
used for TiNMs, as for other NMs, like silver nanoparticles.*
Sen et al.®* studied a novel approach to formulating nanofluids
with high solid nanoparticle loading, excellent colloidal
stability, low viscosity, and good electrochemical response from
the modified nanoparticles. They used sulfonated TiNPs for the
preparation of suspensions with solid concentrations up to
50%, demonstrating that surface treatment minimizes particle
agglomeration in the presence of electrolytes at pH 11.

The studies reviewed in this section indicate that the stability
of pristine TiNMs suspensions is a result of the delicate inter-
play of several factors, including the properties of TiNMs
(structure, size, morphology) and the dispersion media (pH,
ionic strength, TiNMs concentration), as well as the type and
parameters of the dispersion method. In addition, they also
point out that achieving the long-term stability of pristine
TiNMs is challenging. However, modifying the surface of TINMs
can facilitate the preparation of stable suspensions. This can be
achieved either by doping TiNMs,” chemically modifying the
surface,” or, as described in the following sections, applying
different types of dispersants.

4.2. Surfactants

Surfactants (surface active agents, SAA) are amphiphilic
compounds that contain a hydrophilic head and a hydrophobic
tail in their molecule.’® Due to their amphiphilic nature,
surfactants tend to adsorb at different interfaces at low
concentrations, significantly changing the free energy of the
surfaces. When all interfaces are occupied, SAA self-assemble in
the bulk of the solution into supramolecular structures such as
micelles, vesicles, and liquid crystals.’”* Usually, SAA are clas-
sified by type of hydrophilic group into anionic, cationic,
nonionic, and zwitterionic (Fig. 5)."* Due to the emergence of
SAA with various molecular structures over the past few

decades, classification based on molecular structure is
non-ionic anionic cationic  zwitterionic
3 é hydrophilic
e
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&
>
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hydrophobic
hydrophilic head
e
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=
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N
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Fig. 5 Schematic representation of the different types of surfactants.
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becoming increasingly used. Based on the molecular structure,
SAA can be classified as single-tail, double-tail, triple-tail, cata-
nionic (two oppositely charged SAA electrostatically bonded),
dimeric (two single-tail molecules connected at the level of
headgroups by polar or non-polar spacer) and bolaform (two
polar groups connected with hydrocarbon chain).**

Due to their tendency to adsorb, surfactants are frequently
used as dispersants for various nanomaterials.'® SAA can
provide all three mechanisms of stabilization described above.
When discussing surfactants' stabilizing effects, it should be
considered that in addition to electrostatic and steric interac-
tions, in the case of surfactants, hydrophobic interactions have
an important role. This interplay of different forces dictates
their adsorption behaviour at solid surfaces. The difference in
the adsorption behaviour of ionic surfactants, as compared to
other charged adsorbates, is depicted in the adsorption
isotherm. Ionic surfactant adsorption isotherm usually exhibits
four regions.® At low surfactant concentrations, surfactant
molecules adsorb at the oppositely charged solid surface. Upon
increasing surfactant concentration, lateral interactions
between hydrophobic chains become important, and surfactant
molecules form surface aggregates, like hemi-micelles, admi-
celles, etc. As a result, adsorption density increases sharply in
this region. When the amount of adsorbed surfactant molecules
is high enough to electrically neutralize a solid surface, further
adsorption proceeds through lateral attraction only. At
concentrations above the critical micellization concentration
(cmc), further increase in surfactant concentration leads only to
micellization in the solution, while the adsorption density
remains unchanged. Hydrophobic interactions govern the
adsorption, surfactant molecules adsorb in a reversed orienta-
tion, with head groups oriented towards the bulk of the solu-
tion.'* This section provides an overview of the most commonly
used surfactants for stabilizing TiNMs (Table 2).

Sodium dodecyl sulphate (SDS) is a frequently used model
anionic surfactant. Several studies have investigated its efficiency
in stabilizing TiNMs suspensions, as well as compared its influ-
ence with that of other surfactants. Yang et al** investigated the
effect of varying SDS concentrations on the stability of TiNPs
suspensions in both water and 100 mM NacCl. It was shown that
the stability of suspensions increases with SDS concentration up
to the cmc. A further increase in SDS concentration led to the
instability of suspensions due to the formation of micelles, as
strong depletion forces prevailed. The stabilizing effect of SDS was
compared with the effect of cationic cetyltrimethylammonium
bromide (CTAB), dodecyltrimethylammonium bromide (DTAB),
benzethonium chloride, tetradecylpyridine bromide (TDPB) and
dimeric  bis(N,N-dimethyl-N-dodecyl)ethylene-1,2-diammonium
dibromide (12-2-12) and bis(N,N- dimethyl-N-dodecyl)hexane-1,2-
diammonium dibromide (12-6-12), anionic sodium dodecyl
benzene sulfonate (SDBS), nonionic triblock copolymer Pluronic
F-127, nonylphenol ethoxylate (NPEO) and Triton X100. Cationic
SDS and CTAB were shown to be more efficient in stabilizing
TiNPs nanofluids compared to anionic SDBS and acetic acid.
However, CTAB was preferred for the preparation of nanofluids
with high particle loading (>1%),'* confirming a previous study
showing that CTAB can be used for adequate stabilization of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TiNMs (w/v concentration in suspension)
Nanowires TiO,(B) and trititanate

Nanoparticles, rutile, TR52 (1%)
(mixed), (0.001-0.01%)

Nanoparticles, anatase (0.1-1%)
Nanoparticles, anatase (0.1-2%)
Nanoparticles, anatase (0.05%)
Nanoparticles, rutile (20%)
Nanoparticles, anatase (0.005%)
Nanoparticles, rutile (0.1-0.2%)
Nanoparticles, rutile
Nanoparticles, P25 (0.05-0.5%)

Nanoparticles, P25 (0.1%)
diethylenetriamine dialkylamide, SDS - sodium dodecyl sulphate, SDBS - sodium dodecyl benzene sulfonate, TDPB - tetradecylpyridine bromide, TX100 - Triton X100, 12-2-12 - bis(N,N-

dimethyl-N-dodecyl)ethylene-1,2-diammonium dibromide, 12-6-12 - bis(N,N-dimethyl-N-dodecyl)hexane-1,2-diammonium dibromide.

% BTC - benzethonium chloride, CTAB - cetyltrimethylammonium bromide, DTAB - dodecyltrimethylammonium bromide, NPEO - nonylphenol ethoxylate, POE-DETADAA - polyoxyethylene

Table 2 Summary of the reviewed studies investigating the stability of aqueous suspensions of TiO, nanomaterials (TiNMs) in the presence of surfactants as dispersants
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anatase TiNPs nanofluids.'® It was shown that both cationic SDS
and CTAB, as well as non-ionic Pluronic F-127 have a similar effect
on the stability of TiNPs suspensions, maintaining the suspen-
sions stable for 1 h. However, the influence on particle size
differed, as the smallest particles were observed in the presence of
CTAB."” Chen et al.'”® compared the efficacy of SDS, cationic TPB,
and non-ionic Triton X-100 in providing stabilization for TiNPs
dispersions. It was found that SDS and TPB, as ionic surfactants,
enhance the stability of dispersions, while non-ionic TX 100 has
a negligible influence on TiNPs suspension stability. Contrarily, Li
et al.® have shown that both SDS and non-ionic NPEO are effi-
cient in preventing aggregation in MilliQ water and water from
different environmental sources. However, anionic SDS was more
efficient. The study was designed and performed in a batch
experiment conducted in a shaker to better simulate the dynamics
of the natural water environment.

These studies do not report the pH at which they were per-

formed, which could correlate the observed effects with the zeta
potential of TINMs in the media. This void, however, is filled by
study of Petryshyn et al.'*® They studied the effect of cationic
benzethonium chloride, anionic SDBS, and non-ionic TX-100
on the aggregation behaviour of rutile TiNPs with a size of
230 nm in a wide pH range of 2-12. All surfactants improved
TiNPs stability. At pH > pH;gp for anionic surfactant, and at pH <
pHiep for cationic surfactants, high aggregation stability was
observed. At pH < pHygp for anionic surfactant and at pH > pHygp
for cationic surfactant, stability increased with surfactant
concentration.
Sato and Kohnosu''* showed non-linear dependence of rutile
TiNPs (210 nm in size) stability with increasing polyoxyethylene
diethylenetriamine dialkylamide concentration. At low surfac-
tant concentrations, stability initially decreases, accompanied
by the zeta potential becoming less negative. Minimum stability
was observed at the surfactant concentration for which the zeta
potential was 0 mV. A further increase in surfactant concen-
tration resulted in a more positive zeta potential, accompanied
by an increase in stability. Maximum stability was observed at
the surfactant concentration at which a plateau in adsorption
was reached. Further increase in surfactant concentration
resulted in destabilization. This behaviour was attributed to the
reduction of electrostatic repulsion at lower surfactant
concentrations and the depletion effect at higher concentra-
tions, as evidenced by the absence of changes in adsorption and
zeta potential.

Dimeric surfactants have been attracting attention due to
their superior properties compared to their conventional
counterparts.’”® This makes them of high interest in both
fundamental research and industrial applications. Veronovski
et al." studied the stabilization properties of 12-6-12 and SDS,
and reported that at all investigated concentrations, dimeric
surfactant showed better stabilization properties, indicated by
the mean particle size of TiNPs in suspension. In the following
study,"*® authors observed that upon the increase in 12-6-12
concentration, an increase in pH and sedimentation occurred.
As the zeta-potential value approached 0 mV, it was concluded
that a monolayer of 12-6-12 molecules was formed with hydro-
phobic tails protruding from the surface of TiNPs, inducing
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aggregation. With increasing 12-6-12 concentration up to cmc,
the stability increased, which was ascribed to the formation of
a bilayer on the surface of TiNPs with charged head groups
oriented outside. Selmani et al.*** compared the influence of
two structurally different quaternary ammonium surfactants,
monomeric DTAB and the corresponding dimeric 12-2-12, on
the stability of TINWs in water and aqueous NaBr solution. It
was shown that aqueous suspensions of TINWs are rather stable
but that the addition of NaBr induces aggregation, which
becomes more pronounced with the increase of TiNWs
concentration. 12-2-12 acted as a stronger stabilizer than DTAB,
due to the presence of two positively charged head groups and
two hydrophobic tails. The results were theoretically confirmed
by the surface complexation model (SCM). SCM showed that 12-
2-12 had a higher intrinsic log K, thus confirming that 12-2-12
interacts more strongly with TiNWs surfaces compared to
DTAB. The reason for this behaviour may be the different
structure of adsorbed surfactant layers, which is a consequence
of their different molecular structures. The model was able to
predict zeta potential values as a function of pH, TiNWs
concentration, salt level, and surfactant concentration,
providing a way to tailor the stability of TiNWs dispersions and
enabling a better understanding of the surfactant behaviour in
contact with TiNWs surfaces.

In summary, the surfactants were demonstrated to be effi-
cient dispersants under various conditions. Applying surfac-
tants of different molecular structures can enable fine-tuning
the stability of suspensions by utilizing electrostatic, steric, and
hydrophobic forces. This makes them of special interest for
various applications. Despite the above-mentioned advantages,
studies have shown that another class of dispersants, namely
polymers, can be more efficient than surfactants.

4.3. Polymers

Polymeric dispersants differ from inorganic or small organic
molecules due to their relatively higher molecular weights,
which often enable achieving higher colloidal stability of
nanomaterials."*® A polymeric dispersant containing functional
anchoring groups attached to the backbone chain can bind to
the numerous sites on the titania surface and form adsorption
layer(s) or extend from the surface of the nanomaterials to the
bulk solution. The dispersion role of such macromolecules
depends on the thickness and durability of the adsorbed poly-
mer layer. The most common polymeric functional groups are
carboxylic, sulphonic, and phosphoric acid groups, phosphate
esters, amines, ammonium, and quaternary ammonium
groups.'” Depending on the charge of the associated functional
groups, polymeric dispersants can be divided into two classes:
(i) ionic (which provide electrostatic stabilization) and (ii) non-
ionic (which provide steric stabilization). Ionic functional
groups make polymeric dispersants effective in the aqueous
phase, where the stabilization performance depends on pH
value and ionic strength. On the other hand, non-ionic disper-
sants are generally not sensitive to solution chemistry and are,
therefore, also an effective stabilizer in the dry state (e.g., in
drying processes of TiNMs-based coatings or during the
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extraction of nanomaterials from a liquid phase). In both cases,
for achieving stable suspensions, the careful selection of an
optimal polymer concentration is crucial. An excess amount of
polymer can result in increased viscosity or unintended inter-
actions, while a low concentration may not be effective enough.
In Table 3, a summary of the studies on the influence of poly-
meric dispersants on the stability of TiNMs suspensions is
provided. As it can be seen, the majority of the polymers listed
below are, in fact, ionic, which indicates that they stabilize
suspensions through an electrostatic stabilization mechanism.

The molecular weight of the polymer is important factor in
determining its efficacy to stabilize NMs suspensions. There-
fore, it is not surprising that a number of studies investigated
the relationship between molecular weight and efficacy of
polymer to stabilize TiNMs suspensions. Polyacrylic acid (PAA)
is the most commonly used polymer for stabilizing TiO,
suspensions. Sato et al."® showed that the aggregate size of the
ultrasonically treated TiNPs suspension with sodium poly-
acrylate (NaPAA) was close to the primary particle size estimated
from the specific surface area in relatively concentrated
suspensions with a solid fraction of up to 15 vol%. The
optimum molecular weights of NaPAA for nanoparticle disper-
sion by ultrasonication were 8000 or 15000 g mol *. Othman
et al.*® investigated the influence of PAA molecular weight on
dispersing and stabilizing TiNPs, produced using the metal
organic chemical vapour deposition method, in aqueous
suspensions. The use of ultrasonication was found to assist the
agglomerates to break down into smaller agglomerates and
aggregates, confirming previous observations.'*® Moreover, the
addition of dispersant was found to improve the deagglomera-
tion process via ultrasonication by enhancing the separation
between nanoparticles and hindering the agglomeration of the
nanoparticles. The low-molecular-weight dispersant, PAA 2000,
produced a more stable suspension with smaller average cluster
size than obtained in the presence of PAA 5000. The reason is
most likely the fact that polymers of high molecular weight have
longer carbon chains that can bridge many nanoparticles,
resulting in a larger average cluster size. The optimum amount
of dispersant to disperse and stabilize the TiNPs aqueous
suspensions was found to be 3 wt%. Also, the suspension
stabilized with PAA 2000 remained stable for more than 2
months.** Sun et al.™ also investigated the influence of PAA
molecular weight (M, = 100000, 450000 and 1250 000).
Contrary to the general opinion that high M,, polymers would
exhibit better flocculation performance, their study found that
medium M,, PAA performed the best, in line with results ob-
tained by Othman et al.** In addition, although the settling rates
differed for different M,, PAA, all polymers exhibited optimal
flocculation performance at 3.3% of a monolayer coverage of
TiNPs surface. As the efficient adsorption of the dispersant on
the surface of NMs is crucial for obtaining stable suspensions,
the adsorption behaviour of PAA at the surface of dispersed
titanium dioxide was also investigated at different concentra-
tions, pH levels, and PAA molecular weights."”*® Adsorption
isotherms indicate that the adsorption density of PAA increases
at low concentrations of PAA and then reaches a saturation
value at higher concentrations, as expected. The adsorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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density of PAA is found to increase with an increase in PAA
molecular weight. The increase in pH of the solution results in
a decrease in the adsorption density of PAA. The determined
thickness of the adsorption layers of PAA on the titanium
dioxide surface increases with increasing pH, as well as with
increasing polymer concentration and molecular weight.
Different effects were observed when comparing stability of
suspensions containing different TiNPs depending on their
structure and surface properties. Fazio et al.™* investigated the
stabilization effect of the commercial salt of a polyacrylic acid-
based polyelectrolyte, DURAMAXTM D-3005, on suspensions
of three different TiNPs, namely commercial anatase,
commercial rutile, and anatase synthesized by the cryo-gel
technique. Stable suspensions of commercial TiNPs were ob-
tained at 1.0-1.5 wt% of polyelectrolyte. However, it was not
possible to obtain a stable suspension of synthesized TiNPs.
Tsai et al."® investigated the stabilization effect of ammonium
polyacrylate (NH,PAA) on hydrophilic and hydrophobic nano-
sized TiO,, both being mixture of anatase and rutile. Different
surface chemistry resulted in different affinity towards NH,PAA.
Better stabilization was observed for hydrophilic TiNPs, even
though a thicker NH,PAA layer was formed on hydrophobic
TiNPs. Thermodynamic calculations showed that steric stabili-
zation dominated the dispersion of hydrophilic TiNPs. Karakas
and Celik'® used zirconia- and alumina-coated TiNPs and
investigated the effect of NaPAA on the stability of their
suspensions. They demonstrated that stabilization is achieved
in the plateau concentration region of the adsorption isotherm,
where values of the zeta potential have a large absolute value
(Fig. 6). It was concluded that the electrosteric mechanism
governs stabilization. Aggregation of pristine and different
polyelectrolyte-coated TiNPs (0.01%) was investigated under
different pH and IS."° Pristine TiO, particles tend to aggregate
very fast in the isoelectric region (pH around 6.5). Outside of
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this region, colloidal stability can be achieved depending by the
IS of the base electrolyte. However, when TiO, particles are
stabilized with polyions, either with strongly charged poly(N-
ethyl-4-vinylpyridinium cation (P4VP), weakly charged poly(-
allylammonium) cation (PAH) or weakly charged PAA, negli-
gible particle clusters are formed. An increment in IS generally
results in the weakening of electrostatic interactions between
the individual particles, i.e. to the formation of the aggregates.
The degree of polyanion ionization plays an important role in
TiNPs, stabilization; for example, the aggregation rate of PAA-
coated particles was found to be 0.9 nm s ' at pH = 3, since
PAA ionization was less than 5%.

A number of studies compared the stabilization efficacy of
different polymers and other types of dispersants with that of
PAA. Cran et al."** compared the behaviour of PAA and phos-
phonates, namely 2-carboxyethylphosphonic acid (CEPA) and
phosphonobutane tricarboxy acid (PBCTA). They suggested that
PAA and CEPA provide electrostatic stabilization to pigment
particle suspension, whereas grafted PBCTA provides both
electrostatic and steric stabilization. Elbasuney et al'"
employed PAA and dodecenylsuccinic anhydride (DDSA) for
post-synthesis surface modification of TiNPs to improve their
dispersibility by altering surface properties. The authors ob-
tained effectively stabilized TiNPs coated with PAA in aqueous
media, and TiNPs coated with DDSA stabilized in organic
media. Tsai et al.**® compared the PAA stabilizing properties
with ones of small molecular anionic sodium hexametaphos-
phate (SHMP). It was found that 5% of both stabilizers was
sufficient for the stabilization of TiNPs dispersions. Berglez
et al.*® investigated different poly(a-alkyl carboxylic acids) (PAA,
polymethacrylic acid, PMA, and polyethacrylic acid, PEA) to
determine the influence of chain length and stereochemistry on
the stability of TiNPs. The addition of the most hydrophilic PAA
to TiNPs suspension resulted in the largest shift of pHgp and
the best stabilizing effect among tested dispersants. It was
demonstrated that stereochemistry has a lesser influence on the
stability of TiNPs suspensions. Monteiro et al.*® synthetized
novel poly(ethyleneglycol)-b-poly(4-vinyl pyridine) block copol-
ymer (PEG-b-P4VP) and tested it against NaPAA for stabilization
of 1% TiNPs dispersion at pH = 9. The obtained results sug-
gested that PAA was superior in preventing aggregation.
However, block copolymers showed better particle size distri-
butions and dispersion stability over time. Peng et al.'*® inves-
tigated the influence of PEG and SN5040, individually and in
a mixture, on the stability of P25 TiNPs aqueous suspensions
with the aim of preparing inner wall latex paint. SN5040,
a commercial dispersant whose main component is NaPAA,
proved to be a more efficient dispersant in basic conditions. The
addition of a simple electrolyte, NaCl, resulted in an increase in
the optimal SN5040 concentration. Interesting effects were
observed when SN5040 and PEG were applied in a mixture. If
the polymers were added simultaneously, an antagonistic effect
was observed. However, when added sequentially, a synergistic
effect was observed, ascribed to reduced electrostatic repulsion
between SN5040 molecules due to the presence of PEG. The
screening of electrostatic interactions enabled an increase in
SN5040 adsorption density. The suspension was successfully
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applied in the preparation of the paint. In another study, PEG
and PVP were used as polymeric dispersants to prepare a stable
TiNPs dispersions in aqueous and biological samples."” Opti-
mization of the various parameters (type of polymeric stabilizer,
mode of dispersion, dispersion type) was performed using SRM
NIST 1898 NP reference material, which includes anatase and
rutile crystal forms. The results revealed that the addition of
PVP polymer at 2 wt% concentration and sonication of the
suspension with a probe (2 min at 80% pulse mode) hinders the
formation of a larger agglomerate for at least 72 h. Another
group of authors also reported the preparation of stable
suspensions using PVP as dispersant, where the optimal
concentration was found to be 0.04 times the concentration of
TiNPs.”*

Ammonium salt of polymethacrylic acid (Darvan C) was
another polymer studied for stabilization of TiNP, and it was
indicated that the stability of suspensions increased with Dar-
van C concentration, although stability was lower than in the
presence of PAA 2000.* Investigations of Darvan C adsorption
on TiNPs revealed that the adsorption of Darvan C results in
a significant shift of pHgp towards lower pH values. Adsorption
isotherms were of Langmuir type, and results indicated that the
adsorption occurs through electrostatic interactions, in addi-
tion to hydrophobic.™*

Deshmukh et al™' investigated the stability of TiNPs
suspensions in the mixture of polyallylamine hydrochloride and
polyvinyl alcohol under a wide range of pH (2-12), TiNPs
content (2-12%), and temperatures (25-65 °C). As no sedi-
mentation was observed in the course of 2 months, it was
concluded that the suspensions were rather stable.

Tailor-made dispersants attract special attention in the
development of stable suspensions. However, the studies of
tailor-made polymeric dispersants for TiNMs are scarce.
Rezende et al.'*® synthesized tailor-made dispersants poly[oli-
go(ethylene oxide)methyl ether acrylate] (POEOA) as hydrophilic
block and  poly(2-(dimethylamino)ethyl = methacrylate)
(PDMAEMA) and dopamine (Dopa) as anchoring molecules by
atom transfer radical polymerization. They validated their
TiNPs stabilizing performance using satin vinyl paint. A better
TiNPs suspension was observed compared to conventional PAA.

In summary, polymers, due to their high molecular weight,
enable efficient stabilization of TiNMs. Their two principal
mechanisms of action are electrosteric and steric stabilization.
Electrosteric stabilization can be successfully achieved by
applying weak or strong polyelectrolytes.’*® Steric stabilization
is provided using non-ionic polymer chains, such as PEG'** and
PVP.'” For both stabilizing mechanisms, the good surface
coverage of TiNMs with polymer is crucial. The importance of
the polymeric M,, must be emphasized here. It was shown that
better colloidal stability can be achieved with polymeric chains
of lower M,, since longer chains could intertwine or create
bridges between the adjacent particles, forming larger aggre-
gates.*>'*® Although it is usually thought that polymers are more
efficient than small molecules, there is proof that, in some
cases, small molecules can be as efficient at the same concen-
trations.” Therefore, the effectiveness of the small organic and
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inorganic molecules is discussed in the next section of the
manuscript.

4.4. Small organic and inorganic molecules

Recent investigations in the effects of small molecules on the
stability of TiNMs suspensions highlight their role in facili-
tating the stabilization, i.e., agglomeration suppression in
TiNMs."** The reviewed studies dealing with small molecular
dispersants are summarized in Table 4.

Among the inorganic species used for the encapsulation of
TiNMs, various phosphates were the most dominant. Due to the
multiple oxygen donor atoms, i.e. three pK, values, phosphates
can adsorb to the surface of nanomaterials from either acidic or
basic solutions, making them an excellent functional moiety to
stabilize TiNMs."*

In the work by Kao and Cheng,*® sodium hexametaphos-
phate (SHMP) was employed as the dispersant. Based on visual
observation, the results indicated that 0.1 wt% suspension of
TiNPs stabilized with 0.2 wt%. SHMP could be stable for
approximately two weeks. The strong adsorption of phosphate
has resulted in a strongly negative charged surface, with
a measured zeta potential of —53.7 mV. Additionally, they have
determined that SHMP contributed to the reduction in
secondary particle size using DLS (Fig. 7). The phosphate
dispersant adsorbed onto TiNMs surface prevented its precipi-
tation, even at near-supercritical CO, conditions.

Tsai and co-workers' demonstrated that stable TiNPs
suspensions can be obtained at 5 wt% of both inorganic (SHMP)
and organic (PAA) dispersants. The good efficacy of SHMP was
ascribed to the higher electronegativity and stronger electro-
static repulsive forces. In another study, the dispersing effi-
ciency of SHMP was also investigated, together with ethanol,
tetrahydrofuran (THF), and polyvinylpyrrolidone (PVP).*** The
results revealed that the stability of suspension strongly
depends on the concentration of the dispersant, as 2 vol% of
THF and 0.02 g per mL SHFM were most efficient for stabilizing
suspension containing 0.1% TiNPs. Sodium tripolyphosphate
(STPP), another inorganic phosphate species, has been
successfully employed to disperse anatase nanoparticles in
water.”*® A stable suspension of 30 wt% TiNPs with smaller
particle clusters (average diameter ~30 nm) was subjected to
a plasma spraying process as a coating method to fabricate
a photocatalytic ultrafiltration membrane on stainless steel
substrates.

Specific effects of various inorganic anions, including
biphosphate, on the stability of aqueous titania nanosheets
(TiNSs) suspensions were investigated in acidic (pH = 4) and
basic (pH = 10) conditions.”®® The results revealed that, in
acidic media in which they act as counterions, the majority of
the monovalent species destabilized the suspensions, according
to the Hofmeister series. However, monophosphate/
biphosphate exhibits atypical behaviour under acidic (H,PO, "
present as a major species) and alkaline (HPO,>~ present as
a major species) conditions, rendering unusually low and high
critical coagulation IS (CCIS) values, respectively. Namely, the
strong affinity of phosphate to coordinate the Ti surface atoms
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Fig. 7 Zeta potential and the secondary average particle size esti-
mated by DLS in aqueous TiO, dispersion (0.005 wt%) containing
0.01 wt% SHMP through supercritical CO, (t = 35 °C, p = 1200 psi,
saturation time 30 min). Reproduced with permission from ref. 38.
Copyright under ACS AuthorChoice Licence.

through two oxygen atoms (bidentate binding mode) resulted in
a remarkable charge reversal of TiNSs. Therefore, for both
phosphate species, due to their strong interaction with the
TiNSs, the presence of forces of non-DLVO origin was
determined.

These studies indicate that for the efficacy of inorganic small
molecular dispersants, the presence of several functional
groups in its structure is of paramount importance, as their
primary mode of action is electrostatic repulsion. In addition,
polyprotic groups enable application in a wide pH range.

In addition to inorganic molecules, suitable small-
molecular-weight organic molecules can also be highly effec-
tive dispersants. Sallem et al.**” focused on two catechol deriv-
atives, namely Tiron (disodium  4,5-dihydroxy-1,3-
benzendisulfonate) and dopamine (2-(3,4-dihydroxyphenyl)
ethylamine). By dissolving Tiron in water, a negatively charged
(anion) species is obtained, while dopamine is effectively
protonated in a wide range of pH and is thus positively charged
in solution. Both Tiron and dopamine not only stabilized the
TiNPs suspension in their respective pH ranges but also
decreased the viscosity of highly loaded titania suspensions.
Thus, an overall increase in the maximum attainable concen-
tration of TiNMs was achieved, albeit under different pH
regimes, depending on the chosen dispersant.

Li et al.**® explored the effects of surface modification of
TiNMs by treating them with acid or coating them with a few
nanometres thick layer of silica (SiO,). Additionally, they have
treated the coated TiNMs with acid. The SiO, coated TiO, had
a significantly lower isoelectric point, making the particle
surface acidic. On the other hand, the acid-treated TiO,, which
had its silica layer thinned to less than a nanometre, exhibited
similar surface properties to pristine TiNMs. Furthermore, they
have investigated oleic acid (OA) and oleylamine (OLA) as
dispersants. The acidity of the SiO,-coated TiO, surface fav-
oured OLA adsorption and hindered OA, due to unfavourable
electrostatic interactions. The acid-treated TiO, favoured the
adsorption of OA and OLA to a similar extent. Their findings
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emphasize the importance of the isoelectric point on the
adsorptive interactions between NMs and dispersants in
general. Yang et al.*® investigated the suspension performance
of three common organic dispersants with carboxyl, amino, or
phosphate moieties, namely OA, OLA, tris-(2-butoxyethyl phos-
phate), for the stabilization of hydrophilic and hydrophobic
TiO, in ethyl acetate, a polar aprotic solvent. Their results have
shown that hydrophilic TiNMs are more sensitive to the choice
of dispersant, even though a sufficient level of dispersant
adsorption is crucial for achieving stable suspensions. In
addition, hydrogen bonding and charge-based interactions, in
the case of dispersants with hydroxyl and phosphate functional
groups, both play important roles in preventing irreversible
agglomeration in polar, aprotic solvents. Suspensions of high
solid TiNPs loading (up to 45%) can be obtained with in situ
encapsulation of particles with small-molecule organic ligands
such as glycine, malic acid, malonic acid and glycerol.*” In situ
stabilization, in which the stabilizer molecule is present during
the formation of NMs, ensures good binding of the ligand and
optimum colloidal stability. Regardless of the type of organic
molecule used, stabilization of all systems is achieved through
strong electrostatic repulsion in highly acidic media (pH
around 1). Upon neutralization, precipitation occurs in all
suspensions, indicating a negligible effect of these organic
stabilizers.

Vaiano and co-authors™® demonstrated that azulene, a non-
benzoid aromatic hydrocarbon, has a significant impact on the
statistical distribution of TiNMs populations in aqueous
suspensions. Azulene effectively altered the aggregate size
distribution of N-doped TiO, particles from a trimodal to an
essentially monomodal distribution. In addition, azulene as
a dispersant enhanced the photocatalytic properties of the
titania suspension. By preventing large-scale aggregation, the
dispersant ensured enhanced contact between the TiO, surface
and the methylene blue target pollutant, ie., enhanced
adsorption which, promoted its photocatalytic degradation.

Literature data suggest that organic acids may have a detri-
mental impact on TiNMs colloidal stability and promote
aggregation. In the study reported by Pettibone et al.,*** the
adsorption of oxalic and adipic acid on 5 nm and 32 nm anatase
TiNPs was investigated. Therein, the Langmuir adsorption
parameters and surface-area-normalized coverages of both
acids were deemed comparable. However, ATR-FTIR character-
ization revealed distinct molecular-level adsorption sites or
configurations on smaller TiNMs, indicating that the aggrega-
tion dynamics and surface chemistry vary across the nanoscale.
The extent of TiNMs aggregation is strongly pH-dependent,
whereby the presence of organic acids destabilizes suspen-
sions by altering the interparticle electrostatic interactions. On
the other hand, aromatic organic acids, such as salicylic acid
(SA), can potentially control the size of aggregates, as demon-
strated in the paper by Almusallam et al.** Aggregates of TiNPs
that have formed in the presence of 5 ppm SA had markedly
reduced hydrodynamic radii in an acidic medium. Further-
more, the authors have determined that at 10 ppm SA, the
aggregation process at pH 5 was effectively suppressed. Like-
wise, compounds such as tetraethylammonium hydroxide or
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Tiron, which have demonstrated stabilization of TiNPs
suspensions in water, are greatly impacted by the addition of
ethanol. Lebrette et al'** have determined that ethanol, as
cosolvent, can shift the slipping plane away from the particle
surface and reduce the measured zeta potential in the case of
TiNMs with Tiron or tetraethylammonium hydroxide. It was
proposed that ethanol molecules fill the voids in water
hydrogen-bond network, thereby moving the slipping plane
away from the surface and decreasing repulsive interactions
resulting in destabilization of the suspension if not carefully
managed. The dependence of the TiNPs suspension stability of
aqueous suspension in five different water chemistries regimes:
(i) without additive, pH = 6.5; (ii) HCl and HNO3, pH = 2.5, (iii)
NH;, pH = 9.5; (iv) 5 wt% ethylene glycol (EG); and (v) NH; +
5 wt% EG, pH = 9.5, was evaluated by UV-Vis spectrometry.'**
The latter one displayed the highest absorbance value, and the
suspension remained stable for 4 days. The synergistic effect of
the polyol molecule and the basic medium resulted in a higher
efficiency of electrosteric repulsive forces compared with elec-
trostatic or steric mechanisms.

Collectively, these findings reiterate how the interplay
between pH, specific functional groups of organic and inor-
ganic molecules as dispersants, and their concentrations
determine the extent and nature of particle-particle interac-
tions. Small molecules, such as catechol derivatives, amines,
aromatic carboxylic acids as organic moieties, or inorganic
ones, such as phosphates or silica coatings, can significantly
enhance TiNMs colloidal stability by strong electrostatic and/or
steric stabilization. Their effectiveness depends on matching
dispersant chemistry with the surface properties of TiNMs. On
the other hand, aliphatic organic acids'*® and inorganic phos-
phates**® have been shown to destabilize TiNPs and nanosheet
suspensions. Small organic molecules can provide either lipo-
philic (for example, oleic acid**®) or hydrophilic (i.e. salicylic
acid®’) character of TiNMs, rendering good stability either in
aqueous® or in organic medium.**"

4.5. Natural organic matter

Understanding the interaction of nanomaterials with environ-
mental components is crucial for understanding their fate in
the environment, the potential risks they pose to nature and
humans, as well as for utilizing their superior properties in
various applications, including water protection and environ-
mental remediation. In this sense, the interactions of nano-
materials with natural organic matter (NOM) are of special
interest, as they can significantly influence the properties of
nanomaterials. The importance of such investigations is evi-
denced by the development of the protocol preparation of
nanoscale TiO, suspensions in an environmental matrix for eco-
toxicological assessment.'*®

The stability of TINMs in environmental waters is influenced
by the concentration of the nanomaterial, as well as the physi-
cochemical characteristics of the aqueous media. Primarily,
various electrolytes (phosphate, sulfate, bicarbonate, chloride,
etc.) and the pH value of the natural waters determine the extent
of repulsion between the particles by electrostatic or
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electrosteric mechanisms, whereby the NOM macromolecules
can either provide additional stabilization or cause aggregation,
depending on the surface charge of the nano-TiO,.*»"**” At
a given pH value of the medium, the inverse value of Debye
length (1/k) is proportional to the valence charge of the elec-
trolyte."*® Therefore, an increase in the ionic strength of natural
waters will compress the EDL and decrease zeta-potential,
minimizing the repulsive forces between individual nano-
particles and ultimately increasing their aggregation. In addi-
tion, divalent cationic species present in natural waters reduce
the zeta-potential more effectively than monovalent cations at
pH value of the media above the pH,,, leading to the formation
of larger agglomerates."***® The studies have also demon-
strated that the stability of TiNMs in natural waters is strongly
influenced by the adsorption of various NOMs, organic sugars,
carbohydrates, cellulosic materials, alginate, proteins, lipids,
etc., onto the particle surface. To model the fate of TiNMs in
environmental waters, fulvic acid (FA), humic acid (HA) and
sodium alginate are the most commonly used NOM model
compounds. Due to the abundance of hydrophilic functional
groups, these macromolecules can bind to the surface of TiNMs
and thus strongly influence their stability. In particular, NOM
molecules alter the surface properties of TiNMs by changing the
surface charge, reactivity and aggregation behavior."** The
studies investigating the stability of TINMs in environmentally
relevant conditions reviewed in this paper are summarized in
Tables 5 and 6.

4.5.1. Humic (HS),
a complex mixture of heterogeneous, high-molecular weight
organic compounds of biotic origin, are omnipresent in soils,
sediments and waters. HS are divided into humic acids (insol-
uble below pH = 2), fulvic acids (soluble in water regardless of
pH), and humin (insoluble in water). Therefore, HA and FA are
two common types of HS in the aqueous environments with
different M,, and functional groups.*>

Chen et al*® reported that they have obtained stable
suspensions of anatase and rutile TiNPs in the presence of
humic acid (HA). HA can stabilize TiNPs at a very low concen-
tration mainly through increasing the electrostatic repulsion
between particles. However, the stabilization mechanism also
includes steric hindrance and hydrophobic interactions,
although their effect is very weak. Due to the stability of the
obtained suspensions, it is suggested that their photocatalytic
efficiency may be high, thanks to an increase in surface area,
which is of great importance for their applications. However, it
was shown that the properties of the adsorbed NOM layer can
influence the photocatalytic activity of TiNPs treated with
phosphate. Although the degradation of model compound
phenol was not affected, the degradation of its byproduct
catechol could be enhanced or suppressed, depending on the
adsorption conditions of NOM. This indicated that the influ-
ence of NOM on different reaction pathways should be
considered."™ Loosli et al.**® confirmed that the presence of
NOM in environmental concentrations induces significant
deagglomeration of large submicron TiNPs agglomerates. Both
electrostatic forces and steric interactions play important roles
during this process.

substances. Humic substances
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Recently, Luo et al.*** demonstrated that HA and FA can
adsorb to the surface of rutile TiNPs, altering their hydrophilic-
hydrophobic balance and thus playing an important role in
colloidal stability. Due to the difference in hydrophobic group
content and molecular weight, the adsorption percentage of HA
was twice that of FA. It was shown that at IS < CCC, both FA and
HA stabilize the TiNPs, whereas at IS > CCC, a destabilization
occurs. This suggests that NOM entanglement and NOM
bridging are possible mechanisms of interaction with TiNPs. In
a study conducted by Romanello and coworkers** HA and
tannic acid (TA) were found to have a stabilizing effect on TiNPs
through adsorption on their surface when the IS was adjusted to
0.9 mM and at different aqueous pH. The adsorption of nega-
tively charged HA stabilized TiNPs over a wider pH range (2-9)
compared to the neutral TA form (pH values below or above
PpHpzc = 4), in accordance with the DLVO theory. However, the
stabilization effect of both HS could be affected by divalent
calcium cations in the concentration range of 0.3-1.5 mM,
which is due to the formation of Ca**-NOM bridges. The study
by Lee et al* investigated the aggregation of rutile TiO,
(5 mg L") in the presence of HA and/or 17B-estradiol (E2) under
high ionic conditions. The results showed that HA alters the
surface charge more than E2 and, therefore, plays a more
important role in the aggregation behaviour of TiNPs.

Hsiung et al.*®® investigated the aggregation and sedimen-
tation of commercial anatase TiNPs under different pH, ionic
strength (NaCl), and Suwannee River humic acid (SRHA)
concentrations. The stability of TiNPs was independent of their
concentration. However, aggregation occurred at a pH near
pHpzc. As expected, the aggregation was enhanced by the
presence of NaCl due to EDL compression. The stability of
TiNPs at low and high SRHA, accompanied by charge reversal,
suggests that charge neutralization is responsible for the
destabilization of the suspensions. Another stability study on
the impact of the SRHA on stability of TiNPs was carried out by
Thio et al.** The presence of SRHA significantly increased the
stability of TiNPs over a broad range of IS (1 mM and 10 mM)
and pH (5-9). Aggregation of TiNPs occurred only in highly
saline environments (IS > 200 mM NaCl and > 5 mM CacCl,
electrolyte).

Erhayem and Sohn' investigated the stability of TiO,
particles upon adsorption of HA from different sources and
naturally occurring organic matter (NOOM, which includes HA,
FA and NOM)."** Low HA concentrations destabilize the TiNPs
particles even in the absence of background electrolyte, but they
prove to be effective stabilizers in higher concentration regimes
(=25 mg L") up to 100 mM NaCl.*** The increase in nano-TiO,
aggregation was observed at a NOOM concentration of
10 mg L™ at a pH of 7.9 and ionic strength of 4.6 mM, while
aggregation decreased when the NOOM concentration was
increased up to 25 mg L~'. Furthermore, the authors have
shown that the adsorption of NOOM follows Freundlich
isotherms. The NOOM species with greater hydrophobicity and
higher M,, values, such as HA, have a greater affinity to adsorb
onto the TiNPs, leading to an increase of K,q in either acidic or
basic media.’** Ottofuelling and 9 reported
a comprehensive study on the colloidal stability study of

co-workers
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commercial TiO, NPs (P25) in various aqueous matrices, ie.,
synthetic waters (using standard electrolyte solutions), natural
waters (groundwater, lake water, tap water, wastewater, etc.),
and standard synthetic (EPA) waters, showing that the presence
of NOM does not have an unidirectional stabilizing effect. In
natural waters with low mineral content, stabilizing effect was
greater than in waters with higher NOM content. In the EPA, the
TiNPs stability decreased with increasing pH and IS value.

Majority of studies of the fate of TiNMs in environmental
waters focus on the influence of ionic strength and diverse
stabilizing agents, neglecting the effects of NMs morphologies.
To address this limitation, Raza and co-authors**® investigated
the impact of different dispersant concentrations, pH values,
and ionic strengths on the aggregation kinetics of ellipsoidal
and spherical TiNPs. Of the five dispersants used, PEG, PVP,
SDS, citrate and Suwanee river fulvic acid (SRFA), the latter two
were the most effective in terms of suspension stability, shifting
the pHpyc value of the spherical anatase particles from pH = 5.6
(bare particles) to the value of 1.6 in the presence of citrate and
2.3 in the presence of SRFA, respectively. It was also found that
the two morphologies studied were less stable in the presence of
calcium salts (chloride and nitrate) than in the presence of
sodium salts (chloride and nitrate), due to the formation of
stable complexes between the Ca>" ions and the carboxyl groups
of the dispersants, resulting in lowering the CCC value. In
general, both types of NPs were relatively more stable in the
presence of SRFA than in the presence of citrate, mainly due to
the hydrophobicity and compact conformation of SRFA mole-
cules on the TiNPs surface, resulting in stronger electrosteric
repulsion. Under the same conditions, SRFA-stabilized ellip-
soids were more stable than the SRFA-stabilized spheres. These
morphology-related properties are the result of different SRFA
conformations on the surface of TiNPs. A more compact layer
forms on the spheres, while more extended chains are present
on the surface of the ellipsoids.

Despite the need to assess the long-term stability of TINMs in
environmental conditions, in order to assess their environ-
mental impact, such studies are rare. Danielsson et al'®
studied the stability of TiNPs in the presence of 2,3-dihydrox-
ybenzoic acid (2,3-DHBA), model phenolic carboxylic
compound, and SRFA during 9 months at pH 2.8 of relevance
for acid mine drainage sites. Depending on the 2,3-DHBA
concentration, during first month zeta potential of TiNPs
decreased with time, resulting in surface charge neutralization
at 2,3-DHBA concentration 1.5 mM and charge reversal at
higher concentrations. After 1 month, zeta potential decreased
only slightly. Accompanying the changes in zeta potential, at
2,3-DHBA concentrations above 0.1 mM, the hydrodynamic
diameter of the aggregates increased in the first month to
several microns. After this initial increase, the diameter of
aggregates decreased to several hundred nanometres after 9
months. It was suggested that the initial adsorption of 2,3-
DHBA can be fast. With time, the slower rearrangement of
initially formed surface complexes occurs, resulting in changes
in zeta potential and, consequently, aggregation behaviour.
Different behaviour was observed in the presence of SRFA. The
zeta potential of TiNPs didn't change significantly, indicating
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negligible interaction of TiNPs and SRFA, possibly due to the
low SRFA concentration investigated (up to 12 uM). Conse-
quently, only a slight increase in TiNPs' hydrodynamic
diameter was observed. However, increasing SRFA's concen-
trations to 20-80 uM, resulted in an increased amount of SRFA
adsorbed to the surface of TiNPs and destabilization of the
system for 7 days.

In the search for an effective method of removal of NMs from
waters, the feasibility of iron-based coagulants, poly-ferric
sulfonate (PFS) and ferric chloride (FeCl;), to remove rutile
TiNPs from the aqueous phase in the presence of HA was
tested.” The results showed that at low alkalinity of media, and
in the presence of FeClz;, HA exceptionally stabilized TiNPs in
the entire tested concentration range (0.5-11 mg mL™"), with
the zeta potential remaining very high (+40 mV). On the other
hand, the presence of PFS was effective in destabilizing TiNPs at
lower HA concentrations (up to 2.5 mg mL™%).

4.5.2. Non-humic substances. Non-humic
include low-molecular weight compounds such as carbohy-
drates, proteins, lipids, and sugars. In this chapter, the influ-
ence of alginates and their derivatives on the colloidal stability
and environmental fate of TiNMs is highlighted. Alginates,
linear chains of anionic polysaccharides consisting of (1— 4)-
linked a-r-guluronic acid and B-o-mannuronic acid repeating
units in random arrangement, are natural compounds isolated
from brown algae (Phaeophyceae).’”* Alginates can be further
modified in aqueous and organic media to tailor their proper-
ties for final application.'”®

Callegaro et al.'®® reported on the stability of pristine P25
TiNPs in artificial seawater under different probe-sonication
regimes and varying alginate concentrations. Prolonged soni-
cation resulted in an increase in the hydrodynamic radius of
aggregates, indicating that the alginate coating was partially
removed from the particle surface. The most effective stabili-
zation occurred at an alginate concentration of 0.45 g L', as the
highly saline medium of the artificial seawater promoted floc-
culation of the polysaccharides in the higher concentration
regimes investigated.

Three types of macromolecules (alginates, HA and FA) and
three types of electrolytes (NaCl, Na,SO, and CacCl,) were eval-
uated in terms of the stability of TiNPs prepared by a wet-
chemical process at pH = 2.5 (positively charged particles)

substances
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|
|
|
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and pH = 12 (negatively charged particles).’* The stability of
TiNPs was strongly dependent on: (i) the degree of coverage as
sufficiently encapsulated particles were protected from aggre-
gation, even at higher IS; (ii) the mixing conditions and initial
NOM concentrations, which were crucial for the sorption of
natural macromolecules; and (iii) M,, of NOM as larger mole-
cules provided an additional steric hindrance in the presence of
sodium chloride and sulphate, but were strongly destabilized in
the presence of Ca*>" due to the bridging of macromolecules.
Several studies on the disagglomeration of manufactured
TiNPs in the presence of NOMs under realistic environmental
conditions were carried out by the Stoll group.**>'*>'% It was
shown that at a pH corresponding to the point of zero charge
(pH = 6.2) and an initial TiNPs concentration of 50 mg L™,
negatively charged alginates and SRHA natural polyelectrolytes
can bind to the surface of titania agglomerates and successfully
promote deagglomeration to smaller particles, i.e. redispersion
of titania particles."”® The authors have shown that the dis-
agglomeration process was governed by the adsorption of NOM
macromolecules as well as their ability to reach the internal
structure of the agglomerates. Compared to the semi-rigid
globular SRHA conformation, alginate, as a semi-rigid, linear
polysaccharide with a homogeneous charge distribution, can
easily change its conformation and, therefore, had a greater
deagglomeration ability. Although a lower concentration of
alginate was required to achieve maximum deagglomeration
than SRHA, the larger electrostatic repulsive forces can resta-
bilize TiO, particles more effectively, resulting in smaller SRHA-
TiNPs clusters. The influence of NOM on the colloidal titania
stability was also investigated in a broader pH range.'*® At a pH
of water media below the pHpzc, rapid adsorption of negatively
charged alginates and SRHA to the positively charged titania
surface occurred. If the aqueous pH was above the pHpyc, all
components were negatively charged. Therefore, the adsorption
of NOM was minimal. The stability of TiNPs was also studied in
the presence of NaCl (up to 0.1 M) and CaCl, (10~ '-10"> M) at
two pH of interest: (i) pH = 4.5 (pH < pHpzc); and (ii) pH = 9.2
(pH > pHpzc).**® The higher affinity of Na* to disrupt colloidal
stability was observed in an alkaline medium. Lower CCC and
zeta-potential values in the diffusion-limited aggregation
domain confirmed the formation of larger aggregates. Due to
the specific adsorption of Ca** onto the negatively charged

disagglomerated

Fig. 8 Schematic presentation of disagglomeration and stabilization of TiO, nanomaterials (TINMs) by alginates. Adapted from ref. 166 with

permission from Elsevier Ltd.
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TiNPs, the disruption of colloidal stability was even more
pronounced, rendering the CCC value three orders of magni-
tude lower than that obtained in the presence of NaCl. The
impact of alginate (y = 1-10 mg L™"; pH = 8.2) was further
investigated in the presence of Ca** (45 mg L") and Mg>*
(5 mg L™"). It was shown that increasing the polysaccharide
concentration up to y = 8 mg L' significantly promoted the
deagglomeration of larger clusters, reducing their size from
micrometre to smaller nanometre sized fragments. A schematic
representation of larger titania cluster disagglomeration and
stabilization of smaller TiNMs units by alginate dispersant is
given in Fig. 8.

An improvement in colloidal stability was achieved by the
introduction of benzyl-grafted alginate derivative (BAD) as the
dispersing agent for anatase type TiNPs.'” BAD molecules
consist of hydrophobic main chains and hydrophilic side
groups. In an aqueous medium, they form micelle-like self-
aggregates with exposed hydroxyl groups, which are available
for adsorption on the TiNPs surface. The BAD/TiNPs complex
exhibited a zeta-potential value of —36.4 mV, indicating good
colloidal stability. This was also confirmed by DLS measure-
ments, which indicated a decrease in the average hydrodynamic
diameter by several orders of magnitude over a wide pH range
(pH = 3-9). Moreover, the BAD/TiNPs complex was more
resistant to the IS changes than the pristine TiNPs, although the
monovalent sodium ion serves as a counterion to the negatively
charged oxo/carboxyl species inducing the aggregation of the
particles.

The studies reviewed in last two sections reveal that the
stability of TiNMs in environmental waters is influenced by the
concentration of the nanomaterial and particle morphology,**®
as well as the physicochemical characteristics of the aqueous
media.'*® Primarily, various electrolytes (phosphate, sulfate,
bicarbonate, chloride, etc.) and the pH value of the natural
waters determine the extent of repulsion between the particles
by electrostatic or electrosteric mechanisms, whereby the NOM
macromolecules can either provide additional stabilization or
cause aggregation, depending on the surface charge of the
nano-Ti0,.*»"**” At a given pH value of the medium, the
inverse value of Debye length (1/«) is proportional to the valence
charge of the electrolyte."® Therefore, an increase in the ionic
strength of natural waters will compress the EDL and decrease
zeta-potential, minimizing the repulsive forces between indi-
vidual nanoparticles and ultimately increasing their aggrega-
tion. In addition, divalent cationic species presenting natural
waters reduce the absolute value of zeta-potential more effec-
tively than monovalent cations at pH value of the media above
the pHpyc, leading to the formation of larger agglomerates.**>'*°
The studies have also demonstrated that the stability of TiNMs
in natural waters is strongly influenced by the adsorption of
various NOMs, organic sugars, carbohydrates, cellulosic mate-
rials, alginates, proteins, lipids, etc., onto the particle surface.
To model the fate of TiNMs in environmental waters, fulvic acid
(FA),"**'** humic acid (HA)"******** and sodium alginate'®*'*® are
the most commonly used NOM model compounds. There are
also studies including standard Suwanee river humic acid
(SRHA)"® or Suwanee river fulvic acid (SRFA)'** macromolecules

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as a model NOM compounds. Due to the abundance of hydro-
philic functional groups, mainly of carboxylic and hydroxyl type,
these macromolecules can bind to the surface of TiNMs and
thus strongly influence their stability.'****>'” In addition, NOM
species also contain (abundant) hydrophobic groups (mostly
alkanes and aromatic hydrocarbons), which contribute to the
m-1 stacking.”®>**” Unlike the binding of small molecules,
adsorption of NOM molecules onto the nano-TiO, surface
usually occurs through the joint effect of electrostatic, hydro-
philic and hydrophobic interactions.'® The formation of NOM
corona layer may contribute to the high colloidal stability even
under high ionic strength, as it was shown for humic acid-
coated TiO,,"* SRHA-encapsulated particles'® or BAD/nano-
TiO, complex.'” It is suggested that an increment in IS leads to
the NOM conformation change to more compact form. Conse-
quently, the greater amount of macromolecule stabilizers can
adsorb to the TiNMs surface, generating enhanced steric
hindrance. Although long-term stability (up to 9 months) was
achieved in a batch experiment with 2,3-DHBA as TiO, stabilizer
in acidic media (pH = 2.8),"* understanding the colloidal
stability and ultimate fate under the environmentally realistic
conditions (neutral or slightly basic pH, adjusted IS, hardness
and NOM content) still presents an important challenge."*****
Even though abundance of NOM molecules in natural envi-
ronments would act as stabilizers and thus increase the
colloidal stability, the presence of other (complex) ions, chem-
ical species and/or biological debris may completely change
particle mobility and stability. In summary, NOM molecules
alter the surface properties of TiNMs by changing the surface
charge, reactivity and aggregation behaviour.™*

4.5.2.1. Extracellular polymeric substances. Extracellular
polymeric substances (EPS) are a specific class of NOM species
produced solely by microorganisms.'®® This heterogeneous
mixture of biological macromolecules, consisting mainly of
polysaccharides, proteins, nucleic acids and lipids, covers the
microbial cell surface, and forms the matrix of the biofilm in the
environment.'”® In natural ecosystems, EPS can interact with
various engineered nanomaterials, influencing their environ-
mental behaviour and toxicity."”® In the previous section influ-
ence of model EPS molecule alginate has been reviewed. In this
section scientific papers investigating the nano-TiO, colloidal
stability in the presence of EPS extracted from different bacteria
and algae are reviewed (Table 6). A detailed discussion of the
interaction mechanisms between TiNMs and the corresponding
EPS macromolecules is provided below.

The adsorption of EPS extracted from Bacillus subtilis onto
the TiO, surfaces, along with its effect on the colloidal stability
and aggregation behaviour of TiNPs, was investigated by Lin
and co-workers.'®®'®® The aggregation behaviour of TiNPs
examined in electrolyte solutions of various IS (1-500 mM NaCl
and 0.05-40 mM CacCl,, respectively), and at a constant pH value
of 8, was in agreement with the classical DLVO theory.'*® In
other words, the results showed that the divalent cations dis-
rupted colloidal stability more efficiently than monovalent
electrolytes, rendering lower CCC values (1.3 mM CaCl, vs.
11 mM NacCl). Nonetheless, the addition of EPS in the lower
concentration regimes (i.e. <10 mM for NaCl and <1 mM for

RSC Adv, 2025, 15, 21341-21368 | 21361
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CaCl,) resulted in enhanced steric repulsion, which effectively
stabilized the TiNMs. In the following study, the authors further
examined the role of pH in the aggregation of TiNMs, by
changing the pH of the medium from acidic to alkaline.'® At pH
= 4 (<pHpyc), at an EPS concentration below 0.1 mg L, a stable
colloidal dispersion of positively charged particle aggregates
with an average hydrodynamic diameter of 300 nm was
observed. Increasing the EPS concentration (up to 0.6 mg L)
led to rapid aggregation of titania clusters, i.e. colloidal insta-
bility, accompanied by a steep drop in zeta-potential value,
charge inversion, and a sudden increase in hydrodynamic
radius (d, = 1500 nm). A further increase in EPS concentration
(>0.6 mg L") led to re-colloidal stabilization, TiNPs had nega-
tive zeta-potential values and a corresponding average cluster
diameter of d,, = 213 £ 15 nm. At pHp,c (pH = 6.0), the
aggregation rate reached a maximum value, but the adsorption
of EPS led to partial fragmentation by electrostatic repulsion.
When the pH was greater than pHp,c (pH = 8), the aggregation
rate was only minimally affected by the increase in EPS
concentration.

Several studies on the adsorption of EPS from different
microbes onto the anatase (nTiO,-A) and rutile (nTiO,-R) crystal
forms, as well as insights into the interactions of nano-TiO, and
algal cells, were conducted by the Lin group.'’**’”*”® EPS extrac-
ted from Escherichia coli (E-EPS), which are mainly composed of
proteins with relatively high M,, and pronounced aromaticity,
were responsible for the increase in colloidal stability, providing
long-range steric hindrance.'” On the other hand, EPS extracted
from Chlorella pyrenoidosa (C-EPS), which hydrophilic poly-
saccharide components have lower M,,, had limited adsorption
on the TiO, surface and consequently led to colloidal instability.
The adsorption of E-EPS and C-EPS was controlled by the active
surface area of the crystalline form studied, with the rutile TiO,
form exhibiting the highest adsorption per unit area. A sche-
matic representation of EPS extraction from algae and bacteria
and the stabilization of nTiO, with proteins and polysaccharide
dispersants is shown in Fig. 9. This research was the basis for
exploring the toxic effects of different crystallographic TiO,-
forms on the algal regulation mechanisms, as well as on the
microbial community."””*7

EPS nTiO, EPS-coated nTiO, residual EPS
|
| %_\ [ L‘
( L*g"‘ﬁh + aﬁ&. 4 + &lﬁ‘
3 q
\ “@
e :Hl%g%\'i- adsac:rt:trinn H ‘HW + t
=

non-preferable
components

H protein

L lower MW polysaccharide H hydrophobic polysaccharide with higher MW

L] hydrophilic polysaccharide with higher MW

Fig. 9 Adsorption of EPS from algal and bacterial sources on nTiO,
particles. Reproduced from ref. 170 with permission from Elsevier Ltd.
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The formation of EPS corona (composed mostly of proteins
extracted from E. coli) on TiO, of different crystalline phases
and exposed facets, namely A_101, A_001 and R_110, was
studied by Du et al.*”* Each crystalline phase exhibited different
physicochemical properties that determine the extent of their
interactions with macromolecules. Due to the octahedral
morphology, the A_101 particles formed the largest aggregates
(1310 nm) and exhibited the most negative surface charges,
which may influence the electrostatic interactions with EPS. On
the other hand, A_001 particles had the highest surface hydroxyl
density, prone to H-bonding formation, while R_110 particles
had the largest hydrophobicity. Therefore, the selective
adsorption of EPS proteins was determined by hydrogen
bonding and hydrophobic interactions with anatase particles,
while hydrophobicity was the major interaction in the forma-
tion of the EPS corona on the rutile particles. The EPS corona of
the three crystal forms differed significantly in thickness, as
well as in protein content. 39 proteins were selectively adsorbed
only in A_001 NPs, 100 were found specifically in A_001 grains
and 117 were characteristic for R_110 particles, respectively.
The results pointed out that the crystalline phase and exposed
facets induced pronounced variations in the abundance of
proteins in EPS coronas, which affects the environmental fate of
TiNMs.

The colloidal stability and aggregation kinetics of P25 nano-
TiO, were investigated in the presence of EPS extracted from the
alga Chlorella vulgaris (concentrations of 1 mg L™, 3 mg L™*
and 5 mg L~ '), monovalent NaCl (1-60 mg L™ ') and divalent
CacCl, (0.1-10 mg L™ ) electrolytes.'” The study revealed that the
coexistence of EPS and divalent Ca>" promoted aggregation and
sedimentation of TiNPs due to the intermolecular bridging
between the cation and the carboxylic groups of poly-
saccharides. The presence of EPS in the background electrolyte
(5 mM NacCl) led to an increase in stability and shifted the CCC
value from 11.07 mM (only NacCl) to 14.99 mM (3 mg per L EPS)
and 23.16 mM (5 mg per L EPS), respectively. This reduction in
aggregation observed in NaCl containing matrices is attributed
to the strong electrostatic repulsions between EPS-coated
TiNMs.

The colloidal stability of TiNMs was also studied with regard
to two soluble EPS (SEPS) species, one produced from the
marine alga Dunaliella tertiolecta, and the other from freshwater
phytoplankton Chlamydomonas reinhardtii.'”® This research,
carried out with the three commercial TiNMs, ie. UV100
(uncoated spherical particles), M212 (hydrophilic cubic parti-
cles coated with alumina and glycerol) and M262 (hydrophobic
elongated particles coated with alumina and dimethicone
polymer), showed that the adsorption of SEPS was dependent on
particle morphology, surface charge, and hydrophobicity. The
CCC of all TiNPs increased in the presence of sEPS from both
freshwater and marine sources. The highest colloidal stability
was achieved with M262 particles coated with sEPS isolated
from D. tertiolecta. It was suggested that the attachment of sEPS
to the hydrophobic TiO, coating significantly alters its surface
chemistry and improves the stability in water.

Different chemical (pH and IS) and/or environmental
conditions (presence of other inorganic species or NOM

© 2025 The Author(s). Published by the Royal Society of Chemistry
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substances) can change the conformation and protonation state
of EPS functional groups, initially altering their adsorption rate
onto the TiO, surface and, consequently, the colloidal stability.
In the original scientific papers summarized in this review, EPS
were mostly extracted from bacteria'®®*'*>'"* and algae."”*'””'7® In
general, EPS can adsorb onto the TiO, surface through various
interaction mechanisms: electrostatic attraction or repulsion,
chemical or hydrogen bonding, hydrophobic interactions, and
cation bridging."”® Since TiNMs are negatively charged in
natural waters, electrostatic attraction with oppositely charged
particles, i.e., positively charged EPS functional groups, was
found to be the predominant interaction mechanism.”®
Furthermore, chemical bonding was also found to be one of the
most important interaction mechanisms for EPS sorption on
the nano-TiO, surface. Due to the abundance of functional
groups and the diversity of EPS, in most cases combined
interaction mechanisms are involved in the formation of the
EPS corona, electrostatic interactions and chemical bonding
between the COO™ groups of the TiNMs and the SEPS mole-
cules,”® hydrophobic interactions between aromatic protein
moieties coupled with hydrogen bonding between surface
hydroxyl groups and amino groups of the EPS species,'” or joint
electrostatic interactions and H-bonding, due to the high
content of EPS amino-acids with charged functional groups.*”
Classical thermodynamic models are considered to be suitable
for describing the adsorption of EPS on the nano-TiO, surface,
usually fitted using the Langmuir equation.'**'”°

Once released into aquatic ecosystems, TiNMs inevitably
interact with other biogenic and geogenic substances, including
EPS. The formation of an EPS corona significantly alters the
TiNMs surface chemistry, leading to aggregation (colloidal
destabilization) or disaggregation (colloidal stabilization)
processes, consequently affecting the environmental fate and
toxicity."°

5. Application of stabilized TiO,
nanomaterials suspensions

TiNMs are being tested or are already in use for a wide range of
applications, including UV light absorption, coatings, painting
pigments, photosynthesis, flame retardancy, photocatalysis, the
ceramic industry, antimicrobial and antioxidant agents, and
medical implants.*>%*¥171% In many of them, TiNMs are used in
the form of stable suspensions, which are subsequently applied
to flexible or rigid substrates using various techniques in the
form of a thin film. When formulating the stable suspension,
one should keep in mind that the presence of dispersant could
alter the physico-chemical properties of TINMs on which the
application is based.

Leong et al.*®* investigated the ability of TiNPs thin films
immobilized onto a glass substrate for the photocatalytic self-
cleaning of indoor air pollutants. It was demonstrated that
TiNPs in concentrations exceeding 15 g L™ can form a uniform,
thin layer on glass surfaces and enhance the photodegradation
of formaldehyde under UV light. Another study investigated
TiNPs self-cleaning coatings on the clothing fibers."” It was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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shown that the photocatalytic activity of the prepared coating
depends on the thickness and uniformity of the coating layers,
which are affected by the stability of the bulk suspensions. In
this study, dimeric surfactants were used, and their presence
improved TINPs suspensions' stability and coatings' thickness.
Othman et al.*® tested different formulations of TiNPs aqueous
suspensions stabilized with PAA for glass coating. It was found
that the optimal PAA concentration is 3 wt% improves Ti
surface concentration and uniformity of TiNPs layers on a glass
substrate. Li et al.'® also proposed a formulation of SiO,/TiO,
nanocoatings for photocatalytic self-cleaning, enhanced trans-
mittance, and antireflection of solar cell devices, windows, etc.,
which were applied as ethanolic suspension. The optimal
formulation developed within this study provided the balance
between the photocatalytic and optical properties of the ob-
tained coatings.

Concentrated TiNPs suspensions for waterborne coating
preparation were also prepared, using PMS (P(MMA-MPS))
copolymer nanospheres (from methyl methacrylate (MMA)
and y-methacryloxypropyltrimethoxysilane (MPS)) as stabilizing
agent. PMS nanospheres showed good stabilizing performance,
and enabled the preparation of highly concentrated TiNPs
suspensions without the high increase in suspension viscosity
and good storage stability up to 28 days."*

Another potential application of TiNPs is the preparation of
antibacterial surface coatings. Singh et al.** tested the anti-
bacterial activity of TiNPs coatings on black silicon, and ob-
tained a good antibacterial effect in terms of significant
reduction of CFU mL™", which can be further improved by
modifying the surface topology and coating technique.

The influence of the shape of TiNMs on UV light absorbance
was also investigated. The study examined the UV-protective
effects of TiO, nanotubes, nanoplates, and nanowires. It was
concluded that nanoplates and nanowires were significantly
more effective in protecting against UVB irradiation compared
to nanotubes.'®®

TiNMs stabilized with NaPAA were also tested as additives to
enhance the lubrication and tribological properties of pure
water. The obtained results indicated that TiNPs suspensions
with NaPAA show good tribological performance, as well as the
performance, is dependent on both TiNPs and NaPAA
concentrations.’

It was also suggested that TiNPs could be used for the
formulation of nanoelectrofuels, and serve for energy storage or
catalysis.”” TINMs' photocatalytic activity can also be employed
for the removal of micropollutants from water."® The composite
of rutile and anatase crystalline forms, were synthesized for
photocatalytic degradation of organic pollutants.”* The
prepared composite exhibited exceptional photocatalytic
performance, achieving a rapid degradation rate of 99.0% for
a methyl orange solution during 30 min under UV light. Another
example of the potential use of TiNPs suspensions is for water
depollution presented by Ko et al.*®* Authors tested the efficacy
of TiNPs photocatalytic depollution on three organic model
pollutants under UV irradiation. It was shown that the pore size
and crystalline structure of TiNPs affect the efficiency of pho-
tocatalytic degradation of organic pollutants.
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Leu et al.*** designed a new polymeric dispersant, branched
poly-(oxyethylene)-segmented esters of trimellitic anhydride
adduct (poly-ethylene glycol-trimethylolpropane-trimellitic
anhydride) in order to prepare homogenous TiNPs suspen-
sions. They further prepared films of photoanodes for dye-
sensitized solar cells, which were more efficient than conven-
tional TiO, photoanodes.

One of the most common commercial uses of TiNPs is in the
form of a spray or an aerosol. However, the physicochemical
properties of nanoparticles in suspension before spraying and
in aerosol after spraying could differ. The study conducted by
Park et al.** showed that the particle diameter was larger after
spraying, compared to suspended particles, which was inter-
preted as a result of particle aggregation during passing
through the nozzle. Another common use of TiNMs is as
pigments in ink suspensions, which requires good colloidal
stability. Cran et al.*** used different dispersants in order to
improve the stability of commercially available pigment nano-
particles - aluminate- and zirconia-coated rutile TiNPs. The
study demonstrated that negatively charged dispersants provide
both electrostatic and steric stabilization for the aforemen-
tioned commercial pigment particles. Nowadays, TiO, is
commercially used in a large number of food and personal care
products. Among the others, personal care products with the
highest TiO, content are toothpastes and sunscreens (with 1-
10% TiO,), while the foods with the highest TiO, content
include chewing gums and candies. The food-grade TiO, is
labelled as food additive E171."

6. Conclusions

The constantly increasing use of TiO, nanomaterials raises
questions about the preparation of more efficient products, on
one hand, and the safety of their application on the other.
Understanding the mechanisms that govern the stability of
TiNMs in various media, most notably aqueous, and in the
presence of different dispersants, is crucial for answering both
questions. This motivates investigations into the stability of
TiNMs suspensions in rather different conditions, chosen
depending on the final application. Interactions between
TiNMs and dispersants can be complex, even in simple systems.
The majority of the experimental results can be theoretically
explained by DLVO theory despite its drawbacks. However, the
choice of the right dispersant and final formulation is still
mostly subject of a trial-and-error procedure. Combining DLVO
with other models of surface interactions could provide addi-
tional insights and facilitate the easier design and synthesis of
dispersants tailored for specific applications. It should be
considered, that the influence of dispersants on intended
applications should be carefully considered, as their presence
can alter the properties of TiNMs.

Among the advantages of TiNMs is the possibility of
preparing them not only in different compositions but also in
various morphologies, which can influence TiNMs' properties
and, consequently, the properties of the final product. However,
investigations into the influence of dispersants on the stability
of suspensions of TiNMs, other than TiNPs, are scarce.

21364 | RSC Adv, 2025, 15, 21341-21368

View Article Online

Review

The studies reviewed in this paper contribute to the devel-
opment of environmentally safe and efficient products in an
environmentally friendly manner.
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