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The crosslinked network of TiO,—organic polymer composites has gained considerable attention over the
past few years. The low band gap of TiO; particles and the stimuli—responsive behavior of organic polymers
make these composites suitable for a wide range of applications in biomedicine, environmental fields, and
catalysis. Diverse morphologies and structures of TiO,—polymer composites (TPCs) are documented in the
available literature, where the specific architecture of these composites intensely influences their efficiency
in various applications. Consequently, a particular shaped TPC is carefully designed to suit specific
purposes. This the approaches,
characterizations, and applications of TiO, nanoparticles decorated in crosslinked organic polymers. It
delves into the biomedical, catalytic, adsorption, and environmental applications of these TiO,—polymer
composites. The review takes a tutorial approach, systematically exploring and clarifying the applications
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1. Introduction

Since the advent of composite materials in the early 1970s,
researchers worldwide have been struggling to develop mate-
rials that accurately and precisely meet the requirements of
applications." Composite materials are at the best in their effi-
ciency for several reasons. Their composition includes at least
two species, each possessing two distinct properties.> By
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altering the nature and quantity of these constituents, the
resulting composite material properties can be finely tuned,
which exhibit unique characteristics.>* In nanomaterial-poly-
mer composites, this tuning property mainly depends on the
structure of organic polymers.>® Crosslinked organic polymers
are the best with respect to this tuning property.®*® The cross-
linked network of organic polymers exhibits swelling and
deswelling behaviors under stimulus conditions such as
temperature,” pH,"” and ionic strength.” The crosslinked
network of organic polymers that show stimuli-responsive
behavior is called a smart polymer.***° The best performance of
these smart organic polymer-based composites with respect to
specific applications can be achieved by adjusting stimulus
conditions.**”*® Furthermore, nanomaterials have influence on
the potential of composites.”* Recent advancements in
nanoscience have focused on leveraging the remarkable prop-
erties of nanofillers. Nanomaterials show excellent efficiency
owing to their high surface-to-volume ratios*® and quantum
effects established at sub-micron scales.” Among the composite
materials, polymer matrix composites are the most prevalent
owing to their low density,” low cost,* and ease of use.*
Nanomaterial-polymer composites have significant applica-
tions in biomedical,**** environmental,**** and engineering®*
fields.

Nanomaterials show exceptional hardness and remarkable
stiffness, which make them valuable as reinforcing agents in
polymer matrices.*”*®* Minor additions of nanomaterials
(approximately 1 wt%) can significantly enhance the mechan-
ical properties of polymers by up to 100% owing to their high
efficiency. This enhancement is commonly attributed to the
high surface area of nanomaterials, facilitating interactions that
contribute to the developed properties.

Inorganic® or organic*® substances are used as fillers and
reinforcement in polymeric systems. Various nanomaterials are
employed to enhance the properties of polymer matrixes such
as carbon allotropes (including carbon dots,** graphene oxide,**
carbon nanotubes,” and carbon fibers*), ceramics (TiO,,*
Zn0,*® Fe30,4," Ce0,,” Si0,,** and TiO,/carbon nanotubes?),
and metals (such as Au/Ag,"” Au,*® Pt,* Pd,”® Ag,** and Fe (ref.
52)). Among these nanomaterials, ceramic nanomaterials have
gained significant interest due to their ready accessibility, and
simple synthetic approaches.®® The integration of ceramic
nanoparticles into the polymeric network of organic polymers
not only significantly enhances mechanical and thermal
stability but also introduces novel functionalities depending on
the structure,® chemical composition,* and size*® of these
ceramic nanofillers.

TiO, is more important than other ceramic nanoparticles
due to its low-cost composites,®” high performance for adsorp-
tion®® as well as photocatalytic degradation,® comparatively
small particle size,* ease of handling,** tunable properties,*
high surface area,* and non-toxic nature.* TiO, nanoparticles
also have importance due to their hydrophilicity,* chemical
stability,*® widespread availability,” and a range of other
beneficial properties.®®” The surface chemistry of nano-
materials is commonly modified with reinforcing agents to
establish strong interactions between polymer matrices and

33844 | RSC Adv, 2024, 14, 33843-33863

View Article Online

Review

nanofillers in TiO,-polymer composites (TPCs).””® Various
approaches can be employed to modify the surface properties of
TiO, such as (i) inducing the coordination of small molecules
through chemisorption, facilitated by proton transfer via
hydrogen bond formation,” (ii) surface alteration via the pres-
ence of hydroxyl reactive groups and adsorbed species on TiO,,
leading to surface modification through the formation of
covalent bonds with certain coupling agents,” (iii) using graft-
ing techniques of monomers and comonomers in the form of
polymers on the TiO, surface to generate electrostatic forces of
attraction.”

TiO, nanoparticles are used in various fields including solar
cells,” sensors,”® optical devices,” and water purification
membranes.*® Leveraging the adaptable properties of TiO,
nanoparticles, TiO,-polymer composites have been developed
for diverse applications,®** which exhibit more efficiency than
TiO, alone. These crosslinked organic polymers along with TiO,
particles have even more importance than TiO, particles alone
because TiO,—polymer composites have both TiO, particles and
crosslinked organic properties. In addition, the use of nano-
TiO, (which effectively absorbs and reflects ultraviolet rays)
enhances the high-temperature performance and aging resis-
tance of polymer composites, to modify polymer-modified
composites.**®” Consequently, these engineered TiO,-polymer
composites offer versatility for various purposes. To the best of
our knowledge, various articles are reported on TiO,
particles®®*° and crosslinked organic polymers®* separately,
but a review on TiO, particles decorated in crosslinked organic
polymers has not yet been reported. The aim of this review
article is to provide complete details of the synthesis, classifi-
cations, characterizations, and applications of TiO, particles in
crosslinked organic polymers. Additionally, it provides infor-
mation on the factors that enhance their performance in
different fields such as adsorption and photocatalysis.

2. Classifications

The TiO,-polymer composites (TPCs) with a crosslinked
network can be divided into various classes on the basis of (i)
crosslinking nature and (ii) morphologies of composites.
Explanations related to these classes are given below.

2.1. Classifications on the basis of crosslinking nature

The crosslinked structure of TPC can be formed using different
crosslinkers. These crosslinkers can be (i) metal cations, (ii)
organic molecules and (iii) TiO, itself. Let us now discuss these
classes one by one.

2.1.1. TiO, as a crosslinker. In this category, no external
crosslinker is needed for the synthesis of TPC. In some cases,
TiO, nanoparticles also act as crosslinkers to form crosslinked
structures of TPC. The structure of TiO, has Ti-O-H bonds,
which can make hydrogen bonding with the structure of organic
polymers. This hydrogen bonding is responsible for the
formation of a crosslinked network of TPCs. This crosslinked
network of TPCs can be decreased by external stimuli such as
temperature, radiation, pH, and the content of ionic salts. All

© 2024 The Author(s). Published by the Royal Society of Chemistry
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these factors directly affect the strength of hydrogen bonding
present between Ti-O-H and organic polymers. For example,
the pH of the medium has influence on the crosslinking
strength. The zero electric point of TiO, is 6.8. If pH = 6.8, the
oxygen and hydrogen bonds of Ti-O-H are broken and the size
of TPC increases from the normal value due to deprotonation
and then electrostatic repulsion between Ti-O~ anions. Due to
this conversion of the structure of TPC, hydrogen bonding also
gets altered, usually it is decreased. Similarly, Ti-O-H shifts into
Ti-O'H, at pH =< 6.8. In this way, the crosslinking density of
TPC varies with the pH of the medium.” Therefore, the
performance of TPC is also affected due to this conversion.
Similarly, kinetic energy also influences this hydrogen bonding
as the kinetic energy of TPC varies. Therefore, their perfor-
mance for applications is also affected with these stimulus-
responsive behaviors. The structure of monomers is also
affected on their potential of applications. For example, a pol-
y(acrylic acid)-TiO, composite has two groups (-COOH, -O-H)
in its structure, which can donate their protons.** One (-COOH)
is from poly(acrylic acid) and the other (Ti-O-H) from TiO,.
Such systems are also in swelling state after the conversion of -
COOH groups into -COO™ ions and before the isoelectric point
of TiO,. This conversion increases the adsorption capacity (due
to large surface area and available spaces) and photocatalytic
performance (due to easy approach of reactant molecules on the
surface of TiO,) of TPC. In the swelling state, the reactant
molecules easily reach the surface of TiO, and easily degrade.
Therefore, the degradation rate increases with swelling. The
porosity of TPC is very important with respect to adsorption and
photocatalytic activity. This porosity of TPC can be controlled
with the content of TiO,. The area of pores decreases with the
increase in the content of TiO, due to increase in the cross-
linking density of TPC.*

The crosslinking structure of such TiO,-polymer composites
is not very stable and this crosslinking value changes with
varying the conditions of medium. The loaded materials in
these TPC are easily released due to decrease in the crosslinking
density with external stimuli. Some amount of TiO, also comes
out from TPC systems. The crosslinking density of such systems
also decreased with centrifugation. Therefore, such systems are
not easily recycled, and their performance rapidly decreases
after recycling.

2.1.2. Crosslinking with covalent bond formation. The
crosslinked network of TPCs can be formed by covalent bond
formation with a suitable crosslinker such as methacrylic
anhydride (MAAn),*® ethylene-glycol-diacrylate (EGDA),”
glutaraldehyde (GA)*® and N,N'-methylene-bis-acrylamide
(NMBA).*® These types of TPCs are mostly reported in the liter-
ature with N,N'-methylene-bis-acrylamide”®'***** as crosslinkers
due to their high stability. Such systems are used in various
fields such as adsorption*® and photocatalytic degradation® of
pollutants, drug delivery,'* and reduction of Cr(vi)'*® ions from
water.

By crosslinking with covalent bond formation, the TPC has
more advantages than the aforementioned classes due to high
stability and reversible stimuli responsive behavior. These
systems show reversible swelling and deswelling behaviors
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under different values of temperature*® and pH (ref. 107) of the
medium without deformation in their structures. These types of
TPC can be easily recycled without losing their performance.**®
Such stability is not present in the above-discussed classes.

2.2. Morphological classification of TPCs

TPCs can be classified on the basis of morphology into various
classes, as shown in Fig. 1. These classes are given below.
2.2.1. Homogenous microspheres. In homogenous micro-
spheres, the TiO, nanoparticles are uniformly distributed into
the crosslinked network of organic polymers, as shown in
Fig. 1(a). The compositions in each part of the structure of such
classes are uniform. Such types of TPCs are widely reported in
the literature.”** These systems exhibit swelling and deswel-
ling properties under various stimuli conditions."'*"* The
sensitivity of these TPCs to stimuli significantly influences their
capabilities in catalysis, drug delivery, and adsorption.
Adsorption, photocatalysis, and drug delivery by these systems
can be controlled by controlling the diffusion rate of reactant
molecules from the bulk region to the surface of TiO, across the
crosslinked network. Therefore, these systems have tunable
properties, which can be adjusted according to the conditions.
The adsorption and drug delivery properties of these
composites depend on the nature of crosslinked polymers.
These polymers also exhibit selectivity towards adsorption and
rejection of pollutants due to electrostatic attraction (in case of
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Fig. 1 Classifications of TPCs on the basis of morphology: (a)
homogenous microspheres, (b) TiO, enclosed in crosslinked organic
polymers, (c) crosslinked organic polymer enclosed in TiO, nano-
particles, (d) biomolecule enclosed in a layer of TiO, encapsulated in
crosslinked polymers, (e) inorganic enclosed in crosslinked polymer
encapsulated in TiO, nanoparticles and (f) TiO, nanoparticle-deco-
rated crosslinked organic polymer enclosed in another crosslinked
polymer.
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opposite charges) and repulsion (in case of same charges).'*>
These attractions also have effect on the loading and release of
drugs. The main drawback of these composites is ultrafast-
centrifugation, and some content of TiO, is leached out
during this recycling process. Therefore, the catalytic efficiency
of these composites decreases rapidly with the recycling
process.

The tranquil nature of catalytic activity, adsorption capacity,
and drug delivery in these systems stems from the effortless
diffusion of reactive components. Enhanced stability arises
from the encapsulation of silver nanoparticles within electron-
donating groups. These hybrid microgels are categorized into
two classes based on the presence of either one (monometallic)
or two (bimetallic) metal nanoparticles within the microgels.
Such systems are further classified into two classes: (a) TiO,
nanoparticles decorated in crosslinked organic polymers and
(b) TiO, and other metal oxide or metal sulfide nanoparticles
decorated in crosslinked networks.

In TiO, nanoparticles decorated in the crosslinked network,
no other type of metal oxide or sulfide nanoparticle is present in
the structure of TPCs. Such systems are frequently reported in
the literature. They have good performance with respect to
adsorption, photocatalysis, and drug delivery, while the other
classes (TiO, and other metal oxide or metal sulfide nano-
particles decorated in crosslinked networks) have more advan-
tages than the aforementioned classes due to the synergistic
effect. The value of energy band gap in these composites further
decreases. Therefore, the valence electrons can easily jump
from the valence band to the conduction band, and the degra-
dation efficiency increases in the presence of photons.'*®
Similar effects of these composites are also present for other
applications such as antibacterial activity."**

2.2.2. TiO, enclosed in crosslinked organic polymers. In
crosslinked organic polymer-enclosed TiO,, TiO, nanoparticles
are trapped with crosslinked organic polymers to form a core-
shell system, in which TiO, is present in the core region and
crosslinked organic polymers in the shell, as shown in Fig. 1(b).
Such classes are very rarely reported in the literature. These
core-shell systems are effective for adsorption purposes, but
their photocatalytic efficiency is very low. The photocatalytic
activity of these systems is due to the presence of TiO,. When
TiO, is present in the core, then the approach of pollutant
molecules to the surface of TiO, takes more time due to the
longer distance between the pollutant present in the bulk
region and the surface of TiO,. The adsorption property of such
systems does not have much effect on this position of TiO,
because the crosslinked organic polymer region is a better
region for the adsorption of pollutants than the TiO, region.
The adsorption capacity of such core-shell systems is greater
than TiO, lone due to more interaction with pollutants and
loading drugs.'™ These systems can also be used for drug
delivery due to the organic shell region.”® The releasing of
loaded drug can be controlled with the stability of the organic
shell. The stability of these core-shell systems decreases with
time (in days). Therefore, the loaded drugs are also released
rapidly from the core-shell systems to the target place. This
releasing efficiency can be controlled by controlling the stability
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of the core-shell systems. This releasing efficiency is controlled
with the crosslinked structure. The crosslinked structure of
organic polymers stabilized the shell region and also controlled
the release of loaded drugs.'"”

2.2.3. Crosslinked organic polymer enclosed in TiO,
nanoparticles. In the TiO, nanoparticle-enclosed crosslinked
organic polymer, the crosslinked organic polymer is sur-
rounded by TiO, nanoparticles to form core-shell systems, as
shown in Fig. 1(c). In these core-shell systems, the crosslinked
organic polymer is present in the core region and TiO, nano-
particles in the shell.”® The formation of such types of core-
shell systems depends upon the size of TiO, nanoparticles and
the crosslinking density of organic polymers. If the size of TiO,
nanoparticles is large or the crosslinking density of organic
polymer is high or both, then the TiO, nanoparticles cannot
come into the sieves of crosslinked organic polymer and adsorb
onto the surface of the organic polymer due to electrostatic
interactions.”® Such systems have a better photocatalytic
activity than that of crosslinked organic polymer-enclosed TiO,
systems and homogenous microspheres. The pollutants can
easily reach the surface of TiO, (main photocatalyst) than other
systems. Therefore, the photocatalytic degradation rate of such
core-shell systems is greater than the aforementioned systems.
Because the pollutant takes more time to reach the surface of
TiO, nanoparticles through the crosslinked network in other
systems, while the pollutants reach the TiO, surface directly in
these systems. Their photocatalytic activity is further enhanced
with the increase in the content of TiO, nanoparticles in these
core-shell systems. The activity sites of such core-shell systems
increase with the increase in the content of TiO, nanoparticles.
Therefore, their activity increased with the TiO, content.’* The
adsorption capacity of such systems is lesser than that of other
systems due to the less adsorption capacity of TiO, nano-
particles than that of the crosslinked network of organic poly-
mers. However, the percentage removal of these systems is
higher than that of others due to both adsorption and photo-
catalytic properties.***

These systems are not reported for drug delivery. Their
antibacterial activity and drug delivery performance are the
available fields for research. These systems can be used for the
fabrication of clothes due to their antibacterial activity, and
protection from UV radiation. These properties become more
suitable in synergistic effects.>® More research is needed on
these systems due to their effective performance in various
fields.

2.2.4. Biomolecule enclosed in a layer of TiO, encapsulated
in crosslinked polymers. In these systems, the core is made with
biomolecules alone or with other species, which is surrounded
with a layer of TiO, nanoparticles, which is further surrounded
by a crosslinked polymer to form core-layer-shell systems, as
shown in Fig. 1(d). The adsorption capacity of such systems is
greater than that of the core enclosed in a layer. Such systems
are very suitable for adsorption processes due to polar cross-
linked shell networks. These polar crosslinked networks absorb
more contents of pollutants. The TiO, layer then facilitates
these systems to degrade the adsorbed pollutants due to the
photocatalytic effect.”” The photocatalytic effects of these

© 2024 The Author(s). Published by the Royal Society of Chemistry
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systems are less than that of homogenous microspheres and
organic polymer enclosed in TiO, due to consumption of time
during the approach of pollutants from the bulk region to the
TiO, surface. They also show catalytic degradation behavior of
pollutants from water under sonication. The power of sonica-
tion also promotes the electrons of valence band to the
conduction band of TiO, nanoparticles. Therefore, such hybrid
systems can show catalytic activity in sonication to degrade
pollutants.™

Biomolecules enclosed in a layer of TiO, encapsulated in
crosslinked polymer systems cannot lose TiO, nanoparticles
from their structure during recycling. Such systems can also be
used for drug delivery due to the stimulus-responsive behavior,
polarity and porosity of the shell region. The porosity of such
systems effect of loading of drug, while polarity on loading and
releasing of drug from these systems. Such systems are not
applied for this purpose yet. This is an empty space for research
in these systems. They are also not used for antibacterial and
other applications. New researchers can work in these fields by
these types of systems.

2.2.5. Inorganic enclosed in crosslinked polymer encap-
sulated in TiO, nanoparticles. In these systems, inorganic
particles (SiO, or Fe,O; or Fe;O,) are present as core which is
surrounded by the crosslinked polymer shell which is further
encapsulated with TiO, nanoparticles as shown in Fig. 1(e).
Such systems are very rarely reported in the literature. These
systems have a higher photocatalytic activity than that of other
aforementioned systems (except crosslinked polymer enclosed
in TiO,) because the pollutants can directly come into contact
with the photocatalytic material (TiO, nanoparticles). These
systems are also useful for the adsorption of pollutants due to
Ti-O-H bonds. These polar bonds can make hydrogen bonding
with polar pollutants, and therefore, the pollutants adsorbed
onto the surface of these systems.** The adsorption property of
such systems can be changed by changing the environment of
medium such as pH, temperature, contact time, dose of
adsorbent, and concentration of pollutants. These parameters
affect the interactions present between the pollutants and the
adsorbents.

These systems are not used for photocatalytic degradation of
pollutants, drug delivery, and antibacterial applications. Their
adsorption study was also conducted different types of pollut-
ants. These systems are very useful to those researchers working
on photocatalysis. These systems can easily be recycled due to
their large density (due to solid inorganic core). However,
leakage of TiO, nanoparticles from these systems during recy-
cling is the only drawback of these systems, which can be
controlled by using magnetic nanoparticles (Fe;0,4 or Fe,03) as
inorganic cores.

2.2.6. TiO, nanoparticle-decorated crosslinked organic
polymer enclosed in another crosslinked polymer. In these
systems, TiO, nanoparticles are decorated in crosslinked
organic polymers which are then further encapsulated with
another crosslinked polymer network, as shown in Fig. 1(f).
Such systems are also rarely reported in the literature. In such
systems, the crosslinked network of the shell region is respon-
sible for the adsorption property and stimulus-responsive
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behavior. The pollutants come into the crosslinked network of
the shell region from the bulk region due to electrostatic
interactions. The photocatalytic activity of such systems is very
low due to slow approach and less content approach of pollut-
ants to the surface of TiO,. This approach depends on the flow
of water molecules from the outer region to the hybrid systems
and from hybrid systems to the outer region of the medium.
Therefore, those systems which can uptake more water mole-
cules should be more efficient photocatalysts than those in
which the water intake is very low. Those systems which absorb
more water molecules have a high value of hydrodynamic
diameter, and the area of pores is very high. Therefore, water
molecules can easily enter into the network and out of the
network.* Similarly, the pollutant can easily enter into the
network along with water molecules in swelling hybrid systems
and reach the surface of TiO, nanoparticles. These nano-
particles degraded these pollutant molecules into CO, and
water molecules.*

3. Synthesis

TiO,—polymer composites can be synthesized by different
methods. These methods are given below.

3.1. Simultaneous mixing of TiO, nanoparticles and
monomers, comonomers, and crosslinker to form TiO,-
polymer composites (TPCs)

In this method, all components are first mixed by sonication
and stirring. The electrostatic forces take part to come close
with each other. In this way, the solubility of all components
increased in the medium. After that, a free radical initiator is
added in to the mixture to start polymerization. The reason for
mixing is that the composition of all components is homoge-
nous at all places of medium. For instance, Zhou et al.*®> have
reported the synthesis of TiO, nanoparticles decorated in chi-
tosan-poly(N-isopropylacrylamide)  TiO,-CS-P(NIPAM) by
a similar method, as shown in Fig. 2. They prepared a solution
of chitosan in 1% acetic acid solution and then added into
a three-necked round-bottomed flask containing deionized
water along with N-isopropylacrylamide (NIPAM) (monomer),
N,N'-methylenebisacrylamide (NMBA) (crosslinker), and TiO,
nanoparticles and sonicated for 10 min. The mixture was
purged with argon (Ar) for 30 min to remove oxygen.
Ammonium-per-sulfate (AmPS) (free radical initiator) and
N,N,N,N'-tetramethylethylenediamine (NTMEDA) (accelerator)
were then added into the above mixture under vigorous stirring
at 20 °C for 1 h. Xu et al.™"* and You et al.’®” have also reported
the synthesis of TiO,~polymer composites by similar methods.

In this method, homogenous microspheres of composites
were formed. Therefore, it is not suitable for core-shell systems
of composites. This method is very simple and easy to perform,
but the size control of TiO, and microgels is a challenge in this
method. The size of TiO, and crosslinked polymer network is
very important with respect to their applications. Therefore, this
method is not suitable for those researchers, which require
specific sized TiO,-polymer composites.
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Fig. 2 Synthesis of TiO, nanoparticles decorated in chitosan-poly(N-isopropylacrylamide) TiO,-CS-P(NIPAM) by simultaneously mixing all
components (reproduced from ref. 102 with permission from Elsevier, copyright 2017).1°2

3.2. Insertion of TiO, nanoparticles in crosslinker polymer
microgels

In this method, both crosslinked organic polymers and TiO,
were synthesized separately. The microgels have polar parts in
their structure, which interact with the TiO, particles. Due to
this interaction, the TiO, particles are moved towards the
microgel network from the medium. The diffusion of TiO,
nanoparticles depends on the size of TiO, and the crosslinking
density. More particles are moved inside if the size of the
particles is small with low crosslinking density. In the low
crosslinking density, the area of sieves of crosslinked network is
large. Therefore, the TiO, particles easily diffuse into the
network of microgels. The density of crosslinking networks can
be controlled by the swelling/deswelling behavior in smart
microgel composites. The insertion of TiO, has rapidly occurred
in the swelling state of microgels. In this state (swelling state),
the surface area of pores is maximum and TiO, can easily
diffuse into the crosslinked network of microgels along with
water molecules and vice versa. Skori¢ et al."* synthesised TiO,
nanoparticles decorated in chitosan-poly(methacrylic acid)
TiO,-CS-P(MAAc), as shown in Fig. 3. They synthesized the first
TiO, nanoparticles by using TiCl,. The solution of TiCl, was
cooled till —20 °C and then added in another beaker containing
deionized water at 4 °C under vigorous stirring. The stirring
continued for further 30 min at that temperature. The pH of the
solution was in the range of 0-1 (depending on content of
TiCly). The solution was dialyzed to pH = 3.5. For the synthesis
of microgels, chitosan (comonomer), methacrylic acid

33848 | RSC Adv, 2024, 14, 33843-33863

(monomer) and N,N’-methylenebisacrylamide (NMBA) (cross-
linker) were added into a three-necked flask containing deion-
ized water. The mixture was stirred until a homogenous mixture
was obtained and heated at 50 °C. Then potassium-per-sulfate
(PoPS) (free radical initiator) was added dropwise into the
mixture under nitrogen purging and stirring (450 rpm, T = 50 °
C). After 15 min, N,N,N,N-tetramethylethylenediamine
(NTMEDA) (accelerator) was also added into the mixture and
the reaction was proceeded for further 3 h. The product was
purified with petroleum ether and deionized water respectively
and dried at 37 °C. To synthesize the composite, the synthesized
microgel was first swelled for 2 h and then TiO, nanoparticles
were mixed with vigorous stirring (Yun et al'® and Galata
et al)."*® A similar synthetic method was reported by Kazemi
et al.™* and Zazakowny.®

This method is also easy to synthesise TiO,-polymer
composites. This method is applicable only for homogenous
composite microspheres and microgels covered with TiO,
nanoparticles. TiO, nanoparticles enclosed in microgel
composites cannot be synthesized by this method. This method
requires more time during synthesis. During insertion of TiO,
nanoparticles, the pore size of microgels and size of TiO,
nanoparticles are the most important parameters. If the size of
TiO, nanoparticles is greater than the pore size of microgels,
then TiO, nanoparticles cannot come into the sieves of micro-
gels and adsorb onto the surface of microgels only. Insertion is
possible if the size of TiO, is smaller than the pore size of
microgels. Therefore, controlling the size is the main key point
for this method.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Synthesis of chitosan-poly(methacrylic acid) CS-P(MAAc) followed by TiO, to form TiO,-CS-P(MAAc).

3.3. Simultaneous mixing of monomers, comonomers with
TiO, nanoparticles followed by crosslinkers (without free
radical initiators)

In this method, the polar monomers are mixed with TiO, in an
acidic medium. A bond is generated between the oxygen of TiO,
with polar functional (-COOH, -OH, and -NH,) groups of
monomers. After that, a crosslinker was added to form a cross-
linked network containing composites. Homogeneous
composites of organic polymers with TiO, were synthesized by
this method. Maximum loading of TiO, nanoparticles occurs in
this method. Therefore, the photocatalytic activity of such
synthesized composites is greater than the composites synthe-
sized by the aforementioned methods. Mohammad et al.**®
synthesized TiO, nanoparticles decorated in the crosslinked
network of chitosan-glyoxal (CS-GX), as shown in Fig. 4. They
mixed TiO, nanoparticles and chitosan and then stirred in 5%
acetic acid for 24 h under vigorous stirring. This mixture was
then added into a basic medium at a drop rate of 1 mL min .
The mixture was then heated at 40 °C after adding glyoxal (GX)
(crosslinker). The product was washed extensively to remove the
impurities. A similar method was reported by Liu et al.**®

This TiO,-polymer composite synthetic method does not
waste the amount of TiO, nanoparticles during synthesis but
some content of TiO, is lost during other synthetic methods due
to hydrogen bonding of TiO, with water molecules while intra
molecular hydrogen bonding in the crosslinked network of
organic polymers. The synthesis of monodispersed TiO, nano-
particles is not possible in this synthetic method. This synthetic
method is applicable only for homogenous hybrid microgels.

3.4. Synthesis of TiO,-polymer composites without free
radicals

In this method, the crosslinked network system is synthesized
without any external free radical initiator. In this method,

© 2024 The Author(s). Published by the Royal Society of Chemistry

radicals are generated by thermal decomposition of pi bonds
due to their weakness. The Pi bond is a weak bond as compared
to sima bond owing to parallel overlapping. Therefore, this
bond can easily break with the generation of free radicals to
produce a crosslinked network of conditions. The radicals are
generated by applying thermal radiations'*® and photons®” on
the monomers. These energies converted the monomers into
radicals. The monomers or commoners act as self-crosslinkers
during the synthesis. Wei et al.**” have synthesized TiO, deco-
rated in poly(ethylene glycol diacrylate) TiO,-P(EGDA) with UV
irradiation. They mixed the photo-initiator and ethylene glycol
diacrylate (EGDA) in ethanol with vigorous stirring for 30 min.
Then TiO, nanoparticles were dispersed in an aqueous medium
and ultra-sonicated for 30 min to remove dissolved oxygen.
Then this dispersion along with P(EGDA) is spread in a chamber
along with a plastic injector. The radiations of UV-LED lamp
(240 mw cm?) fell on this mixture for 700 ms to form
composites. Then the product was treated with plasma for 30 s.
The product was then treated by ultra-sound in ethanol and
water to remove impurities. Wu et al.**® have also been reported
the synthesis of TiO, nanoparticles in graphene oxide-poly(N,N'-
dimethylacrylamide) TiO,-GO-P(NDMAAm) systems. They
mixed graphene oxide (GO), N,N-dimethylacrylamide
(NDMAAm), NMBA, and TiO, in an aqueous medium. UV light
(for 5 min) or sun light (for 30 min) irradiated on this mixture to
form a brown elastic product. The irradiation continued for
a further 1 h to change the light brown color into dark brown.
This color variation indicated the conversion of graphene oxide
into reduced graphene. Kandel et al.*** have also reported the
synthesis of TiO,-polymer composites by an electro-
copolymerization method (without free radical initiator).
Homogenous composites are formed in this approach. This
synthetic method is very simple and easy to use but the control of
size of both TiO, nanoparticles and crosslinked polymers is not
controllable. Complete polymerization and proper orientation of
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polymerization methods is very important which cannot be
controlled in this method. The value of radiation is not homog-
enous for all monomers. Therefore, monodisperse TiO,-polymer
composites are not properly synthesized by this method.

4. Characterizations

Various techniques are employed to analyze the structure, size,
morphology, and composition of TiO, nanoparticles decorated
within organic polymers, as listed in Table 1. These techniques
serve to differentiate the structural morphology, porosity, and
stimuli behavior of TiO, nanoparticles in polymer and polymer
networks (without TiO,). Specific characterization techniques
include X-ray diffraction (XRD), dynamic light scattering (DLS),
scanning electron microscopy (SEM),"*® energy-dispersive X-ray
spectroscopy (EDX), high-resolution transmission electron
microscopy (HR-TEM), wide-angle X-ray scattering (WAXS), 'H-
nuclear magnetic resonance spectroscopy (NMR), photo-
luminescence spectroscopy (PL), Raman spectroscopy (RS),
transmission electron microscopy (TEM), UV-visible spectros-
copy (UV-vis), laser light scattering spectrometry (LLS), photo
correlation spectroscopy (PSC), attenuated total reflectance
spectroscopy (ATR), differential mechanical analysis (DMA),
differential scanning calorimetry (DSC), inductively coupled
plasma atomic emission spectroscopy (ICP-AES), atomic force
microscopy (AFM), polarizing optical microscopy (POM),
inductively coupled plasma mass spectrometry (ICP-MS),
Fourier transform infrared (FTIR) spectroscopy, inductively
coupled plasma-optical emission spectrometry (ICP-OES), Bru-
nauer Emmett Teller (BET) analysis,”®* and field emission
scanning electron microscopy (FE-SEM)."*®

33850 | RSC Adv, 2024, 14, 33843-33863

Advanced microscopic instruments such as TEM, AFM, HR-
TEM, FE-SEM (ref. 140) and SEM are used to analyze the organic
polymers with and without TiO, nanoparticles, aiming to
explore their physical attributes. HR-TEM and TEM (ref. 46) are
employed to examine the size, size distribution, and
morphology of both the organic polymers with and without
TiO,. They are also used to investigate the dimensions, and
shapes of both polymer microgels with and without TiO,.
Furthermore, AFM, SEM (as shown in Fig. 5(D-G)), and HR-TEM
are used to investigate the surface morphology of organic
polymers with and without TiO, present due to their structural
arrangements, as shown in Fig. 5(H-K).

NMR, FTIR (as shown in Fig. 5(A)), and RS techniques are
extensively employed to investigate the functionalities of result-
ing organic polymers and to differentiate the interactions within
the polymeric network of organic polymers with and without TiO,
nanoparticles. EDX and XRD (ref. 132) techniques serve to vali-
date the presence and characteristics of TiO, nanoparticles
within crosslinked polymeric networks. The crystalline structure
of polymers with and without TiO, nanoparticles is assessed by
XRD, as shown in Fig. 5(B). WAXS, Particle Size Analyzer, and DLS
are used to measure the diameter range, size distribution and
size of both crosslinked polymers and hybrid systems. UV/Vis/
NIR spectroscopy is utilized to ascertain the volume phase tran-
sition temperature (VPTT) of crosslinked organic polymers with
and without TiO, by measuring turbidity.

TGA,"* DMA, and DSC (ref. 135) techniques are used to
examine the thermal stability and decomposition characteris-
tics of both organic polymers and their hybrid systems. TGA is
also used to quantify the content of TiO, nanoparticles within
organic polymers, as shown in Fig. 5(C). DLS/Photon correlation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 TiO,—polymer composites with monomers and comonomers, applications, and characterization techniques

Structural Monomers and Characterization
System morphology comonomers Applications techniques References
TiO,-S0A-P(Q-10) Homogenous microsphere  SoA, Q-10 Antibacterial SEM, zeta potential, 129
DLS, UV-vis, TGA,
digital camera
TiO,-P(AAm-DMAAm) Homogenous microsphere ~ AAm, DAAmM Photocatalytic activity TEM, FTIR, UV-vis, SEM 130
TiO,-P(AAm) Homogenous microsphere ~ AAm — EDX, FTIR, TGA, XRD, 131
BET
TiO,-GG-P(AAm) Homogenous microsphere GG, AAm Adsorption FTIR, SEM, TGA, BET, 132
TEM, EDS
TiO,-P(VA)-C Homogenous microsphere VA, C Conductance, water TGA, XRD, UTM, SEM 133
adsorption
TiO,@CS, TiO,-CeO,@CS, Core-shell CS Tissue engineering and  SEM, XRD, UV-vis, 37
CeO,@CS water adsorption Fluorescence, Rheometer,
MTTS
TiO,-PT-P(EOAAm), MgO-PT- Homogenous microsphere  PT, EOAAm Antibacterial FTIR, TEM, XRD, SEM 134
P(EOAAm), CaO-PT-
P(EOAAm), ZnO-PT-
P(EOAAm)
TiO,-KCG-XG-GeG Homogenous microsphere  KCG, GeG, XG Antibacterial FTIR, SEM, XRD, DSC, 135
TGA, CA analyzer, UV-
vis
TiO,-P(VA), Fe;0,-P(VA) Homogenous microsphere VA Biomass SEM, FTIR, MTS, 136
immobilization and Rheometer
wastewater treatment
TiO,-P(NIPAM-AAc) Homogenous microsphere =~ NIPAM, AAc — TEM, DLS, Zeta-sizer, 137
Turbidometer, UV-vis
TiO,-P(VA) Homogenous microsphere VA — ESR, XRD, UV-vis 138
TiO,-P(AAc-VP) Homogenous microsphere  AAc, VP Water uptake DSC, TGA, SEM, EDX, 139
FTIR
TiO,-CMCS-P(VA) Homogenous microsphere ~ CMCS, VA Antibacterial XRD, TGA, FE-SEM, 140
SEM, fluorescence, FTIR
TiO,-(AAm), TiO,-(AAm-PoA)  Homogenous microsphere ~ AAm, PoA Photocatalysis BET, TEM, XRD, 141
particle-size analyzer,
UV-Vis
TiO,-P(AMPS) Homogenous microsphere ~ AMPS Photocatalysis BET, SEM, XRD, FTIR, 142
TGA, UV-vis
TiO,-P(VA)-P(AAc) Homogenous microsphere VA, AAc Photocatalysis SEM, FE-SEM, XRD, UV- 143
vis
TiO,-SoA-HPMC Homogenous microsphere  SoA, HPMC Drug delivery, anti- FTIR, SEM, DSC, XRD, 83
cancer TGA, DSC
TiO,-CS Homogenous microsphere  CS Adsorption and FE-SEM, SEM, EDS, 144
antibacterial BET, FTIR, TGA
TiO,/ZnO-P(HEMA-AMPS) Homogenous microsphere =~ HEMA, AMPS Adsorption ATR-FTIR, EDS, SEM, 46
XRD, HR-TEM, UV-vis
TiO,-CS-P(AAm-IA), SiO,-CS-  Homogenous microsphere  CS, AAm, IA Adsorption, EDX, BET, SEM, TGA, 145
P(AAm-IA) antibacterial FTIR, AAS

spectroscopy (PCS) is employed to ascertain the size distribu-
tion and hydrodynamic size of polymers with and without TiO,
nanoparticles. WAXS is utilized to characterize the structure
and uniformity of synthesized hydrogels, providing valuable
information about the network topology, and ensuring consis-
tency in their structures. Rheological measurements are carried
out to understand the viscoelastic properties of hydrogels.
Investigations into drug release encompass evaluating the
cytotoxic effects of organic polymers and hybrid systems through
MTTS (ref. 37) assays. The amount of drug released is quantified
using the HPLC technique, while the loading and release of the
drug are monitored by confocal laser scanning microscopy (CLSM).
Furthermore, ICP-MS, ICP-OES, and ICP-AES were employed to

© 2024 The Author(s). Published by the Royal Society of Chemistry

determine the presence of TiO, nanoparticles incorporated into
polymers. Table 1 provides a summary of the microgels containing
TiO, nanoparticles, the characterization techniques employed, and
their respective applications. Some characterization techniques are
given in Fig. 5, which are used for the characterization of both
polymer and TiO,-polymer composites.

5. Applications of TiO,—polymer
composites

TiO,—polymer composites have various applications in various
fields, as shown in Fig. 6. These applications are discussed one-
by-one in this section.

RSC Adv, 2024, 14, 33843-33863 | 33851
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5.1. Drug delivery

TiO,-polymer composites can be used for drug delivery. The
loading and releasing of drug from TiO,-polymer composites
depends upon the interactions present between the drug and
the network of composites. The crosslinked network of poly-
mers is made by the polymerization of monomers. Therefore,
the interaction of network depends upon the nature of mono-
mers used for the synthesis of crosslinked polymers.** The

Anticancer

strength of interaction depends upon the nature of both the
drug and the crosslinked polymeric network."” If the charge of
the crosslinked network is opposite to the charges of drug, then
maximum interactions are present between the drug and the
composite. Therefore, maximum loading of drug occurs than
other conditions of charges. Similarly, these interactions also
affect the releasing behavior of drug."*® Another reason of more
and fewer loadings of drug is the swelling and deswelling nature

Applications
of TiO,-
polymer

composites

Fig. 6 Applications of TiO,—polymer composites.
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of polymers under stimulus conditions. Maximum loading of
drug occurred in swelling state which is released after reaching
the target place by the conversion of deswelling the state of
hybrid systems, as shown in Fig. 7.

During the swelling state, the drug comes into the sieves of
crosslinked network along with water molecules due to electro-
static interactions. Interactions can be decreased by changing the
conditions of environment. Therefore, the network is shifted
from the swelling state to the deswelling state and the drug
comes out from these sieves along with water molecules. This
shifting of the swelling state into deswelling has occurred by
changing the pH (ref. 73) and temperature® of the medium.
Basically, there are two types of interactions: hydrophilic (inter-
actions between water molecules and the structure of TiO,—
polymer composites) and hydrophobic (interactions present
between different parts TiO,—-polymer composites). The strength
of these interactions can be changed by changing the environ-
ment. The environment of TiO,-polymer composites can be
altered by varying the pH of the medium, temperature, and ionic
strength. Therefore, these parameters also affect the loading and
release of drugs from the network of composites. Therefore, the
release and loading of drugs is controlled by these parameters.
For example, the network of composites is present in the swelling
state at low temperatures due to stronger hydrophilic interac-
tions than hydrophobic interactions. While at high temperatures,
the hydrophobic interactions dominate over the hydrophilic
interactions. Therefore, water molecules come out and the
composites shift from the swelling state to the deswelling state.
Similarly, the pH of the medium also affects the swelling and
deswelling behavior. Under these conditions, the phenomenon
of protonation and deprotonation occurs in the structure of
composites. Swelling occurs if the same charge is present in the
structure of composites (due to electrostatic repulsion). Acidic
composites show swelling behavior under basic conditions, while
basic composites show swelling behavior under acidic conditions
due to same charges under both conditions. Greater loading of
drugs in composites also releases more amounts of drugs during
the release process. In this way, the composites can be made
more efficient for drug delivery by optimizing the conditions.

5.2. Anticancer

TiO,-polymer composites exhibit potential in cancer treatment
due to the delivery of anticancer drug. The incorporation of an
anti-cancer drug into these TiO,-polymer composites allows
controlled release upon targeted radiation application. This
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Fig. 7 Loading and release of drugs from TPC.
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release mechanism is facilitated by the deswelling behavior of
TiO,—polymer composites.**® Some thionyl bonds of DNA also
break due to the oxidation-reduction reactions, which occur by
the presence of TiO, nanoparticles. The anti-cancer property of
composites is even more in doped TiO,-polymer composites
due to the decrease in the energy band gap (doped materials
prevent the combination of electron and hole pairs)."* There-
fore, composites provide an environment as a carrier for drug
delivery as well as breaking the bonds of DNA molecules. The
loaded drug is released at the target place by changing the
temperature® or pH (ref. 146) of the medium. These conditions
control the swelling and deswelling behavior of composites. The
release of anticancer drug is very important factor for treatment.
Some amounts of drug can be spread over some healthy cells
during rapid release and destroy them. Therefore, control
releasing is a suitable condition for cancer treatment.

5.3. Antibacterial

Bacteria are the main source of diseases. Therefore, their killing
is an essential condition for a healthy life. These bacteria are
present everywhere. Therefore, they can easily enter our bodies
and spread diseases. Different types of antibacterial agents can
be used for their killing but the TiO,—polymer composite is very
efficient and eco-friendly in nature. They kill different types of
bacteria such as Escherichia coli (E. coli),”* Staphylococcus aureus
(S. aureus)," Candida albicans (C. albicans),’** and Pseudomonas
aeruginosa (P. aeruginosa)® from body.

TiO,-polymer composites exhibit efficient antibacterial
activity. This antibacterial activity is mostly due to TiO, parti-
cles.”** TiO, nanoparticles have a low energy band. The electrons
of TiO, can easily jump from the valence band to the conduction
band. In this way, TiO, can facilitate the occurrence of oxidation-
reduction reactions. These oxidation-reduction reactions kill the
bacteria. The oxidation-reduction reactions of TiO,—polymer
composite with the surface of bacteria depend upon TiO, parti-
cles. Therefore, antibacterial activity of composites depends
upon the content of TiO, nanoparticles’® in composites and the
approach of bacteria to the surface of TiO, nanoparticles.
Therefore, antibacterial activity of composites can be controlled
by stimuli conditions as well as increasing the rate of jumping of
electrons of TiO, from the valence band to the conduction band
by photons.’*® The stimulus conditions convert the composites
from the deswelling state to swelling and bacteria can easily
reach TiO, nanoparticles. In other wands, more content of TiO,
releases from the composite in swelling state. Therefore, the
antibacterial activity of composites is greater in the swelling state
than in the deswelling state. The presence of light facilitates
jumping of the valence electrons from the valence band to the
conduction band. Therefore, the antibacterial activity of
composites is greater in the presence of sunlight than in the
darkness. The synergistic effect of both TiO, and polymers also
affects the antibacterial performance of TPC.

5.4. Removal of pollutants via adsorption

TiO, nanoparticles are studied as excellent adsorbents due to
their sensitive surface reactivity,"*® controlled size particles,*
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textural features," and favorable zero-point-charge (pHp,. =
6.8-7.6).""' The pH,,. is the pH value at which no charge is
present in the structure of TPC. These properties of TiO, make
them capable of interacting with pollutants. Therefore, TiO, can
act as an adsorbent for the removal of pollutants, as shown in
Fig. 8. Similarly, crosslinked polymers can also be used as
adsorbents for the removal of pollutants. The crosslinked
organic structures have polar and non-polar moieties in their
structures which make them suitable for adsorption due to
electrostatic interaction.’ The composites of TiO, particles
and crosslinked organic polymers have both (TiO, and organic
polymers) characteristics which make the TPC as a perfect
adsorbent. Therefore, the adsorptive property of TiO, particles
is further enhanced by making composites with crosslinked
organic polymers.”” The adsorptive property of TiO,—polymer
composites is greater than individuals of both TiO, nano-
particles*” and crosslinked organic polymers.*® The adsorption
of pollutants has occurred due to electrostatic, dipole-dipole,
n-7 interactions and hydrogen bonding which can be altered by
varying the environment of medium,****** nature of adsorbent,?
and nature of adsorbents.** The adsorptive property of TiO,-
polymer composites can be enhanced with the help of the
following factors, as shown in Fig. 9.

The adsorption capacity of TiO,-polymer composites is
greatly influenced by the temperature of the surrounding envi-
ronment.”"'** As discussed before, hydrophilic interactions are
greater than hydrophobic interactions at low temperatures. The
temperature above which the hydrodynamic radius of cross-
linked polymers rapidly decreases is called volume phase
transition temperature (VPTT). Therefore, the structures of
composites are present in swelling state (at 7 = VPTT). There-
fore, more content of pollutants can adsorb on the surface of
composites at T < VPTT as reported by Zhou et al.**> Further-
more, hydrophilic interactions are weaker than hydrophobic
interactions at high temperatures (at 7 = VPTT). Therefore, the
structures of composites are present in a deswelling state.
Therefore, the area of available space is very low. Therefore, very
small amounts of pollutant can adsorb on the surface of
adsorbents. In conclusion, more pollutants are adsorbed by
TiO,-polymer composites at < VPTT and less at 7= VPTT as
shown in Fig. 9(b). Such behavior is observed only in those
composites which have temperature-sensitive moieties in their
structures. In the case of absence of temperature sensitive
composites in structures, then the adsorption capacity

Fig. 8 Adsorption of pollutants by TPC.
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increases with the increase in temperature due to increase in
the number of collisions, as reported by Binaeian et al.**

The porosity of TiO,-polymer composites is also an impor-
tant factor in adsorption capacity of adsorbents. If large porosity
is present in the structure of adsorbents, then more empty
space is available for capturing the adsorbate. While low space
is available for capturing if porosity of adsorbents is low.
Therefore, the adsorption capacity of TiO,—polymer composites
can be enhanced by introducing more porosity. The porosity of
organic polymers increases with the insertion of TiO, into the
structure of crosslinked organic polymers."** Therefore, the
adsorption capacity of composites is greater than crosslinked
organic polymers, as reported by Barak et al.®* The porosity of
composites depends on the content of TiO, in composites. More
porosity is present at high content of TiO, and low at low
content of TiO,. In simple words, the adsorption capacity of
composites can be enhanced by increasing the content of TiO,
nanoparticles in composites as reported by Naserzade et al.*”

The mobility of water molecules into and out of the structure
of TiO,-polymer composites also plays a critical role in their
adsorption capacity. This movement involves the entrance and
outlet of pollutants across the crosslinked network of TiO,-
polymer composites along with water molecules. Initially,
pollutants adhere to the surface of the composites before
penetrating the crosslinked network, leaving behind empty
spaces that subsequent pollutant molecules occupy. Conse-
quently, the adsorption capability of composites depends on
this penetration of pollutants from the surface. Hence, the
mobility in the structure of composites directly impacts their
adsorption efficiency. This mobility is maximum at the swelling
state of composite and diminishes by shifting from a swelling
state to a deswelling state.*®

In the swollen state, mobility occurs easily due to sufficient
empty space within the structure of composites. Conversely, as
the shifting from swelling state to a shrunken one, these
available spaces decrease, resulting in restriction of pollutant
mobility as reported by Samanta et al’® Consequently, the
adsorption capacity of composites declines. The adsorption
capacity of TiO,—polymer composites is significantly influenced
by the pH value of the solution. This factor plays a critical role in
adsorption capacity of TiO,-polymer composites due to varying
the structure of both the adsorbent and the adsorbate. The pH
value at which no charge is present in the structure of
composites is called pH at zero-point-charge (pH,,c). TiO,-
polymer composites which have acidic (-COOH, -SO3;H) groups
in their structure are called acidic TiO,-polymer composites
while those composites which have basic (-NH,, -NH-) groups
are called basic TiO,-polymer composites. When the pH of the
medium changes from pH,,. value, the structure of composites
can accept or donate protons. Acidic composites donate protons
from their structure at pH = pH,,, leading to the formation of
anions while at pH = pH,, the acidic composites accept their
released protons from acidic medium and shift in the neutral
forms. The anionic form (acidic composites in a basic medium
(PH = pH,;)) of acidic composites exhibits a strong affinity for
cationic pollutants due to strong electrostatic interactions
developing from opposite charges while repel the anionic

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06922f

Open Access Article. Published on 28 October 2024. Downloaded on 2/20/2026 2:54:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

[
o
T
1

Adsorption efficiency (%)

() 1 17 1 1 A
0 20 40 60 80

100

Time (min)

7Y AP IR S
3 [ ]
S (¢)

% 95} 1
=

-

L2 90F 1
S

= 85 - i
2

2 80} 1
5

= 75t A
1

150 165 180 195 210 225

Agitation speed (rpm)

View Article Online

RSC Advances

? OC

L 9t (b) 1
N’

Z 96

= 'l o B
2

= 93} 1
g ¥

L

5 87 1
;Il':

1 84t |

20 30 40 50 60

Temperature (°C)

T T T

—&— NaCl
—&— CaCl,

Adsorption efficiency (%)

70
0.0

0.2 0.4 0.6
Conc. of salts (M)

Fig. 9 Effect of parameters on the adsorption of pollutants: (a) contact time, (b) temperature, (c) agitation speed, and (d) salt concentrations
(reproduced from ref. 132 with permission from Elsevier, copyright 2016).2*?

pollutants due to similar charges.””***>'* Similarly, basic
composites acquire positive charges within their structure by
accepting protons at pH = pH,,. and present donate the
accepted proton from their structure at pH = pH,.."** There-
fore, basic composites in their cationic form interact with
anionic pollutants because of the opposing charges present on
both the adsorbent (basic composites) and adsorbate (pollut-
ants) species. Consequently, the pH of the medium profoundly
influences the interactions between adsorbate and absorbent
species.

Similarly, the value of pH of the medium influences both the
configuration and electronic distribution of pollutants. When
the medium is basic, acidic dyes release their protons, while
basic dyes receive protons under acidic conditions. Conse-
quently, this alteration in the charge within the structure of
pollutants leads to changes in electrostatic interactions between
the composites and pollutants, as reported by Patel et al.'*
Moreover, metal cations produce the insoluble metal hydrox-
ides in a basic medium, thereby reducing the presence of metal
cations in the medium."® As a result, the adsorption efficiency
of composites decreases for metal cations due to this
phenomenon.

The adsorbed amount of pollutant can be increased with the
increase in the contact time, as shown in Fig. 9(a). Initially, the
adsorption process of pollutants on the composites increases

© 2024 The Author(s). Published by the Royal Society of Chemistry

rapidly due to a higher availability of functional groups on their
surface for interaction with pollutants. However, after a certain
period, the removal of pollutants by the composites begins to
occur at a slower rate. This is due to the occupation of all active
sites or functional groups of composites by pollutants, leaving
no vacant sites for further adsorption. At this stage, the inner
functional groups of composites interact with the adsorbed
pollutants from the surface, facilitating the movement of
pollutants towards the interior of the structure of composites
through crosslinked networks. Consequently, the outer func-
tional groups remain unoccupied, effectively halting further
adsorption. This process follows the intraparticle diffusion
mechanism, wherein pollutants diffuse within the structure of
composites over time. Continuing onward, the extraction of
pollutants gradually diminishes as the functional groups on the
composites become saturated, reducing their capacity to adsorb
additional pollutants. A stage comes at which the rate of
adsorption on composites becomes equal to the rate of
desorption of pollutants, as reported by Samanta et al.”® This
stage is called equilibrium position.*®

Agitation speed and concentrations of different salts are also
influenced on the adsorption capacity of TPC, as shown in
Fig. 9(c) and (d) respectively. When the speed of agitation
increases resulting in more adsorption capacity initially due to
the rapid approach of pollutants to the TPC surface. This
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adsorption efficiency decreases after a certain level of speed due
to increase in the number of collisions which hinders the
adsorption process. However, the effect of ionic salts is always
decreasing the adsorption capacity of TPC. This is due to the
interaction of metal cations with the structure of TPC. This
interaction decreases the mobility of TPC by deswelling trends.
This decreasing trend depends on the oxidation state of metal

cations.**

5.5. Photocatalysis

Photocatalysis is an environmentally friendly and sustainable
method which is used to disintegrate pollutants from water.
This approach efficiently removes the pollutants from contam-
inated water without producing harmful byproducts.** In this
process, the composites entirely break down the pollutants or
transform them into harmless materials. The efficiency of
photocatalytic remediation depends on the photocatalyst
employed in an advanced oxidative process. These catalysts
absorb photons possessing energy equivalent to or greater than
the band gap energy between the valence and conduction bands
of the photocatalyst.

The absorption of photons triggers a separation of charges
caused by jumping of electrons from the valence band to the
conduction band. During this movement of electrons, positive
holes are created in the valence band.** These positive holes
oxidize the water molecules to produce hydroxyl radicals (OH")
or directly target contaminants. While the excited electrons in
the conduction band reduce the adsorbed oxygen molecules
from the surface of photocatalyst (TiO,-polymer composites).
The resulting OH" (at valence band) free radicals interact the
contaminants to initiate diverse reactions that convert pollut-
ants into non-toxic or harmless forms or completely degrade
them into H,O and CO, by oxidation™ as shown in Fig. 10.

In TiO,-polymer composites, TiO, nanoparticles are the
main catalysts which proceed this phenomenon of adsorption
of light and then used for excitation of electrons from the
valence to the conduction band. The resulting electron-hole
pairs degrade or transform the pollutants into non- or less toxic

Electrons
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Fig. 10 Photocatalytic degradation mechanism.
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molecules. The pairs of electrons and holes have strong
tendency to recombine and thus impact the overall efficiency of
photocatalysis.”* As a result, it becomes crucial to either control
or reduce the recombination of these generated charge carriers
to guarantee efficient photocatalytic reactions. The efficiency of
TiO,-polymer composites for degradation/transformation of
pollutants from wastewater depends on several factors as shown
in Fig. 11. These factors are given below.

The rate of catalytic degradation of pollutants by TiO,-
polymer composites can be tuned with varying the pH of the
medium. The pHy,. value of TiO, lies in the range of 6.8-7.6.
This value can be changed by the influence of crosslinked
structure of polymers due to interactions.*****> The pH of the
medium greatly affects the protonated and deprotonated
structures of TPC. This behavior depends on the nature of
crosslinked polymers whether it is acidic or basic as shown in
Fig. 11(b) and (e) respectively. The acidic structures have -
COOH,* or —-SO3;H"* groups in their structure and basic have -
NH, (ref. 103) in their structures. The polymeric network of
acidic composites donates their protons to the medium at pH =
PK, value of acidic composites and regains the released protons
at pH = pK,. At pH = pK,, the acidic groups (-COOH, or -SO;H)
are converted into deprotonated (-COO™, or -SO; ) forms.
Under this condition, electrostatic repulsion occurs between
the anionic structures of acidic composites due to same
charges. Therefore, the hydrodynamic diameter of acidic
composites increases. Therefore, the diffusion rate of pollutants
increases across the crosslinked network to the surface of TiO,.
Thus, the degradation rate increases at pH = pK, value in acidic
composites. While protonation occurred at pH = pK, and
hence, the electrostatic repulsion diminishes. Therefore, the
hydrodynamic diameter of composites decreases. Therefore,
the rate of diffusion also decreases pollutants, resulting in
a decline in the degradation rate of pollutants by acidic
composites. Furthermore, the basic composites gain the
protons from medium at pH =< pK, and basic (-NH,) groups of
basic composites are converted into cationic (-NH;") forms. In
this condition, electrostatic repulsion also occurs due to same
changes and the hydrodynamic diameter of basic composites

0,”

Degradation

OH'
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increases at pH = pK,. Therefore, catalytic degradation also
increases because of the high diffusion rate of pollutants. While
deprotonations occur at pH = pK, value and therefore, the
hydrodynamic diameter decreases which causes the decline in
catalytic efficiency of basic composites. The pH of medium also
affects the structure of TiO,. TiO, is present in neutral form as
Ti-O-H at pH = 6.8. This value of TiO, is called zero potential
charge which is represented as pH,p.. TiO, is present in Ti-
OH," at pH = 6.8 and in Ti-O~ at pH = 6.8 as reported by Gao
et al.”

Content of TiO, particles also affects the catalytic efficiency
of TiO,-polymer composites. At high contents of TiO, in
composites, more active sites are available for catalysis. There-
fore, more pollutants can be adsorbed under this condition.
Thus, the degradation rate of pollutants by TiO,-polymer
composites rises with the increase in the content if TiO, in
composite forms as reported by Wei et al.** A similar trend for
photocatalytic degradation of dye has been reported by Marija
et al.>

Temperature also affects the catalytic performance of TiO,—
polymer composites as shown in Fig. 11(a). The photocatalytic
degradation of pollutants occurs when valence electrons jump
from valence band to conduction band. Therefore, this jumping
rate of electrons depends on the value of temperature (intensity
of light). If the intensity of light is high (high temperature), then
more electrons jump from valence band to conduction band.
Therefore, more electrons and holes pairs are produced in this
result. These electron-hole pairs more rapidly degraded the
pollutants from water. Furthermore, a smaller number of elec-
tron-hole pairs are formed at low intensity of light. Therefore,

© 2024 The Author(s). Published by the Royal Society of Chemistry

photocatalytic performance also decreases at low intensity of
light. The increasing trend of photocatalytic efficiency is under
increasing the power of light is up to a specific level in certain
solvents. Beyond this level, the solvents can produce bubbles
which produce hindrance for waves in the process of sono-
catalytic degradation reactions only. Therefore, the degrada-
tion performance of TPC can be decreased. Similar trends are
observed by Afzal et al.*® The photocatalytic performance of TPC
can be enhanced by using suitable light energy source. Gener-
ally, the photocatalytic activity of TPC is greater in sun light
than other sources of energy as reported by Zhu et al.**®

The recombination of electron-hole pairs decreases the
catalytic efficiency of the TiO,-polymer composites. This
recombination of electron-hole pairs is controlled by doping of
TiO, particles. This doping can be N-type or P-type. In P-type
doping, cationic metal or three valence electrons containing
atoms are added into the composites which further decreases
the energy band gap of TiO,. Therefore, the valence electrons
easily jump from valence to conduction bands. Thus, degrada-
tion rate of pollutants increased by P-type doping of TPC.
Similarly, the photocatalytic performance of composites is also
enhanced by N-type doping. In this doping, the atoms which
have five electrons in their valence shell or electron rich species
are added into the composites. This doping also decreases the
energy band gap of TiO, particles and hence, the photocatalytic
activity increases due to easily jumping of electrons from
valence to conduction bands. Liu et al.'** have also observed
similar increasing trends in photocatalytic performance of TPC
by adding Fe*" ions (P-type doping). Galata et al.*® have also
studied the photocatalytic performance of TPC by doping with

RSC Adv, 2024, 14, 33843-33863 | 33857
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N-type and P-type materials. They observed increasing trends by
both types of doping but more increasing in N-type doping.

The photocatalytic performance of composites can also be
tuned with porosity of composites (greater porosity means
greater mobility) as shown in Fig. 11(c). The photocatalytic
activity of polymer composites is high when the porosity of
composites is greater. This porosity controls the adsorptions of
pollutants and then these adsorbed pollutants penetrated from
the surface of crosslinked polymer to the surface of TiO,
particles. Therefore, the porosity of composites controls the
approach pollutants to the surface of TiO, particles. In this way,
the porosity of composites controls the photocatalytic activity of
composites. The porosity of composites can be enhanced by
increasing the content of TiO,,"*° or by increasing the content of
monomers* or comonomers*** during the synthesis of
composites.

The content of acidic,*® basic,"*" and polar®® components in
TiO,-polymer composites also influence the photocatalytic
efficiency. These components affect due to interaction (attrac-
tion (in case of opposite charges) or repulsion (in case of same
charges)) with pollutants. If the content of these components is
at a greater level, then more contents of oppositely charged
pollutants are adsorbed and therefore, more molecules of
pollutants reach to the surface of TiO, particles. Therefore, the
efficiency of composites increased with the increase in the
percentage of these components in composites.

The nature of pollutants” and TiO,-polymer composites®
also influence the photocatalytic efficiency of composites.
Basically, their nature affects the interaction present between
the pollutants and TPC. If the same charges are present in the
structures of both composites and pollutants, then electrostatic
repulsion occurs and photocatalytic performance decreases.
Furthermore, if opposite charges are present in both pollutants
and composites, then electrostatic interactions force the
pollutants to come on the surface of TiO,. Therefore, the effi-
ciency of composites can be tuned with respect to the nature of
organic polymer and pollutants. Song et al.''> have reported the
effect of adsorbent and Sawut et al.*® have the effect of nature of
TPC on photocatalytic performance.

The photocatalytic efficiency of composites can also be
controlled in various solvents. These solvents also interact the
composites as well as pollutants. Therefore, these interactions
also influence the interactions of composites with pollutants. If
the interactions of solvents are greater than the interactions
present between composites and pollutants, then the
approaches of pollutants to the surface of TiO, particles reduce.
Therefore, the photocatalytic efficiency of composites
decreases. Pasaribu et al.** have also observed the effect of
solvents on photocatalytic performance of TPC under iso-
propanol, ethanol, and DMSO solvents. The swelling of TPC was
obtained in aprotic solvents and less in protic solvents due to
hydrogen bonding. This swelling behavior controls the mobility
of pollutants and consequently the photocatalytic performance
of TPC.

The photocatalytic efficiency of TPC can be influenced by
introducing the metal salts during the photocatalysis, as shown
in Fig. 11(d). The metal ions, which are added into the mixture
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during photocatalysis, basically affect the interaction present
between TPC and pollutants. Generally, the metal cations
decrease the interactions between TPC and pollutants due to
string interactions of metal cations with TPC. Therefore, the
possibility of pollutants reaching the surface of TiO, particles
decreases. Therefore, the catalytic efficiency of TPC decreases
with the introduction of metal cations. The interaction of TPC is
stronger with more metal cations having more oxidation states.
Therefore, the photocatalytic activity is more significant with
the introduction of higher oxidation state containing metal
cations than lower oxidations containing. A similar trend has
been reported by Patel et al.**® Similarly, the anionic parts of
salts also affect the interactions between TPC and pollutants.
These anionic components also trap the OH radicals which
results to decreases the degradation rate of pollutants as re-
ported by Afzal et al.*®

5.6. Other applications

TiO,—polymer composites can also be employed in some other
fields of research. For example, TiO,-polymer composites are
used for the fabrication of clothes,* engineering of tissues,*
selectively rejection of protein,’*® detection of Fe** ions** and
high puncture resistant along with self-healing."*® The fabrica-
tion of clothes with TPC is a very important application. This
application protects human health from diseases due to anti-
bacterial and ultraviolet protection properties. These properties
are basically due to the presence of TiO, particles. TiO, particles
can absorb ultraviolet radiation and protect the human body
from their hazardous effects. The engineering of tissue appli-
cation of TPC is also very important. During the injury, the
interactions which are essential for connection are disturbed.
The TPC facilitates rejoining the parts or cells for healing as well
as killing the bacteria. In this way, the TPC helps to heal the
injuries as reported by Niranjan et al** and Motasadizadeh
et al.* This healing property is also very fruitful for punctures.
The strong interaction resists breaking their components.
Therefore, TPC shows high resistance against punctures. The
selectivity of TPC for suitable species is also very important,
which is generated with the help of the crosslinked network.
The structure of polymer play an important role in this selec-
tivity due to electrostatic repulsions on the basis of same
charges and interactions on the basis of opposite charges as
reported by Gao et al.*®® The detection property of TPC also
depends on the crosslinked network. This crosslinked network
makes co-ordinate covalent bonds with metal ions. Due to this
bond formation, the color of metal ions changes, which indi-
cates the presence of corresponding metal ions.

6. Summary and future directions

Metal oxides and polymers are widely used in various applica-
tions. Their combined behavior opens new avenues in different
fields. The composites of TiO, and crosslinked organic poly-
mers are very important with respect to their applications. In
this review, TiO,-polymer composites are classified based on
morphology and nature of crosslinker. The synthetic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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approaches used for the synthesis of TiO,-polymer composites
are also discussed in detail. The morphology of these compos-
ites is very important with respect to their applications which
are identified with various techniques as explained in this
review article. TiO,-polymer composites have various applica-
tions but the most important are the antibacterial and removal
of pollutants from water through both photocatalysis and
adsorption processes. The TPC with covalent crosslinker has
more advantage over TPC formed by H-bonding. The hydrogen
bonding of TPC can also vanish under certain conditions.
However, the TPC in which the crosslinker is covalently bonded
is stable for a long time.

TiO,-polymer composites are more suitable materials for
antibacterial activities, but the polymer systems which are used
consist of mostly N-isopropylacrylamide which is a non-
biodegradable material. Therefore, it is harmful to the health.
This should be replaced with a biodegradable material which is
non-toxic for health. This development opens new doors for
their applications in medicine. The adsorption of pollutants
greatly depends on the polymer materials. For this purpose, the
polar monomers and comonomers are efficient for this
purpose. The insertion of acidic (-COOH, -SO;H) and basic (-
NH,) groups play a vital role in enhancing the adsorption and
rejection of pollutants from water. Their performance increases
even more with changing the pH of the medium. The adsorp-
tion performance is also effects by medium which is not re-
ported yet. The mean challenge in the photocatalytic activity of
TiO,-polymer composites is the electron-hole pair recombina-
tion. This issue of catalytic performance can be resolved by
doping the TiO, particles. Therefore, the doping materials
decrease the energy band gap along with preventing the
recombination of electrons and holes of TiO, particles.

The reported morphology of TiO,-polymer composites is
mostly homogenous microsphere. More work should be done on
other morphologies such as core-shell and hollow systems.
These morphologies are more effective with respect to homoge-
nous microphase. However, synthesis and applications of such
morphological composites are not reported in the literature.
These classes open new avenues for research in TiO,—-polymer
composites. These core shell systems in which core is made with
solid materials have more effective than homogenous composite
microspheres due to easily recyclable property (due to more
density). Similarly, the core-shell systems in which TiO, nano-
particles are present as core are more effective due to controlling
the leakage of TiO, nanoparticles during recycling than homog-
enous composites microspheres. Furthermore, hollow compos-
ites are also more effective than homogenous composites with
respect to adsorption and photocatalytic ~degradation/
transformation reactions of pollutants. In hollow spheres, the
pollutants can enter the crosslinked network of composites from
both sides (interior and exterior sides). Therefore, the pollutants
can easily be approached to the TiO, nanoparticles present in the
hollow composite spheres. As a result, the photocatalytic activity
and adsorption of pollutants of hollow composites should be
greater than other morphologies. Hollow composites can also be
more suitable in drug delivery due to maximum releasing of
loaded drug. Other systems partially released the loaded drug,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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but hollow systems should be released greater loaded amount
through both sides (interior and exterior sides).
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AAc Acrylic acid

NIPAM N-Isopropylacrylamide
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NPs Nanoparticles

P(Q-10) Polyquaternium-10
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DMAAm N,N'-Dimethylacrylamide

GG Gum ghatti

P(VA) Poly(vinyl alcohol)

DLS Dynamic light scattering

CS Chitosan

P(EOAAm) Ethylene oxide-polyacrylamide

EDX Energy dispersive X-rays

KCG K-Carrageenan

FTIR Fourier Transformed Infrared Spectroscopy

XG Xanthan gum

HRTEM High resolution transmission electron
microscopy

GeG Gellan gum

VP Vinyl pyrrolidone

PoA Potassium acrylate

HPMC Hydroxypropyl methylcellulose

NMBA N,N'-Methylene-bisacrylamide

AmPS Ammonium persulfate

AMPS 2-Acrylamido-2-methylpropane sulphonic acid

HEMA 2-Hydroxyethyl methacrylate

1A Itaconic acid

TPC TiO,-polymer composites

SEM Scanning electron microscopy

MAAn Methacrylic anhydride

EGDA Ethylene-glycol-diacrylate

MAAc Methacrylic acid

TGA Thermo gravimetric analysis

NTMEDA N,N,N',N'-Tetramethylenethylendiamince

GX Glyoxal

UV-vis UV/visible spectroscopy

VPTT Volume phase transition temperature

GO- Graphene oxide-poly(N,N'-dimethylacrylamide)
P(NDMAAm)

XPS X-ray photoelectron spectroscopy

PoPS Potassium persulfate

XRD X-ray diffraction

ICP-AES Inductively coupled plasma-atomic emission

spectroscopy
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