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Abstract: The photocatalytic properties of poly(titanium oxide) (PTO) dispersed in optically transpar-
ent polymeric matrices of different natures under the action of both UV and visible light on aqueous
solutions of azo dyes and phenols were investigated. PTO in materials forms clusters of mixed
polymorphic modification—anatase and rutile—with an average size ~12 nm. With a one-electron
transition Ti4+ + e− → Ti3+ accompanied by a reversible break of the Ti-O bond, the formation of
electron-hole pairs and, consequently, active oxygen species occurs in PTO under UV irradiation. The
PTO band gap in nanocomposites is 3.11–3.35 eV. Its doping with gold and silver nanoparticles with
sizes from ~10 to ~30 nm reduces the PTO band gap by up to 2.11 eV, which leads to the operating
wavelength range extension of the materials. It provides the enhancement of nanocomposites’ photo-
catalytic properties under UV irradiation and is the reason for their high activity under visible light
action. It was found that azo dyes decompose by ~90% in this case. A phenol and para-nitrophenol
conversion of 80–90% was proven at ~60 min upon their aqueous solutions’ visible-light irradiation
at the nanocomposite concentration in a solution of 0.5 g/L.

Keywords: poly(titanium oxide); doping; gold and silver nanoparticles; organic polymeric matrix;
nanocomposite; photocatalytic activity; UV- and visible-light irradiation; degradation; azo dyes; phenols

1. Introduction

Nowadays, titanium dioxide attracts special attention from researchers working on
the creation of new photocatalytic materials. The interest in titanium dioxide first appeared
in the 1970s, when a group of Japanese scientists [1] discovered the phenomenon of water
splitting on an anode made of TiO2 under UV irradiation that provoked an avalanche
of research into its catalytic properties. It is thought [2–5] that the photocatalytic prop-
erties of TiO2 is a result of the processing of the UV-induced one-electron transition of
Ti4+ + e−� Ti3+, accompanied by the reversible bond break of Ti-O and the formation of
charge carriers—the holes and electrons on its surface [1–7]. The photogenerated holes
from the valence band TiO2 diffuse to its surface and react with adsorbed water molecules,
forming hydroxyl radicals [6,7]. Electrons from the conduction band generally react with
molecular oxygen in the air, forming superoxide anion radicals. These radicals provide
for the strong oxidative capacity of titanium dioxide in light irradiation. The possible
mechanism of the photocatalytic action of TiO2 and its application fields are reflected in
reviews [8–10]. It was found that titanium dioxide causes the decomposition of organic
pollutants in water and air, including bacteria, and differs in terms of superhydrophilic
properties, chemical stability, long service life, non-toxicity and low cost [11,12]. TiO2 can
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be applied to various surfaces, such as glass, stainless steel fiber, inorganic materials, sand
and activated carbon, allowing for its continuous and repeated use [1–3,8–10].

The photocatalytic activity of metal oxides is determined by a combination of factors,
including particle size and crystal structure, photocatalyst surface area, its acidity, porosity,
concentration of surface hydroxyl groups, the number and nature of surface charge traps,
etc. [11–13]. The increase in the catalytic activity of materials containing TiO2 can be
achieved by increasing the dispersity of the oxide particles. It is known [14] that the TiO2
particles of anatase structures with a size less than 50 nm have the highest photocatalytic
activity due to their specifically developed surface area. At the same time, there are some
studies showing that materials containing not only anatase TiO2 but also its mix with rutile
in proportion of 80–85% and 20–15%, respectively, show high photocatalytic activity [11–14].
Unfortunately, modern methods for the synthesis of TiO2 particles do not allow for the full
control of their size.

It should be noted that even increasing the dispersity of TiO2 does not remove it from
drawbacks such as a wide band gap of 3.2 eV [15,16], which limits the wavelength range to
UV light only, causing charge separation and the generation of active oxygen forms and a
high recombination rate of electrons and “holes”, which in general reduces its efficiency as a
photocatalyst. A consequence of these disadvantages is the relatively low quantum yield of
the reaction Ti4+ + e−� Ti3+, which is ~17–20% [17]. Systems with higher charge separation
efficiencies of ~50% are poly(titanium oxide) (PTO) gels in alcoholic media [18,19]. It is
proven that in alcoholic media, PTO forms cluster nanostructures [20,21]; however, gels are
unstable in the air. With this connection, when creating photocatalytic materials with high
activity based on titanium dioxide, it is necessary to eliminate the problems of the latter’s
narrow absorption spectrum and enhance the efficiency of the charge carrier formation
and separation.

To a certain extent, the way to solve this problem was found in the 1990s, when the
catalytic properties of gold and silver nanoparticles (NPs) were discovered. It was found
that doping TiO2 with gold and silver NPs leads to an increase in the flux of electrons
and holes generated on its surface when exposed to visible light [22–24]. As a result,
such materials enable a more efficient use of the full spectrum of solar radiation and
significantly reduce the energy consumption of the photocatalytic process. The reason
that the photocatalytic properties are strengthened is closely connected to the reduction
of the band gap width of titanium dioxide. The authors of papers [25–29] believe that,
firstly, there is an excitation of the collective vibration of electrons on Au or Ag NPs’
surface, possessing plasmon resonance in the visible spectral region. This is because the
Fermi levels of titanium dioxide and Au or Ag particles are close, and these electrons are
transferred to the conduction band of TiO2 that then leads to the generation of reactive
oxygen species on its surface. These discoveries have stimulated a new wave of research
into the photocatalytic properties of TiO2 doped with NP metals and their oxides [30,31]. It
has been shown [32–36] that the high photocatalytic activity of Au/TiO2 powders, films or
coatings already appears in the action of visible light when purifying polluted water (for
example, catalytic oxidation of phenols, antibiotic residues, oil refining products, herbicides,
insecticides, inhibition of bacterial growth, etc.).

Despite the success achieved, the task of developing new accessible and controllable
methods of producing nanocomposite materials containing highly dispersed particles of
TiO2 with anatase (anatase and rutile) polymorphic modification doped with noble metal
NPs remains relevant.

The aim of this work was to study the photocatalytic properties of composites contain-
ing nanostructured PTO doped with gold or silver NPs in optically transparent polymer
matrices in the decomposition reactions of azo dyes and phenols in aqueous media under
the action of both UV and visible light.
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2. Results and Discussions

Polymeric nanocomposites are solid and optically transparent materials containing
PTO chemically bonded to the organic polymer matrix. From the point of view of the
practical application of materials, the structure of the PTO in them and its size is crucially
important because the anatase form of TiO2 exhibits the greatest charge separation ability
in the reaction Ti4+ + e− → Ti3+, and hence the photocatalytic activity. In this regard, in
order to clearly understand the PTO organization in nanocomposites, they were exposed to
thermolysis to exclude the effect of the polymer matrix on the inorganic component. XRD
analysis showed that the ash left after the degradation of the organic part of the composites
at 350 ◦C was a crystalline TiO2 with an anatase polymorphic modification (space group
I41/amd, code 94566), regardless of the nature of the polymer matrix (Figure 1, curves 4–6).
The diffractograms of the powders left after the degradation of the composites containing
Au or Ag NPs show maximums at angles characteristic of two allotropic modifications of
TiO2—anatase (75–95%) and rutile (5–25%) (Figure 1, curves 7–12, Table 1).

Catalysts 2023, 13, x 3 of 23 
 

 

polymer matrices in the decomposition reactions of azo dyes and phenols in aqueous 
media under the action of both UV and visible light. 

2. Results and Discussions 
Polymeric nanocomposites are solid and optically transparent materials containing 

PTO chemically bonded to the organic polymer matrix. From the point of view of the 
practical application of materials, the structure of the PTO in them and its size is crucially 
important because the anatase form of TiO2 exhibits the greatest charge separation ability 
in the reaction Ti4+ + e− → Ti3+, and hence the photocatalytic activity. In this regard, in 
order to clearly understand the PTO organization in nanocomposites, they were exposed 
to thermolysis to exclude the effect of the polymer matrix on the inorganic component. 
XRD analysis showed that the ash left after the degradation of the organic part of the 
composites at 350 °C was a crystalline TiO2 with an anatase polymorphic modification 
(space group I41/amd, code 94566), regardless of the nature of the polymer matrix (Figure 
1, curves 4–6). The diffractograms of the powders left after the degradation of the com-
posites containing Au or Ag NPs show maximums at angles characteristic of two allo-
tropic modifications of TiO2—anatase (75–95%) and rutile (5–25%) (Figure 1, curves 7–12, 
Table 1). 

 
Figure 1. XRD-diffraction patterns after degradation of organic part of samples 
[(≡TiO)n]:[HEMA]:[M]: curve 1—HEMA, curve 2—BMA, curve 3—AN, curve 4—HEMA + Ag NPs, 
curve 5—HEMA + НЧ Au, curve 6—BMA + Ag NPs; curve 7—BMA + Au NPs; curve 8—AN + Ag 
NPs; curve 9—AN + Au NPs. A—anatase, R—rutile, Au—gold, Ag—silver. 

Figure 1. XRD-diffraction patterns after degradation of organic part of samples
[(≡TiO)n]:[HEMA]:[M]: curve 1—HEMA, curve 2—BMA, curve 3—AN, curve 4—HEMA + Ag NPs,
curve 5—HEMA + HЧ Au,curve 6—BMA + Ag NPs; curve 7—BMA + Au NPs; curve 8—AN + Ag NPs;
curve 9—AN + Au NPs. A—anatase, R—rutile, Au—gold, Ag—silver.
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Table 1. Particle sizes in powders after degradation of the organic part of nanocomposites of
composition [(≡TiO)n]:[HEMA]:[M], containing Au or Ag NPs.

[M] Type of NPs

Particle Diameter in the Powder
after Degradation of the Organic

Part of the Composites, nm
Anatase

Content, %
Eg

TiO2 Au Ag

HEMA
without NPs 7 - - 100.0 3.35

Au 6 - 9 95.0 2.42
Ag 6 12 - 81.2 2.75

BMA
without NPs 6 - - 100.0 3.11

Au 9 - 20 87.1 2.11
Ag 12 27 - 75.1 2.49

AN
without NPs 8 - - 100.0 3.20

Au 11 - 23 93.8 2.48
Ag 10 31 - 85.3 2.65

The character of the peaks in the diffractograms (their width from 2◦ to 5◦) indicates
the small size of TiO2 particles in powders. The application of the Scherrer equation allowed
for the calculating of the approximate diameter of the TiO2 particles in the ash, which did
not exceed 12 nm, regardless of the nanocomposite composition in all cases (Table 1).
There can be noted only a slight increase in particle diameter during the transition from
materials of binary composition to materials containing, in addition to PTO and HEMA,
AN and BMA units. It is also seen that in ternary composites containing AN or BMA units,
larger NPs form in comparison with the materials with binary composition—from ~20
to ~30 nm versus 10–12 nm (Table 1). Apparently, this effect is related to the formation
of closer-packing macromolecules in the nanocomposites of ternary compositions, which
facilitates the assembly processes of gold or silver atoms in NPs.

Thus, on the basis of obtaining results, it can be assumed that during the synthesis
of amorphous polymer composites, PTO chains self-organize into nanocluster structures
similar to photocatalytically active anatase with particle size ~10–12 nm. We have studied
the structure of nanocomposites in detail in [37,38]. It should be noted that PTO clusters
are cross-linking centers of organic (co)polymer macromolecules, so the composites are not
soluble in organic solvents (dimethylformamide, tetrahydrofuran, ethyl alcohol, acetone
and benzene) and water—they only swell in them.

Scanning electron microscopy with X-ray fluorescence analysis helped to answer the
question of whether the metal particles are located in the volume of polymer matrix or near
the PTO (Figure 2).

It was found that the surface of the composites, regardless of polymer matrix nature,
consists of many small objects of sizes ~5 µm, with a uniform distribution of Ti, O and
C atoms on it (Figure 2a). The titanium content on the surface was ~15–17%, which
corresponds to the calculated value based on the composition of the charging mixture.
A different picture can be observed in the study of nanocomposites with Au and Ag
nanoparticles. In this case, finer inhomogeneities with sizes ranging from 0.5 to 1 micron
were observed on the surface. It was found that the atoms of all the elements in the
nanocomposites were also uniformly distributed on their surface. Moreover, the share of
titanium on it increased to 23–27%. The content of gold and silver on the nanocomposite’s
surface was ~5 and 14%, respectively. The elemental analysis of the nanocomposite’s
surface confirmed the arrangement of metal particles on the surface of PTO. It, apparently,
is caused by the assembling of metal atoms during NP synthesis near PTO clusters with
high specific surface area. By computer simulation using DFT and TD-DFT (B3LYP) in
previous works, there has been shown the coordination of gold nanoparticles (Au8) on
oxygen atoms in the PTO cluster and carbonyl groups of oxoethyl methacryate fragments
chemically bound to PTO [39].
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Figure 2. Elemental surface composition of nanocomposites [(≡TiO)n]:[HEMA]:[AN]: (a) without
nanoparticles; (b) with Ag NPs; (c) with Au NPs.

During UV- irradiation of composites, in their spectra in the region of 600–700 nm,
an absorption band appears and grows, which is accompanied by a reversible darkening
of the samples (Figure 3a). This phenomenon provides evidence for the occurrence of the
one-electron transition Ti4+ + e− → Ti3+ in composites, wherein in order to happen, as in
TiO2, there must occur the generation of reactive oxygen species on the material surfaces.
The speed and depth of the process depend on the nature of the organic polymer matrix
(Figure 3b). Binary materials are characterized by the greatest depth of obscuration to 70%
in 180 min.

The question of how the Ti4+ + e−→ Ti3+ transition occurs in the obtained copolymers
under UV irradiation is the subject of a separate study and is not considered in this
work. Previously, using EPR spectroscopy, the authors [40–43] showed the formation of
paramagnetic ions Ti3+ both on the surface and inside the TiO2 particles in its colloidal
solutions under UV irradiation. These ions are responsible for the dark blue coloration
of the samples. The appearance of Ti3+ ions in photo-irradiated samples of PTO gels in
alcoholic media has also been confirmed by EPR experiments [19]. In the gel samples, the
strong resonance due to Ti3+ leads to the following values of the g-factor: g⊥ = 1.924 and
gII = 1.878. All this allowed the authors [18] to write the following mechanism of formation
of Ti3+ centers in PTO gels in alcoholic media:

gel + hν
σ1→ e−CB + h+VB (1)

. . . –O2−– . . . + h+VB → . . . –O2−– . . . + radicals (2)

. . . Ti4+– . . . + e−CB → . . . Ti3+– . . . (3)

. . . Ti3+– . . . + hν
σ2→ . . . Ti4+– . . . + e−CB (4)
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Figure 3. Optical properties of materials of different compositions: (a) typical change in the
spectra of copolymers upon UV irradiation; (b) dependence of the optical density of composites
[(≡TiO)n]:[HEMA]:[M] at 600 nm on the time of UV irradiation: curve 1—M = HEMA, curve 2—M = BMA,
curve 3—M = AN; (c) EPR spectra of material with composition [(≡TiO)n]:[HEMA]:[M] = 1:5:1:
curve 1—without UV irradiation, curve 2—UV irradiated sample; (d) scheme of possible processes
occurring in PTO gels in alcoholic media or in organic–inorganic copolymers under UV irradiation.

The EPR spectra of the organic–inorganic copolymer based on titanium isopropoxide
and HEMA was considered in [44,45]. It demonstrates the characteristic magnetic parame-
ters of the paramagnetic Ti3+ centers in the distorted rhombic field of the oxygen ligand:
gx = 1.973, gy = 1.919 and gz = 1.855. The EPR spectra of organic–inorganic copolymers
of ternary composition that contain AN or BMA units, in addition to PTO and HEMA,
have a similar appearance (Figure 3c). It can be assumed that the formation of Ti3+ centers
(“electrons”) and “holes” in the hybrid organic–inorganic copolymers under UV irradiation
occurs along a path similar to that of PTO gels in alcoholic media (Figure 3d) [46] and has a
multistep character. The authors suggest that in the first step, Ti3+ centers (“electrons”) are
formed during photon absorption as a result of the electron transfer from the valence band
with 2p-orbitals of the oxygen atom O2− (“hole”) to the conduction band to the 3d-orbital
of Ti4+. The photogenerated “holes” then rapidly transfer to the organic polymer matrix
(poly(HEMA) or poly(HEMA-co-AN), poly(HEMA-co-BMA)), and the electrons remain
“trapped” in the conduction band in the PTO (Figure 3d, quantum efficiency of the process
is ηa). The maximum concentration of Ti3+ centers is limited by the internal photoeffect,
which is associated with the excitation of electrons “trapped” in the conduction band in
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the PTO particle (Figure 3d). Secondarily excited electrons can leave the inorganic com-
ponent and recombine with “holes” localized in the organic component of the copolymer
(Figure 3d, this process is characterized by quantum efficiency ηb).

Thus, the combination of obtained results on the structure of polymer nanocomposites
and the PTO in them, its doping with metal nanoparticles, and the optical properties of
materials are prerequisites for nanocomposites that exhibit high photocatalytic activity
under the action of both UV and visible radiation.

The photocatalytic properties of nanocomposites were studied in the decomposition re-
actions of azo dyes—methylene orange (MO) and congo red (CR)—and phenols in aqueous
solutions. The choice of objects was due to the fact that they are widespread pollutants in
wastewater in respective industries and are non-biodegradable substances. Their disposal
is very important from the point of view of environmental protection, and the photocat-
alytic decomposition method in aqueous solutions seems to be the most cost effective on
an industrial scale. MO and CR are widely used in the textile industry [47]. In addition,
azo dyes are popular model substances for assessing the photocatalytic activity of solution
discoloration materials recommended by ISO 10678:2010 [48]. According to the World
Environment Organization, phenol and para-nitrophenol (p-NP) are two of 114 dangerous
biologically and chemically persistent pollutants in wastewater, forming during the produc-
tion of dyes, pharmaceuticals, fungicides, insecticides and herbicides [49]. The maximum
permissible concentration of p-NP in water is 20 µg/L. Studies on animals have shown
that p-NP is capable of producing various toxic effects on the body, such as irritation and
inflammation of the eyes, skin and respiratory tract, which may lead to cyanosis, confusion
and loss of consciousness; stomach pain and vomiting; blood diseases; and destruction of
the endocrine system [50]. Thus, the obtaining of new materials to develop an effective
technology for purifying water from these pollutants attracts considerable attention from
the scientific community.

Let us consider the photocatalytic activity of polymer composites in powder form in
the reaction of MO decomposition in aqueous solution under the action of UV light. There
have been proposed several schemes of MO decomposition on TiO2 under UV irradiation,
one of which suggests a deep decomposition of MO to CO2 and water [51–53]; at the same
time, the spectrum of dye solutions shows a change of the absorption band intensity at
470 nm, which is typical for basic forms of MO (relating to the presence of -N=N- bonds in
MO) [54]. Also, during the first few stages, they can decompose without discoloration by
the N-demethylation mechanism [55,56], according to the scheme below (Scheme 1).
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It was the wavelength at 470 nm that was chosen to control the depth of MO decompo-
sition in the solution. Figure 4a shows the change in the spectra of MO solutions containing
nanocomposites as heterogeneous photocatalysts during the UV irradiation of the purified
system. It is seen that when the MO solution is UV-irradiated in the absence of a catalyst,
the dye concentration remains practically unchanged for 10 h («empty» experiment). With
the use of composites as photocatalysts, discoloration of the MO solution occurs from the
first minutes of light irradiation. A comparison of the conversion depth of dye for 400 min
of UV irradiation showed that the use of a binary composite reduces the MO concentra-
tion in the solution by ~60% (Figure 4b, curve 2), the material with BMA units by ~75%
(Figure 4c, curve 2), and AN by ~80% (Figure 4d, curve 2). The doping of the PTO with Au
or Ag nanoparticles provides a deeper MO decomposition—up to 90–95%. The best results
are demonstrated by the material of composition [(≡TiO)n]:[HEMA]:[AN] = 1:5:1, doped
with silver NPs (Figure 4d, curve 4).
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composition [(≡TiO)n]:[HEMA]:[M] + NPs of Ag as a catalyst; (b–d) a change in the MO concentration
in the solution in time during its UV irradiation in the presence of composition materials with HEMA
(b), BMA (c); and AN (d) units. Curve 1—«empty» experiment; curve 2—material with PTO without
NPs; curve 3—PTO in the material is doped with gold NPs; and curve 4—PTO in the material is
doped with silver NPs.

In contrast to MO, solutions of CR at UV irradiation start to decolorize already in the
absence of catalysts, as evidenced by the reduced intensity of its characteristic absorption
band at 500 nm (also related to the chromophoric azo group). However, the CR concentra-
tion decreases only by 25% during 3 h of UV irradiation in the absence of nanocomposite;
the nanocomposites used lead to CR decomposition by 75% during the same period of
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time (Figure 5). The nanocomposite containing AN units and PTO doped with silver NPs
(Figure 5b, curve 9) demonstrates the highest results. It is reported in [57,58] that the
degradation of CR can be related both to the destruction of the chromophore azo group
and to the detachment of the auxochrome NH2 group. In addition, the nitro and hydroxyl
groups of biphenyl and naphthalene intermediates formed during the destruction of the
azo group can also be oxidized by reactive oxygen species generated on the composite
surface with the formation of aromatic products.
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Figure 5. (a) Typical change in the spectrum of aqueous CR solution under UV irradiation in the pres-
ence of nanocomposites; (b) dependence of the relative concentration of aqueous CR solution under
light irradiation in the presence of nanocomposites of different composition [(≡TiO)n]:[HEMA]:[M]:
curve 1—«empty» experiment, curve 2—HEMA, curve 3—BMA, curve 4—AN, curve 5—HEMA
+ NPs Au, curve 6—BMA + NPs Au, curve 7—HEMA + NPs Ag, curve 8—AN + NPs Au,
curve 9—AN + NPs Ag.

It can be assumed that the CR degradation in aqueous solution in the nanocomposites’
presence occurs by a similar mechanism, because the absorption bands at 1250–1020 cm−1 re-
lated to the C-N bond vibrations, and at 1520–1500 cm−1, related to the nitrogen group [59,60],
gradually disappear in the IR spectra of the product’s CR decomposition (Figure 6).
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Nitro and hydroxyl groups of biphenyl and naphthalene intermediates formed during
the destruction of the azo group can also be oxidized by reactive oxygen species generated
on the composites’ surface to form aromatic products. The presence of aromatic com-
pounds in the products of the CR decomposition in solution when using nanocomposites
under UV irradiation is reflected in the presence in their IR spectra of absorption bands at
2930–2850 cm−1, relating to the vibrations of the benzene ring.

The combination of results obtained on the application of PTO-containing nanocom-
posites for the decomposition of azo dyes indicates their high photocatalytic activity. This
is most clearly manifested in the materials where the PTO is doped with silver NPs. In
this regard, the photocatalytic properties of such nanocomposites were investigated in
the decomposition reactions of phenol and para-nitrophenol (p-NP) under the action of
both UV and visible light. Figure 7a shows the change in the spectra of p-NP solutions
under UV irradiation in the presence of photocatalysts. It can be seen that there occurs a
decrease in the optical density value at wavelength λ = 318 nm, which is typical of the NO2
group of p-NP [61,62]. On the basis of the spectral data using the calibration relation, the
relative change of concentration of p-NP in solution under UV irradiation was calculated
(Figure 7b).
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tion spectrum of p-NP solution in the presence of photocatalyst [(≡TiO)n]:[HEMA]:[M]; (b) the
change of p-NP concentration in solution: curve 1—«empty» experiment, curve 2—BMA + NPs Ag,
curve 3—HEMA + NPs Ag; curve 4—AN + NPs Ag.

The maximum possible conversion of p-NP for 400 min of UV irradiation of its
solutions—by ~85%—is observed when using a composite with AN and PTO units doped
with Ag NPs. In the absence of a catalyst, the change of p-NP concentration in solution
does not exceed 5%.

It turns out that during the studying of the photocatalytic activity of nanocomposites
under the action of visible light in the p-NP degradation reaction, their efficiency appeared
to be higher (Figure 8). In the absence of nanocomposites, the p-NP concentration in
the solution did not change, while when nanocomposites were used, an acceleration of
the reaction and an order-of-magnitude shorter p-NP conversion time compared to UV
irradiation was observed.

UV irradiation in the presence of nanocomposites with AN units and Ag NPs caused
the conversion of p-NP in the solution by a maximum of 85% for 400 min; then, in
the case of visible light, the depth of p-NP decomposition had already been 94% for
12 min. Calculations show that the photocatalytic decomposition of p-NP at the early
stages can be described by the first order equation. The rate constants of p-NP de-
composition upon the irradiation of its solutions with visible light in the presence of
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the system [(≡TiO)n]:[HEMA]:[AN] + Ag NPs and [(≡TiO)n]:[HEMA] + Ag NPs are
k = (20.51 ± 0.16)·10−2 c−1 and k = (7.65 ± 0.32)·10−2 c−1, respectively.
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Figure 8. Changes in concentration of p-NP in solutions during their irradiation with light > 410 nm
(light filter «ZhS-11») in the presence of nanocomposites [(≡TiO)n]:[HEMA] [M]: curve 1—«empty»
experiment; curve 2—BMA + Ag NPs, curve 3—HEMA + Ag NPs; curve 4—AN + Ag NPs.

According to [63,64], during the UV irradiation of p-NP in the presence of titanium
dioxide, there occurs the detachment of the—NO2 group, which is replaced by the OH
group by electrophilic substitution. The hydroxylation products hydroquinone and 1,2,4-
trihydroxybenzene are formed as a result. The compound 4-nitrocatechol [65] is also found
as an oxidation intermediate of p-NP. Further oxidation of the intermediates leads to their
complete mineralization into p-NP molecules to carbon dioxide and water [66].

IR analysis of the p-NP conversion products in our case showed that in p-NP spectra
under UV irradiation and in the presence of nanocomposite, the bands typical for NO2-
groups (1500–1560 cm−1) disappeared and the bands corresponding to the stretch vibration
of carbonyl (-C=O) group appeared (1720–1790 cm−1) (Figure 9). It can be inferred that
when using nanocomposites as intermediate reaction products, a mixture of hydroquinone,
benzoquinone, and N-oxime are formed, which corresponds to the data of [67]. In the
spectra of the reaction products, when the system was irradiated with visible light, only
bands related to small inorganic molecules had already been detected after 40 min of
irradiation, which suggests the complete oxidation of p-NP to CO2, water and nitrile, and
nitrate ions occur, as described in papers [7,68].
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The investigation results of the photocatalytic activity of nanocomposites containing
nanostructured PTO doped with Ag NPs under the action of both UV and visible light on
phenol solutions are shown in Figures 10 and 11. The conversion of phenol in aqueous
solution (C = 19 mmol/L) was monitored with the spectrophotometric method of changing
the optical density of its solutions at wavelengths of 270 nm and 400 nm. According to
previous research [69,70], these bands reflect the presence of OH groups in phenol.
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Figure 10. (a) The change of spectrum character of phenol aqueous solution under UV irradiation
in the presence of nanocomposites (C = 19 mmol/L); (b) relative optical density dependence of
phenol solution at 400 nm under UV irradiation in the presence of nanocomposites: curve 1—«empty»
experiment, curve 2—BMA + Ag NPs, curve 3—HEMA + Ag NPs, curve 4—AN + Ag NPs.
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Figure 11. (a) The change in the nature of the aqueous solution spectrum of phenol at its irradiation
with visible light in the presence of nanocomposites; (b) the dependence of the relative concentration
of phenol in the solution under irradiation of visible light in the presence of nanocomposites of
different composition: curve 1—BMA + Ag NPs, curve 2—HEMA + NPs Ag, curve 3—AN + Ag NPs.

The UV irradiation of phenol solutions leads to an increase in the absorption band
of its solutions at a wavelength of 400 nm, even in the absence of nanocomposites in the
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system (Figure 10a). Thus, the oxidation of phenol by ~40% for 2.5 h can occur without the
use of nanocomposites.

However, the application of nanocomposites [(≡TiO)n]:[HEMA]:[BMA], [(≡TiO)n]:[HEMA]
and [(≡TiO)n]:[HEMA]:[BMA] modified with silver NPs under UV irradiation leads to a
much deeper transformation of phenol by 65, 78 and 89% during the same time, respectively.

Under the action of visible light on phenol solutions in the presence of nanocom-
posites, a change in the optical density at λ = 270 nm was observed in the spectrum of
the solution (Figure 11a). In this case exactly, this band was chosen as the indicator that
would be responsible for phenol concentration in the solution. The dependence of the
relative concentration of phenol in solution on time were constructed from spectral data
(Figure 11b).

It is seen from the figure that for 1 h of irradiation in the presence of nanocomposite
with AN and PTO doped with Ag NPs, the conversion of ~90% of phenol occurs.

A different picture of changes in the spectra of the phenol solutions during its photocat-
alytic transformation under UV and visible light seems to be connected with the formation
of different intermediate products. Studies from the previous years have been carried out
using chromatography-mass spectrometry. For this purpose, at 260 ◦C, corresponding to
the phenol melting point, the reaction products that are obtained after 1 h of light irradiation
to the phenol solutions were investigated. The chromatograms are shown in Figure 12.
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The chromatogram of the initial phenol shows only one peak at 6 min, which dis-
appears in the chromatograms of its products. According to the integrated library of the
chromatography-mass spectrometer, the intermediate products of the phenol transforma-
tion are:

• In the case of UV light—CO2, 2-butanone, 2-propionic acid;
• In the case of visible light—CO2, acetone, 2-propanol, butanediol—1,4, 2,4-dimethylpentanone-

3, butyric acid butyl ester, 2-methyl-2-(2-hydroxyethoxy)acetic acid ethyl ester.

Not even trace amounts of phenol are observed in the IR spectra of the products of the
complete transformation of phenol, which indicates its complete mineralization (Figure 13).
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Figure 13. IR spectra of initial phenol (curve 1), its decomposition products in the presence of
composite [(≡TiO)n]:[HEMA]:[AN] + Ag NPs under UV-irradiation (curve 2), under visible light
irradiation (curve 3). Time of light irradiation is 400 min.

The mechanism of phenol phototransformation under the action of UV light in the
presence of TiO2 has been reviewed in detail by authors [71,72]. According to spectral data,
during the UV irradiation of phenol solutions, apparently, their oxidation occurs due to the
replacement of hydrogen atoms in the benzene ring by OH groups, due to the generation of
large numbers of OH radicals in solutions in the presence of photocatalysts [73,74]. It can
be assumed that the complete mineralization of phenol occurs through the formation of sev-
eral reaction intermediates, such as p-benzoquinone, o-benzoquinone and hydroquinone,
and/or maleic and other carboxylic acid compounds [75].

We can suggest that phenol transformation begins with the eliminating of the hydroxyl
group from the benzene ring when phenol solutions are irradiated with visible light, as
described in [76], the consequence of which is the decrease in the intensity of its solution
band at 270 nm.

Another piece of evidence for the photocatalytic decomposition of pollutants in water
is the results of the analysis of the total carbon content in the solutions. Table 1 shows the
values of total, organic and inorganic carbon in the water samples.

The data in Table 2 show that the application of the developed nanocomposites as
photocatalysts under the action of both UV and visible light reduces the concentration of
pollutants in water.

Table 2. Total organic carbon content in water before and after the photocatalytic
decomposition of its organic pollutants when using the polymeric nanocomposite
[(≡TiO)n]:[HEMA]:[AN] = 1:5:1 + Ag NPs.

ExperimentConditions TOC *, mg/L NPOC **, mg/L TC ***, mg/L IC ****, mg/L

MO + UV light, without nanocomposite 80.5 ± 1.9 78.5 ± 1.9 91 ± 2.2 10.5 ± 0.2
MO + UV light,with nanocomposite 14.5 ± 1.5 14.8 ± 1.5 14.7 ± 1.5 0.12 ± 0.1

Phenol + UV light, without nanocomposite 95.5 ± 2.3 99.5± 2.4 101.0 ± 2.4 5.5 ± 0.1
Phenol + UV light, with nanocomposite 7.5 ± 0.7 7.4 ± 0.7 7.9 ± 0.7 0.4 ± 0.1

Phenol + visible light, with nanocomposite 9.9 ± 1.0 10.0 ± 1.0 10.9 ± 1.0 1.0 ± 0.2

* Total organic carbon method, TOC = |TC − IC|. ** Organic carbon method, NPOC. *** Total carbon method, TC.
**** Inorganic carbon method, IC.

The enhancement of the photocatalytic activity of the nanocomposites where the
PTO is doped with gold or silver NPs under light irradiation in a wide wavelength range
seems to be related to the change in the band gap of the PTO (Table 1). The results of
diffuse reflection and calculations using the Kubelka–Munk absorption function (Figure 14)
showed that the introduction of a third monomer, BMA or AN, into the materials had
almost no effect on the value of the band gap of PTO, which remained at 3.2–3.3 eV. PTO
doping with gold and silver NPs reduced this parameter to 2.49 eV and 2.11 eV, respectively
(Table 1). The metal NPs presence’s effect on the PTO band gap can be attributed to:
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• Charge transfer transitions between the d-electrons of the metal and the conduction
band or valence band of the PTO;

• Formation of impurity levels in band gap of the PTO; if these energy levels are located
close to the edges of band gap, then they can overlap it, thus its width decreases [77];

• The appearance of allowed energy states in the band gap of TiO2, as a consequence
of the presence of segregated clusters of MxOy on its surface [78], which can transfer
excited state energy from NPs into the conduction band of the PTO according to the
scheme proposed earlier for powdered titanium dioxide [79]. At the same time, the
recombination rate of the electron-hole pair will decrease, and its lifetime will increase.
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We used literature data to describe the mechanism of photocatalytic processes occur-
ring on the surface of the polymer nanocomposites containing PTO. We believe that Au
(Ag) NPs transfer the absorbed excited state energy to the conduction band of the PTO NPs,
as it was previously proposed for TiO2-anatase [80] (Figure 14).

It can be assumed that the reason for the increased photocatalytic activity of the
copolymers doped with Au (Ag) NPs is related to the difference in the Fermi levels of
PTO particles and Au (Ag) NPs [67]. The Fermi level of the Au (Ag) NPs is higher than
that of TiO2 and, consequently, that of PTO clusters [25]. The Au and Ag particles in the
copolymer structure are located in close proximity to the PTO clusters [39]. In this regard,
surface plasmons of metal NPs, collectively oscillating under the action of visible radiation,
immediately migrate to the conduction band of PTO. As a result, the Ti–O bond is excited,
accompanied by its rupture, and the one-electron transition Ti4+ + e→ Ti3+ takes place. This
leads to the formation of O2

− ions, superoxide and hydroxyl radicals, which are involved
in the oxidation of organic substances in water.

3. Materials and Methods
3.1. Synthesis of Nanocomposites

Polymeric nanocomposites containing nanostructured poly(titanium oxide) were syn-
thesized from titanium isopropoxide Ti(OPri)4 (ACROS Organics, Geel, Belgium, base sub-
stance content 98%, without additional purification), hydroxyethyl methacrylate (HEMA)
(Sigma Aldrich, Darmstadt, Germany, base substance content 99.9%, without further purifi-
cation) as main components, and acrylonitrile (AN) or butyl methacrylate (BMA) as third
monomers, purified by vacuum distillation according to conventional procedures. The
synthesis of the samples involved the polycondensation of titanium alkoxide in organic
monomer medium and the subsequent radical polymerization of the system at 70 ◦C, and
is described in detail in our previous papers [37,38]. Molar ratio of the components in all
cases was [Ti(OPri)4]:[HEMA]:[M] = 1:5:1 (where M is HEMA, AN or BMA).

Into the reaction system precursors, AgNO3 (JSC «Uralskiy zavod chimicheskikh
reagents», Moscow, Russia) and HAuCl4 (gold content not less than 48%, JSC “Aurat”,
Moscow, Russia) were additionally introduced at the stage when the components mixed in
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the concentration with 1 wt. % by Ti(OPri)4 mass for obtaining materials with PTO doped
with Au or Ag NPs. In all cases, a single batching up of all reagents into reaction mixture
was carried out.

The result of synthesis is solid polymer composites with a molar ratio of organic and
inorganic component units [(≡TiOn)m]:[HEMA]:[M] = 1:5:1 (where M is HEMA, AN or
BMA, (≡TiOn)m is poly(titanium oxide)) as thin films and bulk samples. Gold or silver
nanoparticles were formed by UV irradiation of solid samples after their synthesis. The UV
radiation source was a mercury lamp DRT-230 (power 1600 mW/m2).

3.2. Investigation of Nanocomposites’ Optical Properties

The formation of Ti3+ centers in the materials during UV irradiation conditioned
by the one-electron transition Ti4+ + e− → Ti3+ with the breakage of the Ti–O bond was
controlled by the spectrophotometric method of increasing the absorption band in the
region of 600–700 nm. The gold and silver NPs’ formation in the materials was monitored
by the appearance and growth of plasmon resonance bands in the regions of 390–420 nm
(Ag NPs) and 500–600 nm (Au NPs). Spectrophotometer SHIMADZU—UV-1650 PC (Tokyo,
Japan) has been used in previously mentioned research.

The band gap of the PTO in polymeric composites was determined on the basis of
their diffuse reflectance results. Diffuse reflection spectra of the samples were obtained
using an optical system that included a halogen lamp (2–4.5 eV), a monochromator, a
monochromatic beam profile formation system, an integral sphere and a photomultiplier
tube. The samples were placed in the integrated sphere perpendicular to the emitting
light. The detector was placed at a 90◦ angle to the line between the entrance hole of the
sphere and the sample. The band gap width was determined using the Kubelka–Munk
function [81]:

F(R∞) =
(1− R∞)2

2R∞
=

k
s

(5)

where R∞ =
Isample

Is tan dard
—relative diffuse reflectance; k—absorption coefficient; and s—

scattering coefficient.
The Kubelka–Munk function is proportional to the absorption coefficient α:

(F(R∞))2 = C′(hν− Eg) (6)

where ν is the frequency, h is Planck’s constant, and C′ is the coefficient of proportionality.
The linear part of the dependence F(R) = f (hν) was extrapolated up to the intersection

with the abscissa axis, which allowed for the determining of the value of the band gap
energy Eg of PTO in the material. As an example, Figure 15 shows the Kubelka–Munk
function graphs of some samples and marks the linear sections by which the band gap
energy of PTO in polymer nanocomposites was determined.
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3.3. Study of the Structure of Materials Based on Organic-Inorganic Copolymers

The structure of synthesized materials was studied by X-ray diffraction analysis (XRD).
X-ray diffractograms were recorded on an XRD-6000 diffractometer by Shimadzu (Tokyo,
Japan, CuKα-radiation, reflection imaging geometry) with scanning step 0.02 in the range
of 2θ 10–60◦. The accuracy of diffraction angles (2θ) was±0.02◦. The intensity of diffraction
peaks was estimated by their height (100-ball scale), and the inorganic phase in the polymer
was identified with the «Find It» database.

The study was conducted for powders remaining after the degradation of the com-
posites’ organic part. For this purpose, samples were heat-treated in a muffle furnace
at a temperature of 300 to 400 ◦C when the temperature of the organic polymer matrix
destruction was reached but the polymorphic transition of anatase into rutile was excluded.
Crystallite size—D (in angstroms)—in powders was determined by the Scherrer formula
given in Equation (3):

D =
Kλ( a

2 cos θ
) (7)

where K is Scherrer coefficient equal to 0.94; λ—wavelength equal to 0.15418 nm for Cu-Kα;
a—half-width; and θ—diffraction angle of the transducer.

The morphology and elemental analysis of the surface of polymer composite films
were characterized using a JEOL JSM-IT300LV scanning electron microscope (JEOL Inc.,
Peabody, MA, USA) equipped with energy and wave dispersion elemental analyzers.

3.4. Investigation of Photocatalytic Activity

Photocatalytic properties of obtained nanocomposites were studied in aqueous solu-
tions in the reactions of the azo dyes’ (methylene orange (MO), congo red (CR)) decom-
position under UV irradiation and phenol and para-nitrophenol (p-NP) under the action
of both UV and visible light. Concentrations of the substances in solutions are given in
Table 3.

Table 3. Component ratios in photocatalytic cells depending on the type of water pollutant.

Type of Water Pollutant Characteristic Wavelengths in
the Absorption Spectrum, nm

Concentration of
Pollutant, mmol/L

Content of Nanocomposite
in Cleaning Solution, g/L

MO 470 3.06

0.5 *
CR 500 14.00

p-NP 318 and 400 0.07
phenol 350 and 270 19.00

* 0.05 g/L PTO content in the solution, based on the composition of the nanocomposite.

For the experiment, there were selected aliquots of these solutions in which powdered
polymer composites were placed as photocatalysts. The ratios of the components in the
photocatalytic cells are shown in Table 2. The thickness of the absorbing layer in each cell
was 2 cm.

The obtained suspensions were incubated to achieve adsorption–desorption equilib-
rium in the heterogeneous system. The photocatalytic cells were covered with quartz glass
when experiments were conducted with UV light, while when using visible light, they
were covered with a light filter «ZhS-11» which emits light with a wavelength greater than
410 nm, cutting off the UV part of the spectrum. A DRT-230 lamp was used as a source
of UV light (distance from the lamp—17 cm, power—1600 mW/cm2, the most intense
emission bands—313 nm, 330 nm, 366 nm), and lamp KGM-24-150 (illumination in the
plane of the cell with the solution was 24 kLk when irradiated with full lamp light) was
used as visible light source.

Spectra of azo dyes and phenols solutions were recorded for every 30 min of irradiation
in order to control their decomposition by changes in intensity of characteristic absorption
bands indicated in Table 1. Absorption spectra were recorded using a SHIMADZU—UV-
1650 PC spectrophotometer. At the end of the process, the dependences of changes in the
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concentration of azo dyes and phenol solutions on the time of their irradiation were plotted:
C/C0 = f(t) (C—current concentration, mmol/L, C0—concentration of original solution of
the substance, mmol/L). For this purpose, calibration dependences of the optical density of
the characteristic absorption band maximum on the water pollutant concentration were
preliminarily plotted.

Products of photocatalytic transformation of substances in solutions were studied by in-
frared spectroscopy on Infralum FT 801 (Simex, Novosibirsk, Russia) and pyrolysis-gas chro-
matography mass spectroscopy using GCMS-QP2010 Ultra “SHIMADZU” (Tokio, Japan).

3.5. Total Organic Carbon Analysis

Determination of total organic carbon was carried out according to the certified method
M-02-2405-13 of LLC “ANALIT PRODUCTS”.

Measurement of carbon in the samples was carried out in parallel by two methods—
differential TOC, as the difference of total carbon and inorganic dissolved carbon dioxide,
and measurement of NPOC organic carbon not removed by purging. The analysis settings
for both methods were set to 2 M hydrochloric acid (+0.5%). The NPOC flow and purge
times were set to 100 mL/min and 60 s, respectively.

4. Conclusions

The combination of the results obtained allows us to conclude that composites con-
taining nanostructured PTO in optically transparent polymeric matrices exhibit high photo-
catalytic properties under UV irradiation during the decomposition of organic pollutants
in water at a PTO concentration in the volume of the purified system of 0.05 g/L. The PTO
doping with gold or silver NPs increases the activity of the materials by 1.5 times under the
action of UV light, and it leads to the manifestation of their high efficiency under visible
light action on the solutions of persistent organic pollutants. It was found that phenol and
para-nitrophenol in this case turn into harmless substances for the surrounding environment.

The advantage of the nanocomposites developed is also the simplicity of their synthe-
sis. It involves a single batching up of all components, including precursors of the gold
and silver NPs HAuCl4 and AgNO3, and a simultaneous hydrolytic polycondensation and
radical polymerization of the system. At the end of the synthesis, the optically transparent
nanocomposites containing PTO in the form of clusters of predominantly anatase polymor-
phic modification of an average size of ~12 nm and corresponding precursors were obtained.
Subsequent UV irradiation of the composites for 2 h provided the PTO doping of gold or
silver nanoparticles with sizes ranging from 12 to 31 nm and 9 to 23 nm, respectively.
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