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Abstract: In the present comprehensive review we have specifically focused on polymer
nanocomposites used as photocatalytic materials in fine organic reactions or in organic pollutants
degradation. The selection of the polymer substrates for the immobilization of the active catalyst
particles is motivated by several advantages displayed by them, such as: Environmental stability,
chemical inertness and resistance to ultraviolet radiations, mechanical stability, low prices and ease
availability. Additionally, the use of polymer nanocomposites as photocatalysts offers the possibility
of a facile separation and reuse of the materials, eliminating thus the post-treatment separation
processes and implicitly reducing the costs of the procedure. This review covers the polymer-based
photocatalytic materials containing the most popular inorganic nanoparticles with good catalytic
performance under UV or visible light, namely TiO2, ZnO, CeO2, or plasmonic (Ag, Au, Pt, Pd) NPs.
The study is mainly targeted on the preparation, photocatalytic activity, strategies directed toward
the increase of photocatalytic efficiency under visible light and reuse of the hybrid polymer catalysts.
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1. Introduction

Nanotechnology has experienced a fast development due to the variety of potential applications
(industrial and military) that have attracted investments of billions of dollars in this research field.
Over the last years, nanotechnology has gained a prominent role in our daily life, in 2014 being available
over 1800 consumer products containing nanomaterials in their composition (e.g., paints, coatings,
catalysts, cosmetics, some food products, food packaging, clothing, disinfectants, electronics) [1].
The considerable interest shown for the synthesis, characterization, and application of inorganic
nanoparticles (NPs) is triggered by their remarkably different properties relative to those of the bulk
counterparts, namely they have a larger surface area, higher reactive sites, and greater light absorption
capacity. These properties of the inorganic NPs were exploited in the development of efficient
photocatalysts mainly used for wastewater treatment [2], by degrading environmental pollutants [3,4],
or by providing bactericidal activity [5,6]. However, despite their improved properties, the small size of
the nanoparticles brings some issues regarding certain difficulties in their separation and reuse, and also
possible risks to ecosystems and human health caused by the potential release of the nanoparticles
into the environment [1]. An efficient approach to overcome the above drawback is to immobilize
the nanosized particles onto a host material of larger size, finally a new type of material, namely a
nanocomposite being formed. A variety of substrates appropriate for anchoring nanoparticles was
reported in the literature, such as carbonaceous materials [7], silica [8], and polymers [9]. Particularly,
the polymeric hosts are an attractive option for achieving this goal, partly because of their virtually
unlimited architectural diversity, with elaborate and multifunctional surface chemistry, as well as of their
good mechanical strength suitable for long-term applications. The main reason for this growing trend
concerning polymer/inorganic functional materials derives from their ability to synergistically combine
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the optical, electrical, and catalytic properties of nanoparticles with the flexibility and transparency of
polymer matrices [10,11], which recommended them for various potential applications (in photonics,
electronics, catalysis, or medicine). Since polymer-nanoparticle composites are promising candidates in
the photocatalytic field, the adaptability of polymers as support for active photocatalytic nanoparticles
(especially TiO2) has been emphasized, underlying that besides the advantages listed above, they could
also provide resistance against ultraviolet radiations or other environmental processes, high durability
and stability, chemical inertness, and easy availability [12]. Additionally, the polymers facilitate the
adsorption of the target organic molecules on their surface, improving the photocatalytic performance
of the materials [13].

Photocatalysis can be applied for a variety of reactions, from mineralization of organic pollutants to
fine organic processes, the great benefit of this method consisting of the direct conversion of light energy
into chemical energy, thus reducing energy consumption or providing a green inexpensive approach
to combating environmental pollution. Therefore, photocatalysis fulfills a part of the requirements of
sustainable chemistry and green organic synthesis. So far, semiconductor materials are most used in
photocatalysis [14,15] and TiO2 is among the most preferred. Moreover, great interest was shown for
the materials based on ZnO owing to its high spectral response in the UV region, which induced a
very good photocatalytic performance, sometimes over TiO2 [16,17]. However, slowly, conventional
photocatalysts (TiO2, ZnO) are replaced by other interesting metal oxides, cerium oxide nanoparticles
(CeO2 NPs) revealing a huge potential to provide sunlight active photocatalysts as one of the most
reactive rare earth oxides that have a band gap similar to TiO2 NPs (Eg = 3.19 eV). However, unlike
TiO2 with d electronic configuration, which permits the recombination of electron-hole pairs and may
reduce the catalytic activity, CeO2 has a 4f electronic configuration that enhanced electron transfer from
the adsorbed dye to the oxygen species [18]. Furthermore, in the literature are reported studies related
to the good photocatalytic performance of noble metal nanoparticles, such as gold (Au), silver (Ag),
palladium (Pd), or platinum (Pt). The materials incorporating them absorb both visible light mainly
due to the localized surface plasmon resonance (LSPR) effect [19,20] and UV light due to interband
electron transitions [19,21], making them suitable photocatalysts for sunlight irradiation.

This review aims to present the current state of the art in the field of polymer-based photocatalytic
materials containing the most popular inorganic nanoparticles with good catalytic performance under
UV or visible light, namely TiO2, ZnO, CeO2, or plasmonic (Ag, Au, Pt, Pd) NPs. The study is
mainly focused on the preparation, photocatalytic activity, strategies directed toward the increase of
photocatalytic efficiency under visible light and reuse of the hybrid polymer catalysts.

2. TiO2 Nanoparticles

Since 1972, when Fujishima and Honda published their first report regarding the photoinduced
decomposition of water on titanium dioxide (TiO2) electrodes [22], many efforts have been dedicated
to the investigation of TiO2 photocatalytic properties and to the development of titanium dioxide
catalysts with improved photocatalytic efficiency. TiO2 is intensively studied in the literature as a
photocatalyst due to its excellent properties, such as: Long term stability, low cost, non-toxic nature,
chemical resistance, superior redox ability, and photoelectric properties [23–29]. Nevertheless, TiO2

is an effective photocatalyst only in anatase form and only in UV light (3%–5% of sunlight) due
to its band gap of 3.2 eV, which represents a serious drawback in the opportunity of employing
sunlight as radiation source. Many research activities have been directed towards increasing the TiO2

photocatalysts efficiency under visible light illumination (45%–50% of sunlight). Accordingly, some of
the most favorable approaches used to attain this objective are doping, coupling, surface modification,
or surface covering with other metal oxides [30], transitional metal ions [31,32], noble metals [33–36],
and non-metals [37–39].

In order to eliminate the post-treatment separation processes of titanium dioxide catalyst and
to provide the possibility of reusing the photocatalyst with minimal costs, the immobilization of
titania on a wide variety of substrates was reported in the literature. Singh et al. [26] presented the
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versatility of polymers as support for TiO2 photocatalysts due to their several advantages such as
flexible nature, low cost, resistance against ultraviolet radiations, high durability, chemical inertness,
mechanical stability, and easy availability. In fact, in 2013 Singh et al. reported a comprehensive
study in the field of polymer-based TiO2 photocatalysts [26], so in the present review we cover studies
related to polymer-supported titanium dioxide photocatalysts published in the literature after 2013.
The photocatalytic activity of the final materials depends on the immobilization method of the active
catalyst particles on the substrate, in the following the photocatalytic performance of different hybrid
polymer-TiO2 catalysts will be discussed.

2.1. TiO2 Immobilized on the Surfaces of Polymer Substrates

Considering that for the beginning we will focus on TiO2 anchored on various polymer matrices,
it should be mentioned that the first report referring to the immobilization of TiO2 photocatalyst on a
polymeric substrate was made in 1995 by Tennakone [40] and presented the use of titania supported
on polythene films as photocatalyst for phenol degradation, the decomposition degree being 50% after
2.5 h exposure to sunlight. Since then, more diverse and complex polymeric structures employed as
substrates for TiO2 catalysts were studied in the literature.

One of the methods commonly used for TiO2 immobilization consists in the modification of
polymer surface to attain an improved affinity for TiO2. Plasma treatment has great potential for
this purpose and has been used to attach TiO2 on different substrates. Some commercially available
polymeric films, namely, poly (vinyl chloride) (PVC), poly (methyl methacrylate) (PMMA), and
polystyrene (PS) were subjected to low pressure (LPP) and atmospheric pressure (APP) plasma action
so that the surface properties were modified [41]. After pre-treatment, three layers of TiO2 were
deposited on the polymeric films by the dip coating process, the adhesion of TiO2 to the polymers was
improved due to the generation of roughness and specific polar functional groups on the polymer
surfaces. TiO2 loading was higher and more homogeneous in the plasma treated samples compared to
the untreated ones. The TiO2-containing materials were tested as photocatalysts under UV irradiation
for trichloroethylene photodegradation in air. The best results were achieved for the films treated with
low pressure plasma, the photodegradation efficiency being 15% higher in the case of PS-LPP-Ti as
compared to the untreated sample PS-Ti and with 40% higher for PVC-LPP-Ti relative to PVC-Ti [41].
Another study presents the development of TiO2 coatings on polypropylene (PP) foil pre-treated with
low temperature oxygen plasma [42]. The exposure of PP film to low temperature oxygen plasma
generated oxygen-containing groups on the polymer surface, and after the dip-coating procedure in
TiO2 nanoparticles aqueous solution, a compact TiO2 coating was obtained on the polymeric surface.
The adhesion between the inorganic oxide and the PP surface was very good due to the strong
electrostatic interactions and the formation of covalent bonds (Ti-O-C). In order to achieve films with
photocatalytic activity under visible light, the titania-PP film was impregnated with the solution of
various organic ligands (catechol, 2,3-naphthalenediol, pyrogallol, and rutin) that form surface Ti (IV)
charge transfer complexes, which ensure an effective photoinduced charge separation and finally leads
to redox reactions for pollutant degradation. Of all the titanium dioxide sensitized coatings, the one
modified with catechol proved to be the most photoactive under visible irradiation, indicating that it
can successfully participate in photocatalytic reactions [42].

A good approach to modify the polymeric surfaces for TiO2 NPs immobilization is to graft the
polymer with compounds bearing functional units (-NH2, -COOH, etc.) capable to interact with the
hydroxyl groups from titania. On a polyethersulfone microfiltration membrane (PES), TiO2 NPs were
immobilized using the dip-coating method by three different paths: (i) Standard method—TiO2 NPs
were attached to the membrane at 210 ◦C, (ii) ultrasound method—TiO2 NPs in suspension were
treated with ultrasound to avoid agglomeration of the nanoparticles and after they were immobilized
on the membrane at 210 ◦C (210 ◦C + US), (iii) membrane pre-modification—membrane was modified
with polyacrylic acid (PAA) by electron beam irradiation in order to generate carboxyl groups (COOH)
on the membrane surface and subsequently TiO2 NPs were anchored on the membrane at 210 ◦C
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(210 ◦C + COOH) [43]. These modification methods led to a better and homogenous coverage of the
membrane with TiO2 nanoparticles, the amount of titanium depending on the method used for the
immobilization of nanoparticles, 3% for standard, 9% for 210 ◦C + US and 14% for 210 ◦C + COOH.
The authors demonstrated by the stability test that TiO2 NPs were strongly bound to the membrane
and they investigated the photocatalytic activity of the samples in degrading methylene blue (MB) and
carbamazepine. Regarding the MB photodegradation, the evaluated samples did not display very
different photocatalytic activity, the rate constant being around 11 × 10−2 min−1, even if TiO2 NPs
distribution was increased in 210 ◦C + US and 210 ◦C + COOH samples. By testing the photocatalytic
activity for carbamazepine degradation, the photodegradation efficiency decreased in series 210 ◦C +

US > 210 ◦C + COOH > 210 ◦C. Additionally, it has been demonstrated that the TiO2 membrane can be
reused without loss of performance for up to nine cycles [43].

Yang et al. fabricated a TiO2 photocatalyst by growing TiO2 NPs with high crystallinity on the
surface of a pretreated poly (phenylene sulfide) (PPS) porous membrane via in situ hydrothermal
process [44]. Firstly, the microporous membrane was pretreated with HNO3, thus partially oxidizing
the -S- bond to -SO- bond. Subsequently, the hydrolysis products of tetrabutyl titanate were attached
to the membrane by strong electrostatic interactions and formed nucleation sites where TiO2 particles
were developed leading to the TiO2@PPS membrane (Figure 1a). The TiO2@PPS membrane had
an efficient photocatalytic activity in the degradation process of some dyes (rhodamine B—RhB,
methyl orange—MO, methylene blue—MB) under visible irradiation. The catalytic activity in visible
light was triggered by the interactions between TiO2 and the conjugated structure of the polymeric
membrane, which decrease the band gap and the electron/hole recombination rate for TiO2 particles,
thus assisting efficient separation of electron-hole pairs and improving the visible-light activity
(Figure 1b). After 90 min of visible irradiation in the presence of TiO2@PPS catalyst, the photocatalytic
degradation efficiencies for RhB, MB, and MO are 99.56%, 98.05%, and 93.18%, with the rate constants
(k) of the degradation 4.58, 3.64, and 2.53 × 10−2 min−1, respectively.

Figure 1. Schematic illustration of the preparation of TiO2@PPS microporous membrane (a) and the
probable photocatalytic mechanism of the TiO2@PPS membrane (b). Reproduced by permission of
Elsevier from [44].

Nowadays, the availability of synthetic polymers derived from oil, gas, and carbon (non-renewable
sources) is decreasing, so the scientific community is looking for cheaper and more readily accessible
alternatives, such as biopolymers derived from raw materials. For example, xylan is a biopolymer with
excellent film forming properties used for the preparation of a xylan/polyvinyl alcohol (PVA)/TiO2

composite, PVA being employed as a crosslinking agent and xylan as a template so that the TiO2

particles homogeneously adhere to the composite surface [45]. The xylan/PVA/TiO2 composite had
a satisfactory photocatalytic performance under visible irradiation in the photodegradation of ethyl
violet and Astrazon Brilliant Red 4G dyes. The decolorization rates of ethyl violet and astrazon brilliant
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red 4G dyes were 93.65% and 92.71%, respectively after 60 min of visible irradiation at a catalyst
dosage of 100 mg/L. This is the optimum concentration of catalyst for best results in photocatalysis,
above this concentration a decrease of dyes bleaching rate occurred. Moreover, the xylan /PVA/TiO2

composite showed good performance in phenol degradation, in 60 min being decomposed 93%
phenol [45]. An interesting approach was to fabricate a photocatalyst by stacking a layer of Au@TiO2

nanostructures on a chitosan fiber substrate [46]. Due to the surface plasmon resonance effect of
Au, the plasmonic fiber exhibited catalytic activity in visible light in the degradation of various
pollutants (MB, carbofuran—CBN, and metronidazole—MNZ) and for the reduction of chromium (VI)
to Cr(III). The plasmonic fiber degraded 98.8% MB in only 12 min of irradiation (k = 0.85 × 10−2 min−1)
using low catalyst dosage (3 × 10−3 g/L), its catalytic performance being quite stable even after
eight runs (loss ~ 4.1%). In the case of CBN and MNZ, the reaction times were longer, namely
130 min (k = 1.05 × 10−2 min−1) and 260 min (k = 0.9 × 10−2 min−1), respectively. The results were
improved by adding H2O2 in the systems, when the photodegradation degree of CBN reached 98.3%
(k = 3.06 × 10−2 min−1) and 96% for MNZ (k = 2.17 × 10−2 min−1). The plasmonic fiber photocatalyzed
the reduction reaction of Cr(VI) to Cr(III) within 21 min visible irradiation, in the presence of citric acid
(pH = 1) with an efficiency of 98.9% [46]. On the same principle as before, another photocatalyst was
developed by covering the surface plasma pretreated cotton fabrics with polyaniline/TiO2 (PANI/TiO2)
co-doped with sulfosalicylic acid (SSA) and sodium dodecyl benzene sulfonate (SDBS) through
one-step in situ polymerization [47]. The oxygen plasma treatment was used to introduce more –OH
groups on the surface of cotton fibers, while SSA and SDBS were used as doping acids to increase the
photocatalytic activity. PANI/TiO2/cotton composite fabric exhibited good photocatalytic performance
under simulated sunlight irradiation for RhB degradation, the total efficiency being 87.6% after 180 min
of irradiation [47].

2.2. TiO2 Immobilized in Polymer Substrates

In many studies, TiO2 was embedded in various polymer matrices and further used in
photocatalytic applications. A simple polymer substrate utilized for TiO2 immobilization was recycled
poly (ethylene terephthalate) (PET). The PET/TiO2 nanocomposite films with different TiO2 amounts
(10, 30, and 47 wt % TiO2) were prepared by the phase inversion method [48]. The achieved films
showed photocatalytic activity in the degradation of a mixture of antibiotics (isoniazid, metronizadole,
sulfadiazine, sulfamethoxazole, trimethoprim, norfloxacin, moxifloxacin, and lincomycin) under
simulated solar irradiation. In the first cycle of use, the photocatalytic efficiency was better for the
composites with a higher quantity of TiO2. However, in the second run, PET-30 wt % TiO2 and
PET-47 wt % TiO2 did not have reproducible results, because the active oxidative species produced
by TiO2 particles during the first catalytic cycle attacked the PET chains, breaking them and the TiO2

NPs were leached from the polymeric substrate. On the other hand, PET-10 wt % TiO2 composite film
had good stability even after five cycles of utilization. PET-10 wt % TiO2 catalyst degraded almost
totally some of the antibiotics after 2 h of irradiation: Lincomycin (k = 2.4 × 10−2 min−1), moxifloxacin
(k = 6.5 × 10−2 min−1), isoniazid (k = 2.6 × 10−2 min−1), metronidazole (k = 3.7 × 10−2 min−1), and
norfloxacin (k = 6.7× 10−2 min−1). The rest of the compounds from the mixture required longer reaction
times (6 h of irradiation) for their photodecomposition: Trimethoprim (90%, k = 0.7 × 10−2 min−1),
sulfadiazine (93%, k = 0.9 × 10−2 min−1), and sulfamethoxazole (98%, k = 1.5 × 10−2 min−1).
The catalyst was also efficient in degrading the target compounds in wastewater matrix, but the
process rates were lower [48]. In another study, TiO2 NPs were embedded in fluoropolymers,
the photocatalytic coating being realized from a layer of TiO2-containing perfluorosulfonic acid
polymer on a layer of perfluorinated amorphous polymer [49]. The designed material proved to be an
efficient system for the gas-phase degradation of volatile organic compound (VOC) under UV exposure,
the photodecomposition of pentane (k = 10 × 10−6 s−1), methanol (k = 144 × 10−6 s−1), 2-propanol
(k = 473 × 10−6 s−1), toluene (k = 11 × 10−6 s−1), dichloromethane (k = 6.6 × 10−6 s−1), and pyridine
(k = 46 × 10−6 s−1) in dry condition was being followed. The performed studies have shown that the
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photocatalytic performance of the material depends on the humidity conditions and on the interactions
between the ionomeric layer of the coating and the pollutants [49].

Zhang’s group incorporated different amounts of TiO2 NPs (10–80 wt %) in conjugated microporous
polymer obtained by a Sonogashira crosscoupling reaction of 1,3,5-triethynylbenzene as crosslinker and
4,7-dibromo-2,1,3-benzothiadiazole as comonomer [50]. The hybrid materials have been successfully
used as photocatalysts for oxidative coupling of benzylamines under visible light irradiation at
room temperature, the highest conversion (98%) being obtained for the material containing 20 wt %
TiO2 NPs. For this reaction, TiO2 NPs alone were inactive, so the combination of organic/inorganic
semiconductor enhanced the photoinduced charge separation and therefore increased the photocatalytic
efficiency [50]. TiO2-poly (vinylidene fluoride) (PVDF)/ poly (methyl methacrylate) (PMMA)
nanocomposite membranes with a porous and sponge-like structure and different amounts of TiO2

(0.12, 0.25, and 0.5 wt %) were prepared by phase inversion method [51]. The hybrid materials exhibited
photocatalytic activity in MB degradation under UV irradiation, so after 330 min 86% MB was removed
with M-0.12 wt % TiO2 (k = 0.55 × 10−2 min−1), 95% MB with M-0.25 wt % TiO2 (k = 0.84 × 10−2 min−1)
and 99% MB with M-0.5 wt % TiO2 (k = 0.17 × 10−2 min−1), MB photodegradation increasing with the
content of TiO2 NPs enclosed in the membrane.

An unusual approach was to incorporate the TiO2 gel domain without calcination in the reverse
micelle structure of poly (styrene-block-acrylic acid) (PS-b-PAA) [52]. The reverse micelles consisting
of hydrophilic core (PAA) and hydrophobic corona (PS) were the nano-template for TiO2 gel synthesis
and will preserve their structure with TiO2 domain inside even after drying. The photocatalytic activity
of the micellar systems was tested in MB degradation in water under visible light irradiation and it
was observed that the photodegradation of MB is mainly influenced by the polymer chain length
and the PAA/PS molar ratio. Initially, the MB is absorbed at the chains and only the absorbed MB
existing in the vicinity of the gel is photodegraded. The best photocatalytic activity was achieved in the
presence of PS330-b-PAA34 containing TiO2 gel, when the MB decomposition was accomplished within
240 min with a rate constant k = 0.17 × 10−2 min−1. The catalytic activity was considerably improved
by loading copper phthalocyanine in the reversible micelle, thus the reaction time was reduced to
180 min and the rate constant was about three times higher (k = 0.6 × 10−2 min−1). This fact has been
attributed to an efficient charge separation at the interface between TiO2 and copper phthalocyanine,
created under visible light irradiation. Moreover, the photocatalytic system presented a good stability
and has the potential to be reused [52].

Our group has developed TiO2 hybrid composites based on photocrosslinked matrices, since the
utilization of photocuring technology (photopolymerization/photocrosslinking) for the preparation of
polymeric materials is a convenient, very simple, non-invasive technique that does not require expensive
devices and long reaction times [53]. In a first report, thin composite films were obtained by the
photopolymerization of an acrylic monomer mixture, namely an acidic urethane dimethacrylate
based on poly(ethylene glycol) as the major component (80 wt %), 3-(trimethoxysilyl)propyl
methacrylate as the inorganic component (10 wt %) able to create the silsesquioxane sequences and
3-(acryloyloxy)-2-hydroxy-propyl methacrylate as a coupling agent (10 wt %) to generate interactions
between the organic and the inorganic phases [53]. Titanium butoxide derivative was added to the
mixture before photopolymerization in different gravimetric ratios (5–20 wt %). In the second stage,
the films were kept in a chamber with constant humidity, so that the sol-gel process took place and
finally the silsesquioxane sequences were formed along the main macromolecular chain and the titania
domains inside the polymer substrate. The obtained TiO2/SiO2 phases were mainly amorphous and,
in order to attain photocatalytic materials with adequate performance, noble metal NPs (Ag/Au)
were in situ photogenerated in the polymer network during the UV-curing, simultaneously with
the photopolymerization process. The polymeric films exhibited good catalytic activity for phenol
derivatives (phenol and o-nitro-phenol) photodegradation under low intensity UV irradiation (to
simulate the UV radiation from solar light), the photocatalytic performance being improved by
increasing the TiO2 content in the films and also by the presence of Ag/Au NPs. The photodegradation
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degrees and the rate constants after 70 min of UV irradiation for phenol are as follows: S1 (5 wt %
TiBu)—56% and k = 1.14 × 10−2 min−1, S2 (10 wt % TiBu)—63% and k = 1.45 × 10−2 min−1, S3
(20 wt % TiBu)—72% and k = 1.65 × 10−2 min−1, S2-Ag (10 wt % TiBu and 1 wt % Ag NPs)—83% and
k = 2.43 × 10−2 min−1 and S2-Au (10 wt % TiBu and 1 wt % Au NPs)—77% and k = 2.12 × 10−2 min−1.
The photodegradation parameters for o-nitro-phenol decomposition are similar to those determined for
phenol. This study underlined that, even in the absence of the crystalline TiO2 phase, but in appropriate
combination with other conducting elements (SiO2 phase and Ag/Au NPs), the proposed materials
acted as good catalyst capable to eliminate phenol derivatives from the system nearly completely after
350 min of UV irradiation [53].

In a subsequent study, within a photopolymerizable urethane dimethacrylate (polytetrahydrofuran-
urethane dimethacrylate, PTHF-UDMA) we enclosed 10 wt % TiO2 NPs (nanocrystalline anatase
phase) pure or in different blends, namely: TiO2 NPs with Si–O–Si sequences (TiO2/SiO2), TiO2 with
maghemite nanoparticles (TiO2/Fe2O3), and TiO2 with Si–O–Si and maghemite (TiO2/SiO2/Fe2O3) [54].
After the photopolymerization procedure (5 min under UV irradiation), four different types of hybrid
cross-linked films (S1–S4) were obtained, which exhibited catalytic activity in the degradation of
hydroxybenzene compounds (phenol, hydroquinone, and dopamine) upon UV and visible light
exposure. The degradation of hydroxybenzene derivatives under UV irradiation (250 min) is more
efficient for the films containing TiO2 NPs combined with other inorganic components, according to
series S1 (TiO2 NPs) < S2 (TiO2/SiO2) < S3 (TiO2/Fe2O3) < S4 (TiO2/SiO2/Fe2O3) since the presence
of the other semiconductors synergistically improved the charge separation. The photodegradation
degree varied between 77%–99% and the rate constants k were in the range 0.72 ÷ 2.38 × 10−2 min−1.
In visible light, only S3 and S4 hybrid films containing maghemite NPs behaved as active catalysts,
since Fe3+ cations extended the UV-vis absorption of TiO2 to the visible domain. Phenol and
dopamine model pollutants were degraded after 250 min visible irradiation in proportion of ~80%–83%
(k = 1.8 × 10−2 min−1) and 89%–95% (k = 0.85÷1.15 × 10−2 min−1), respectively. The hydroquinone
photodecomposition process was faster in visible light, so after 90 min of irradiation, the compound
was completely removed and the rate constant was k = 8.5 × 10−2 min−1 [54].

Research in this field has been continued in our group and, therefore, in order to attain a
covalent attachment of inorganic TiO2 NPs inside the photocrosslinked coatings, preventing thus their
inactivation by agglomeration or their diffusion from the polymer matrix, the surface of TiO2 NPs was
functionalized with photopolymerizable acrylic groups [55]. The hybrid polymeric films (F-0, F-2,
F-5, and F-10) were prepared by the photopolymerization of an urethane dimethacrylate monomer
mixture in which various amounts of functionalized TiO2 NPs (between 2–10 wt %) were introduced.
Simultaneously with the photopolymerization process, in F-10 formulation, Ag/Au NPs were in situ
photogenerated from the corresponding metal salts (2 wt % AgNO3/AuBr3), the schematic process for
the preparation of the hybrid composites (F-10-Ag, F-10-Au) being illustrated in Figure 2.
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Figure 2. Representation of the formation of hybrid polymer networks containing TiO2 NPs
functionalized with photopolymerizable acrylic groups. Reproduced by permission of John Wiley and
Sons from [55].

The catalytic activity of the hybrid materials under UV irradiation against phenol is quite
good for this class of materials with a high degree of cross-linking and without a porous structure.
The photocatalytic performance was enhanced by increasing the loading of TiO2 NPs in the polymeric
matrix and also by the presence of noble metal nanoparticles (Ag/Au), the best results in phenol
degradation under UV irradiation being obtained for F-10-Au film (87.8%, k = 1.34 × 10−2 min−1).
Under visible light exposure, only the hybrid composites containing Ag/Au NPs displayed
photocatalytic activity for phenol decomposition, the degradation degree (89%) and the rate constant
(k = 1.05 × 10−2 min−1) being almost the same for F-10-Au and F-10-Ag composites. The good
catalytic activity of plasmonic-TiO2 materials under UV and visible light and the fact that they can be
reused for multiple runs (the composites have been tested for five cycles without significant loss of
performance) make them promising candidates for use as photocatalyst in real sunlight. The polymeric
films incorporating Ag/Au NPs besides TiO2 NPs proved to be very good catalysts for organic
dyes degradation, removing entirely Congo Red from an aqueous solution after 450 min of visible
irradiation [55].

Another research group incorporated TiO2 NPs (10 wt %) into a commercially available acrylate,
namely, poly (ethylene glycol) diacrylate, by photopolymerization method (700 ms at 240 mW/cm2),
resulting in a PEGDA/TiO2 composite film with homogeneous wrinkled structure (Figure 3) [56].
The hybrid film had a very good adsorption capacity of organic dyes (Congo Red was selected as a
model pollutant) and also an improved dye degradation capability under UV irradiation, compared to
the free TiO2 NPs, Congo Red being almost completely degraded after 70 min irradiation. It was also
proved that PEGDA/TiO2 hybrid film could be successfully reused several times as the photocatalyst
in dyes degradation.
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Figure 3. Schematic diagram of the preparation of PEGDA/TiO2 film and SEM image of PEGDA/TiO2

wrinkled composite. Reproduced by permission of Elsevier from [56].

Furthermore, TiO2 was embedded in natural polymers, such as chitosan, the most abundant
natural biopolymer after cellulose. TiO2 NPs (1% w/v) were incorporated in two different matrices,
namely chitosan (CS) and polyvinyl alcohol—chitosan blend (PVA-CS), through the precipitation
method using an alkali/solvent medium [57]. The prepared materials showed superior catalytic
performance in metronidazole (MNZ) removal under UV irradiation as compared to the TiO2 NPs
suspension, the behavior mainly attributed to the adsorption properties of the polymeric matrix.
In the presence of CS-TiO2 and PVA-CS-TiO2 composites, MNZ at various concentrations (0.1, 1, and
10 mgL−1) was almost completely degraded (more than 99%) from aqueous solutions after 120 min UV
exposure, but the removal rate of PVA-CS-TiO2 (4.8 × 10−2 min−1) was higher compared to CS-TiO2

(3.3 × 10−2 min−1). PVA-CS-TiO2 film proved better stability than CS-TiO2 in an aqueous medium with
different pH values (4 ÷ 10), it also presents very good stability under UV exposure and can be reused
multiple times (15 cycles) as photocatalyst without significant loss of photocatalytic performance.

A new method used to immobilize TiO2 NPs in chitosan scaffolds was 3D printing, a technique
that allows the achieving of highly-ordered 3D TiO2/CS grids consisting of crossing filaments with a
size of about 100 µm and channels with a square cross section of 150–200 µm (Figure 4) [58].

Figure 4. Schematic representation of the TiO2/CS scaffolds preparation and their photocatalytic activity
testing in amoxicillin photodegradation. Reproduced by permission of Elsevier from [58].

The 3D printed TiO2/CS scaffolds with different thicknesses (3, 5, 15 layers) were an efficient
photocatalyst for amoxicillin degradation. The time required for the complete elimination of amoxicillin
is less than 3 h of UV/Vis irradiation for the three-layered one (TiO2/CS3, k = 0.56 × 10−2 min−1), 3 h
for the five-layered one (TiO2/CS5, k = 0.57 × 10−2 min−1), meanwhile in the case of the scaffold with
15 layers (TiO2/CS15, k = 0.28 × 10−2 min−1), after 3 h of irradiation only 50% amoxicillin was degraded.
The TiO2/CS5 composite reusability test proved that it maintains a good photocatalytic efficiency (80%
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amoxicillin was photodegraded after three cycles) compared to TiO2/CS3, in which case only 60% of
amoxicillin was degraded after three cycles [58].

2.3. TiO2-Conducting Polymers Hybrid Photocatalysts

Conducting polymers (e.g., polyaniline—PANI, polypyrrole—PPy, poly(acetylene)—PAc,
polythiophene—PTh) with an extended π-conjugated electron system over a large number of monomer
units have high charge carriers mobility expressed through high absorption coefficients that varied
from visible light to near infrared [59,60], the reason for that is they can be used as photosensitizers for
semiconductor materials, enhancing their photocatalytic activity under both ultraviolet and sunlight
irradiation [61,62]. Since Riaz et al. published in 2015 a review on the role of conducting polymers
in improving the TiO2 photocatalytic activity [63], in this paper we will discuss only few recent
articles published on this topic. PANI is often used as sensitizer for TiO2 NPs, and as reported by
Reddy et al. [64], the hybrid material was prepared by in situ oxidative polymerization of aniline in
the presence of TiO2 NPs, finally the inorganic nanoparticles being incorporated in the PANI matrix.
The achieved materials were tested as photocatalysts under UV irradiation for degradation of RhB, MB,
and phenol, and the obtained results are better than for the unmodified TiO2 NPs, demonstrating thus
the sensitizing effect of PANI. Moreover, it was observed that by increasing the concentration of TiO2

in the hybrid materials, they exhibited superior catalytic activity, the best performance being observed
for PANI/TiO2 composites with 20 wt % NPs, with an efficiency of over 80% after 3 h of irradiation
and rate constants as follows: k = 0.7642 × 10−2 min−1 for RhB, k = 0.684 × 10−2 min−1 for MB, and
k = 0.38 × 10−2 min−1 for phenol.

A novel non-toxic hybrid composite containing TiO2 NPs and PANI was developed by
Zhao et al. [65]. In addition to these two constituents, BiVO4 and graphene oxide (GO) were
added to the material composition in order to induce photocatalytic activity under visible light.
The catalytic activity of BiVO4-GO-TiO2-PANI (BVGTA) material was tested in the degradation of
phenol and MB under visible light irradiation and compared with the efficiency of BiVO4-GO-TiO2

(BVGT) composite. The photocatalytic activity of the hybrid composite including the semiconductor
polymer, BVGTA, was higher than that of BVGT, after 3 h of irradiation, the decomposition degree of
phenol and MB being 80% (k = 0.886 × 10−2 min−1) and 85% (k = 1.06 × 10−2 min−1), respectively.

Another conducting polymer used as a photosensitizer is polypyrrole (PPy), the preparation of
PPy-TiO2 nanocomposite by chemical oxidative polymerization of pyrrole in the presence of different
amounts (0.5, 1.0, 1.5, and 2.0 wt %) of TiO2 NPs being reported [66]. The hybrid material displayed
good catalytic activity under solar light irradiation against MB dye, after 90 min of illumination in
the presence of PPy-2 wt % TiO2 composite, 93% MB being removed. Furthermore, the reusability
of the material was tested, observing that after the fourth cycle of utilization, the photocatalytic
degradation of MB is reduced to 20%, outcome attributed to a morphological modification of the
PPy-TiO2 nanocomposites upon photodegradation. A recent study described the use of PPy-TiO2

photocatalyst for the degradation of Reactive Red 45 dye (RR45), the composite being obtained by the
same method as in the previous case, with a PPy:TiO2 ratio of 1:100 [67]. The best photocatalytic activity
was achieved at pH 6.6, when almost 98% RR45 (k = 1.08 × 10−2 min−1) was degraded. Likewise,
the PPy/TiO2 composite was very efficient both under the UVA and solar irradiation, the higher rate
constant being obtained under solar irradiation (ksolar = 7.83 × 10−2 min−1, kUVA = 6.28 × 10−2 min−1).
A disadvantage of this material is that the efficiency of the photocatalyst decreases to 80% after the
second cycle of utilization (kUVA = 2.89 × 10−2 min−1) due to the saturation of the catalyst surface and
the aggregation of the catalyst particles.

A more complex approach to improve the photocatalytic performance of TiO2 involves the
creation of heterojunction between the conducting polymer and the metal oxide semiconductor [68].
An alternating donor-acceptor conjugated copolymer obtained by Pd-mediated polycondensation of
diketopyrrolopyrrole (DPP) and t-butoxycarbonyl (t-Boc) modified carbazole (Car) was coupled with
TiO2 NPs [69]. In order to form a heterojunction interface, the achieved material was thermally treated
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to cleave the pendant t-Boc groups from the carbazole units, thus creating free amino groups (-NH-)
which strongly bind to the surface of TiO2 through dipole–dipole interactions (Figure 5).

Figure 5. The proposed mechanism for the formation of heterojunction interface interaction to enhance
photocatalytic efficiency. Reproduced by permission of Elsevier from [69].

The resulting DPP-Car/TiO2 hybrid composites presented light absorption within the range
of 300–1000 nm, unlike pure TiO2 (P25) which does not have effective visible light absorption
(>400 nm). DPP-Car/TiO2 hybrid materials were tested as photocatalysts for MO dye degradation
under visible light, the decomposition degree was 94% after 8 h of irradiation and the rate constant
was k = 0.563 × 10−2 min−1. The kinetic constant of MO degradation in the presence of the thermally
treated sample (DPP-Car/TiO2) is about 3.6 times higher than that obtained in the presence of the
catalyst containing t-Boc units (DPP-Car-Boc/TiO2: k = 0.155 × 10−2 min−1). The recycling experiments
performed to test the durability and stability of the composites showed that the photocatalytic efficiency
of MO degradation slightly decrease in the second and third cycles compared with that registered in
the first cycle.

Starting from poly (3-hexylthiophene), Che et al. [70] prepared by a phase-separated film
shattering process, conjugated polymer nanoparticles (P3HT) with positive surface charges by adding a
cationic amphiphile and a phospholipid. Subsequently, the P3HT NPs were hybridized with negatively
charged TiO2 NPs by their adsorption on the positively charged surfaces through electrostatic attraction,
the P3HT:TiO2 molar ratios used were 1:0.2, 1:0.6, and 1:1. TEM and SEM images revealed that the surface
of P3HT NPs was covered by TiO2 NPs, so the resulting hybrid material is a core-shell system with a
conjugated polymer core and a shell constituted of photocatalyst nanoparticles. The photocatalytic
activity of hybrid nanoparticle systems was evaluated in MB degradation under white light and visible
light irradiation, the best efficiency being obtained under white light irradiation for the hybrid material
with higher P3HT content, namely P3HT/TiO2 with molar ratio 1:0.2 (after 210 min of white light
irradiation, 93.4% of MB was degraded, k = 0.992 × 10−2 min−1).

Poly-o-phenylenediamine (PoPD), a typical conducting polymer, has been used to synthesize
PoPD/TiO2 nanocomposites via in situ oxidative polymerization of o-phenylenediamine in the presence
of TiO2 NPs, using different initial molar ratios of oPD/TiO2 (from 1/6 to 4/1) [71]. To investigate the
photocatalytic activity of the composites, MB degradation under visible light was selected as a model
reaction, establishing that the optimum molar ratio for preparing materials with high photocatalytic
efficiency (k = 0.33 × 10−2 min−1) and stability (recycled five times, 15 h of operation) is 1/4.
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3. ZnO Nanoparticles

ZnO nanoparticles with different morphologies and properties have received a great deal of
attention for photocatalytic applications, both in the field of environmental pollution and energy
conversion [72]. Originally proposed as an alternative photocatalyst to TiO2, ZnO is a n-type
semiconductor oxide possessing wide band gap energy (3.37 eV), high photoactivity, non-toxicity, and
environmental stability [73,74], which has developed unique and remarkable photocatalytic capacity
over time, since it is able to absorb a large part of the solar spectrum with relevant performance in
the photodegradation of toxic and nonbiodegradable organic contaminants, including organic dyes,
phenols or other environmental pollutants [75–77], etc.

ZnO benefits from great advantages compared to other semiconducting metal oxides and represent
an environmentally friendly material. Its use in everyday application is done without any risks to human
and living organism health. Along with excellent electrical, mechanical, and optical properties [78], ZnO
is a cheaper material compared to TiO2 (the production cost up to 75%, according to Liang et al. [79]),
whereby it is much appreciated and explored for large scale operations [80,81]. Unfortunately,
the major drawback of ZnO nanoparticles is associated with their narrow spectral response, when
the light absorption is almost limited to UV domain. Consequently, considerable efforts were done
to overcome this inconvenience along with characteristic high probability for the recombination of
photogenerated charge carriers. Innovative approaches demonstrated that by coupling the ZnO
with various narrow band-gap materials (metallic and nonmetallic ions [82–84] noble metals and
oxides [85–88] or polymer-based materials [89,90] etc.), it was possible to modulate the band-gap
energy and shift the absorption wavelength to the visible region. The photogenerated electron-hole
pair recombining is also suppressed, while the photocatalytic activity of ZnO is consequently enhanced.

Basically, the efficiency of the photocatalysis process depends on the morphology, dimension, or
shape of the investigated semiconductor oxides. Therefore, an excellent control and understanding of
synthesis conditions are critical for the development of novel and high-performance photocatalysts
characterized by efficient separation of charge carriers, increased surface-to-volume ratio, and
light absorption capacity with superior stability/reusability features. Therefore, the incorporation
and immobilization of ZnO nanostructured materials into polymers could represent a strategic
approach to benefit from advantages of each component, in order to obtain improved photocatalytic
systems. The significant features targeted are the flexibility of the final architecture, the control over
agglomeration/aggregation and the elimination of the post-recovery steps specific to unbounded
catalyst particles after the photocatalytic process.

Several reports on nanostructured ZnO are correlated to their practical and safe incorporation into
various macromolecular matrices, such as poly (N-isopropylacrylamide) [91], polyesters [88], hybrid
polymers [92,93], polyethylene glycol [94], etc., but are not necessarily associated with the photocatalysis
process. From the abundant reports referring to the augment of the photocatalytic efficiency of ZnO
nanomaterials toward visible light, polyaniline (PANI) has attracted much attention and is considered
one of the great potential materials for improving the photocatalytic and electrochemical performance
of ZnO. Another interesting aspect is that almost all reports select methylene blue (MB) as a model
pollutant to evaluate the photocatalytic activities under UV/visible light irradiation, at room temperature.
Qin et al. [95] reported superior photocatalytic activity of PANI-ZnO nanoparticles (reaction rate
constant k = 1.944 × 10−2 min−1) over a large concentration of MB. Polyaniline-zinc oxide (PANI-ZnO)
nanocomposites were prepared by in situ chemical polymerization process, and thus, one of the
pre-request conditions of an efficient photocatalyst is fulfilled. Moreover, the PANI-ZnO hybrids
prepared in this study were used to decorate glassy carbon electrode (GCE) and the final system
PANI-ZnO/GCE was investigated for its potential as a microbiological fuel cell anode, too.

In another report, Ameen et al. [96] prepared PANI/ZnO nanocomposites, the outcomes of the
photocatalytic activity indicating a substantial degradation of MB dye (approximately 76%) on the
surface of PANI/ZnO catalyst under visible light illumination. The PANI/ZnO system showed a
photocatalytic activity three times higher in MB dye degradation as compared to the pure PANI,
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behavior attributed to the high charge separation of electron and hole pairs in the excited states of
coupled PANI-ZnO nanocomposites.

For the same purpose, Eskizeybek et al. [97] synthesized PANI/ZnO nanocomposites via chemical
oxidative polymerization of aniline and investigated the degradation of two dyes in solutions (MB and
malachite green (MG) dyes in aqueous medium) under natural sunlight and UV light irradiation. Final
results indicated that a small amount of PANI/ZnO nanocomposite photocatalyst (0.4 g/L) degrades
both of the dye solutions (MB or MG) with 99% efficiency after 5 h of irradiation under natural sunlight.
Instead, Saravanan et al. [98] obtained PANI/ZnO nanocomposites with superior activity due to the
increase of crystallinity and intermolecular interactions between the conducting polymer and ZnO
NPs, and further investigated the rapid degradation of MB (k = 2.575 × 10−2 min−1) as compared to
MO dye (k = 2.325 × 10−2 min−1), probably due to their simpler structure.

Metronidazole (MNZ) is a synthetic antibacterial agent, known for its non-biodegradability
and high solubility in water, therefore its removal from the wastewaters before being discharged
into the environment has gained important attention. Very recently, Asgari et al. [99] investigated
the photocatalytic potential of ZnO/PANI nanocomposites for the degradation of MNZ under UV
and visible light irradiation. They established that the degradation rate of MNZ by the ZnO/PANI
nanocomposite (k = 2.53 × 10−2 min−1) was almost 63 times higher than for the pure ZnO photocatalyst
(k = 0.04 × 10−2 min−1) and proposed a diagram for the photocatalytic mechanism of this system
(Figure 6).

Figure 6. Diagram of the photocatalysis mechanism in ZnO/PANI nanocomposite under UV and visible
light radiation. Reproduced by permission of Elsevier from [99].

The role of hydroxyl radicals (•OH) and superoxide anion radical (•O2
−) in MNZ degradation

was highlighted. The photocatalytic performance under UV and visible irradiation was associated
with the improvement of the visible light absorption and the reduction of charge carrier recombination.

Composite photocatalysts consisting of polypyrrole (PPy) and ZnO particles were prepared by the
polymerization of pyrrole in the presence of wurtzite type ZnO nanoparticles, the ratios of PPy to ZnO
in the final composites being 5:1 and 25:1 [100]. The photocatalytic activity of PPy-ZnO composites
was established by studying the degradation of diclofenac (DCF) drug under simulated solar light
irradiation at ambient conditions. The performed investigations pointed out that the photocatalytic
rate constant of PPy-ZnO 25:1 (k = 0.986 min−1) was higher than for the PPy:ZnO 5:1 composite and
nearly two times higher than that of ZnO. This improvement in the photodegradation efficiency of
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PPy-ZnO composites has been attributed to a sensitizing effect of PPy, however, a high PPy:ZnO ratio
can inhibit the active sites on the PPy surface, causing defects that can act as recombination centers
between e−/h+ pairs, reducing thus the photocatalytic activity as in the case of PPy:ZnO 5:1 composite.
The reuse studies performed on PPy-ZnO 25:1 composite showed that there was no significant decrease
in photocatalytic activity after three subsequent degradation cycles.

In the attempt to find the most effective solutions to enhance the photocatalytic efficiency of
ZnO nanoparticles immobilized in polymeric substrates, Ding et al. [101] prepared hierarchical
polyimide/ZnO flexible nanofiber membranes by a combination of electrospinning and direct
ion-exchange process. They firstly prepared poly (amic acid) nanofibers by electrospinning and
subsequently immersed the resulting membranes into ZnCl2 solutions. By the thermal treatment of the
nanofibers, the imidization of poly (amic acid) to polyimide and the formation of ZnO nanoparticle
took place simultaneously. By simply changing the concentration of ZnCl2 solution, ZnO nanoparticles
can be obtained on the electrospun nanofibers as nanoplatelets or nanorods, thus offering the
possibility to obtain wide range nanomaterials with tunable photocatalytic activity. The photocatalytic
properties of the composite polyimide/ZnO membranes were evaluated in MB degradation as a model
organic pollutant. The degradation rate constants of 0.2 M PI/ZnO (k = 1.66 × 10−2 min−1), 0.5 M
PI/ZnO (2.83 × 10−2 min−1), 1 M PI/ZnO (2.16 × 10−2 min−1), and 2 M PI/ZnO (1.0 × 10−2 min−1)
composite membranes showed that the higher photocatalytic efficiency was achieved for 0.5 M PI/ZnO
nanofiber membrane.

Poly (methyl methacrylate) (PMMA) represents another frequently used polymeric matrix
employed in many applications as a result of its specific properties (low-cost, transparency to visible
light, superior mechanical properties, chemical stability, etc.). Different research groups tested the
photocatalytic performance of ZnO/PMMA composites in wastewater treatment. More precisely,
Di Mauro et al. [102] coated PMMA powders with a thin layer of ZnO (80 nm thick) by atomic
layer deposition (ALD) method, at low temperature (80 ◦C). The photocatalytic efficiency was tested
on the degradation of MB dye and toxic phenol in aqueous solution, under UV light irradiation.
The synthesized ZnO/PMMA powders induced a degradation of about 60% of MB after 4 h of irradiation
(k = 0.41 × 10−2 min−1), the ZnO/PMMA composite film was able to degrade almost 40% of the dye
after 240 min, with a photodegradation rate k = 0.26 × 10−2 min−1, while ZnO flat film degraded
nearly 30% of MB after 240 min with a photodegradation rate k = 0.17 × 10−2 min−1. Moreover,
it was demonstrated that the resulting ZnO/PMMA nanocomposite was stable and reusable for seven
successive MB discoloration runs.

A comparative study involving the PMMA matrix was done by Rani and Shanker [103],
which reported the green synthesis and photocatalytic activity measurements of different metal
oxides-poly(methyl methacrylate) (MO-PMMA) nanocomposite, including ZnO nanoparticles.
Therefore, Fe3O4-PMMA, ZnO-PMMA, CuO-PMMA, and Ni2O3-PMMA were prepared and tested
as a photocatalyst for methylene blue degradation into non-toxic by-products (Figure 7). The best
results were obtained for ZnO-PMMA (99%) followed by Ni2O3-PMMA (98%), CuO-PMMA (93%),
and Fe3O4-PMMA (90%), the effect probably due to the high surface area (85.32 m2 g−1) and zeta
potential (−22.5 eV) of the composite. Moreover, the reusability test of the nanocomposite for up
to 10 times proceeds without significant change in the photocatalytic activity or in the structure of
the materials.
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Figure 7. Schematic illustration of the adsorption and photocatalytic degradation of MB over
(MO-PMMA) nanocomposite photocatalysts. Reproduced by permission of Elsevier from [103].

Cellulose, an abundant organic material involved in various applications, such as drug delivery,
composite materials, packaging, textile industries, etc. has also been considered as a supporting
material for photocatalysts, including ZnO nanoparticles. As a result, Lefatshe et al. [104] prepared
zinc oxide (ZnO) nanostructures in the cellulose host polymer through in situ solution casting method,
in order to improve the antibacterial and photocatalytic efficiency of ZnO NPs. They have studied
the photocatalytic activity of zinc oxide/cellulose nanocomposite in MB photodegradation under
UV irradiation in comparison with the pure ZnO nanostructures, observing that the efficiency of
ZnO dispersed in nanocellulose matrix (k = 0.19 × 10−2 min−1) was better than for the pure ZnO
nanostructures (k = 0.17 × 10−2 min−1). This fact was attributed to the high surface area supplied
by cellulose, which increases the number of active sites per square meter and generates an enhanced
reactivity of the composite [105].

In a further study, Rajeswari et al. [106] described the preparation of cellulose acetate-polystyrene
(CA-PS) membrane bearing ZnO nanoparticles, material characterized by an enhanced photocatalytic
efficiency and high thermal stability. The effectiveness of the material in the organic pollutants degradation
(Congo red and Reactive yellow-105) was tested under solar irradiation, according to the schematic
set up illustrated in Figure 8. The complete degradation of the pollutants was reached after 40 min of
irradiation at neutral pH, when the degradation yield of CR and RY-105 was 95% and 98%, respectively.
The reusability study indicated that no significant changes were observed until the fourth cycle, suggesting
a good stability and reusability of the CA-PS-ZnO membrane under sunlight irradiation.

Figure 8. Schematic representation of the photocatalytic degradation of organic dyes over CA-PS-ZnO
membrane. Reproduced by permission of Elsevier from [106].
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The design of new polymer nanocomposites combining 2-hydroxyethyl methacrylate monomer
(HEMA), graphene oxide (GO) filler, and ZnO nanolayers in a unique multifunctional material was
reported by Ussia et al. [107]. ZnO nanoparticles were immobilized on the polymeric support through
stable covalent linkages, while GO filler was added during the synthetic procedure to improve
the thermal and mechanical stability of the material, resulting in the formation of a freestanding
photocatalytic material, easily and safely removable from the polluted environments. The system
showed a significant adsorption affinity for methylene blue dye, so at equilibrium, the amount of
adsorbed MB was of 0.73, 0.97, 0.82, and 0.94 mg/g of materials, for pHEMA, pHEMA-GO, ZnO/pHEMA,
and ZnO/pHEMA-GO, respectively. After the adsorption process, the nanocomposites were subjected
to UV light irradiation, when MB is photocatalytically degraded, leading to the initial regenerated
composite. The performed studies have shown that pHEMA and pHEMA-GO samples lose their
adsorption capability after several cycles, while the samples containing ZnO NPs are able to preserve
their adsorption and photocatalytic performance thanks to the regeneration via UV light irradiation.

In a comparative study, Ghanem et al. [108], after the prior preparation of TiO2 nanowires
modified with hyperbranched polyester (HPES) [109], compared the system from the photocatalytic
activity point of view, with similar ZnO nanorods-based hybrid composites. The authors used both
in situ polycondensation reaction (I-HPES/ZnO) and ex situ mixing technique (E-HPES/ZnO) to
obtain the final nanocomposites. Photocatalytic activity testing revealed a good performance of the
prepared ZnO-based hybrids after repeated photocatalytic degradation cycles, evidencing the reactivity
improvement for ZnO nanorods after modification with HPES. The best photocatalytic activity was
observed for the E-HPES/ZnO composite behavior due to the higher surface area, crystallite size,
and larger band gap of this nanocomposite. In addition, antibacterial investigations demonstrated
enhanced nanotoxicity for both Gram-positive and Gram-negative bacteria, the fact that will bring
additional applicative value for the final nanocomposites.

Photocatalysis represents a complex process mainly governed by the band-gap energy of the
components and the hydroxyl radicals generated in the system. Unfortunately, the major drawback of
ZnO is associated with its light absorption, almost limited to UV domain. Therefore, considerable efforts
were done to overcome this inconvenience and one of the strategies was the coupling/combination of
ZnO with a variety of narrow band-gap materials (especially metallic and nonmetallic ions), known as
the doping process. This practice aims to adjust the morphology of ZnO for photocatalytic applications,
by tuning the band-gap energy and, consequently, shifting the absorption wavelength toward a visible
region. In addition, doping can trigger the production of OH• radicals and can also improve the
degradation efficiency of organic pollutants. Among the commonly used dopants, transition metals
(Fe, Co, Ni, Cu, etc.) and noble metals (Au, Ag, Pd, Pt, etc.) stand out, certainly.

In this context, the development of doped ZnO nanoparticles included in different macromolecular
architectures for applications in the removal of organic aqueous pollutants through heterogeneous
photocatalytic approach represents an expanding area in the recent literature. Therefore,
Campagnolo et al. [110] presented the preparation of hybrid photocatalysts on a porous solid
polymeric system for the heterogeneous photocatalytic degradation of organic pollutants. More
specifically, gold/zinc oxide (Au/ZnO)-based porous nanocomposites were in situ fabricated by a
two-step approach: First, branched ZnO nanostructures were fixed on poly (methyl methacrylate)
(PMMA) upon the thermal conversion of zinc acetate-loaded PMMA electrospun mats, while doping
with Au NPs was done directly on the surface of ZnO through an adsorption dipping process followed
by thermal treatment. The authors also investigated the effect of the various concentrations of Au
NPs formed on the surface of the ZnO/PMMA fibers, establishing an effective metal-semiconductor
interfacial interaction for a concentration of 1 wt % Au NPs. As a result, a significant improvement
in the photocatalytic performance of ZnO/PMMA electrospun nanocomposites bearing Au NPs in
the degradation of MB (k = 2.33 × 10−3 min−1) and bisphenol A (BPA) (k = 1.12 × 10−3 min−1) was
observed in comparison to pure the ZnO/PMMA nanocomposites (k = 1.44 × 10−3 min−1 for MB
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and k = 0.69 × 10−3 min−1 for BPA). Unfortunately, the photocatalytic degradation activity of the
Au/ZnO-based PMMA hybrid systems was tested only under UV light irradiation.

In a different report, enhancement of visible light photocatalytic activity and plasmonic
electron-hole separation efficiency were obtained by decorating a ZnO nanolayer coated onto
electrospun polyacrylonitrile (PAN) nanofibers with Pd nanocubes (with sizes varying between
7, 13, and 22 nm), as illustrated in Figure 9 [111]. The photocatalytic activity of the obtained nanofibers
(Pd@ZnO@PAN-NF versus ZnO@PAN-NF) was analyzed by the photoinduced degradation of MB
dye under visible irradiation, in aqueous medium, when the energy transfer between Pd nanocubes
and ZnO nanolayer was clearly demonstrated. Moreover, the electron-hole recombination rate of
the photogenerated electrons and holes was reduced by the electron trapping via Pd nanocubes.
The degradation kinetics of the photoprocesses showed that the sample decorated with 7 nm Pd
nanocubes had the highest photocatalytic activity, while the ZnO@PAN-NF sample showed no
decomposition of MB dye under the given conditions.

Figure 9. Representation of Pd nanocube surface decoration on ZnO@PAN nanofibers. Reproduced by
permission of The Royal Society of Chemistry from [111].

New hybrid composites including ZnO and Ag/ZnO NPs have been successfully prepared in
our group by Podasca et al. [88]. The hybrid films were achieved by photopolymerization of some
urethane acrylic monomers simultaneously with the in situ photogeneration of Ag nanoparticles
under UV light irradiation, ZnO NPs being included in the monomer mixture as preformed particles
before photopolymerization. The final composite films containing ZnO, Ag, and Ag/ZnO NPs in
different ratios were employed as catalysts for photocatalytic decomposition of MB dye in ethanol or
water solvents. The degradation experiments were realized under both UV and visible irradiation,
but in different solvents. Under UV irradiation and ethanol solvent, as expected, the ZnO-Ag/polymer
film had an improved degradation rate of MB (k = 1.37 × 10−2 s−1) compared to ZnO/polymer film
(k = 2.7 × 10−2 s−1). In this solvent, the leakage of Ag NPs from the polymeric film was also observed,
so the visible light experiments were performed in ethanol and also in aqueous solution. Only films
containing ZnO and Ag NPs exhibited catalytic activity under visible light. The decomposition
rate of MB was lower by an order of magnitude in aqueous solution (k = 2.1 × 10−2 min−1) than in
ethanol (k = 1.1 × 10−1 min−1), however, no leakage of nanoparticles was observed, thus proving that
the catalyst can be reused. As a continuation of this study, the same group [112] recently reported
the preparation of novel polymer nanocomposites containing Ag/ZnO NPs and polypyrrole, in
which silver nanoparticles were also in situ photogenerated during the curing process. The obtained
films were investigated and successfully used as a visible light photocatalyst for the degradation
of rhodamine B dye in aqueous solution. It was observed that RhB degradation occurred with
rate constant k = 2.96 × 10−2 min−1 in the presence of ZnO-Ag-PPyr film and with a rate constant
k = 2.99 × 10−2 min−1 in the case of ZnO NPs film.

In an interesting report, Sarro et al. [113] used a rare earth ion doping to induce photocatalytic
efficiency improvement to ZnO nanoparticles. Thus, they tested for the first time, a new hybrid material
which combines Ce/ZnO photocatalyst with polymer nanofibers (poly(styrene-co-maleic anhydride);
SMA) and soybean peroxidase (SBP) in order to obtain a stable and efficient system useful for the
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degradation of organic pollutants in wastewater treatment. The ability of the achieved materials to
degrade six emerging wastewater pollutants, namely diclofenac, naproxen, iopamidol, imidacloprid,
bisphenol A, and 2,4-dichlorophenol was tested as single contaminants in MilliQ water or as pollutants
mixture in MilliQ water and wastewater. It was found that Ce-doped ZnO photocatalyst, included
in SMA nanofiber and in the presence of SBP enzyme exhibited higher photocatalytic efficiency in
degradation of the targeted pollutants in the effluent wastewater (the kinetic constants for different
contaminants are in the range 0.35–1.3 × 10−3 min−1). The practical importance of the polymer
supporting the other components and the successful combination between Ce-doped ZnO with SBP
with the aim to enhance the oxidation capability of the system towards pollutant with different
chemicals properties was also highlighted.

4. CeO2 Nanoparticles

Another interesting metal oxide displaying a huge potential to provide sunlight active
photocatalysts is nanoceria (cerium oxide nanoparticles CeO2), one of the most reactive rare earth
oxides with advantageous properties such as wide band gap (Eg = 3.19 eV) and high dielectric
constant (ε = 24.5) [114]. These properties have generated important interest and nanoceria have found
numerous applications in the field of solar cells, oxygen sensors, electrolytes in solid oxide fuel cells,
dye removal, ultraviolet absorbers, or catalysis [115]. The reversible shift of the oxidation state between
Ce3+ and Ce4+ determine the formation of oxygen vacancies that are directly responsible for the catalytic
ability of CeO2 nanoparticles, an enhanced level of Ce4+ ions contributing to superior photocatalytic
activity of nanoceria [116]. Furthermore, CeO2 nanoparticles showed interesting properties (strong
oxidizing capacity, long-term stability, nontoxicity, low cost, high electron transfer capability) that
recommend them as efficient photocatalysts for environmental applications [117]. However, as in the
case of most inorganic nanoparticles, nanoceria exhibits a strong tendency to agglomerate/aggregate
which leads to a significant decrease in the catalytic activity by reducing their surface area and
additionally, their recovery and reuse tends to be quite difficult [118]. A convenient method to avoid
these problems consists in the immobilization of CeO2 nanoparticles on polymeric supports resulting
in hybrid materials with improved performances (optical, electrical, mechanical) compared to the
starting materials due to the synergistic effect manifested by each partner on the final characteristics of
the polymer nanocomposites. Although the literature data reported up to now of numerous studies
regarding the synthesis of polymer/ceria nanoparticles hybrid composites [119–121], few studies were
focused on the preparation of CeO2/polymer hybrid materials with applications in the photocatalytic
degradation of organic pollutants, a main source of water pollution.

Thus, Fischer et al. [122] proposed the preparation of cerium oxide/polystyrene nanoparticles
functionalized at the surface with phosphonate and phosphate groups that acts as nucleation centers
and stabilizers for the controlled in situ crystallization of cerium oxide nanocrystals. The photocatalytic
activity of CeO2/polymer hybrid particles was tested in the photodegradation of rhodamine B
irradiated with UV light at constant temperature. The study pointed out that the photooxidative
degradation of RhB occurred with a higher rate in the presence of CeO2/polystyrene nanoparticles
(k = 2.86 × 10−2 min−1 and k = 4.36 × 10−2 min−1 for the CeO2/phosphonate and CeO2/phosphate
hybrid particles) than without catalyst or in the presence of commercial cerium (IV) oxide
powders (k = 1.59 × 10−3 min−1), proving the efficiency of the hybrid system on the rhodamine
B photodegradation.

In a more recent study, the preparation of poly (vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP)/cerium oxide (CeO2) nanocomposite fibrous membranes was reported by
Morselli et al. [123]. The fibrous membranes were fabricated by a facile method, combining the
electrospinning and the in situ synthesis of ceria nanoparticles directly in electrospun polymeric fibers
by the thermally activated conversion of the precursor salt in CeO2 nanoparticles. Moreover, to improve
the photocatalytic degradation activity of the fibers, gold nanoparticles were synthesized by thermal
treatment in situ in tandem with the ceria ones directly in the polymeric fibers (PVDF/CeO2/Au_in)



Catalysts 2019, 9, 986 19 of 28

or ex situ by post thermal treatment (PVDF/CeO2/Au_ex), resulting in valuable systems with
enhanced properties for water purification or bioapplications triggered by visible light irradiation.
The photocatalytic activity was tested on MB degradation under visible light irradiation, observing
that PVDF-HFP/CeO2 membrane display the same photodegradation efficiency as the neat PVDF-HFP
membranes (k = 0.8 × 10−3 min−1), indicating that ceria nanoparticles does not exhibit any significant
photocatalytic activity under visible light irradiation, while the inclusion of Au NPs determine an
important improvement of the photocatalytic activity for the PVDF/CeO2/Au_ex fibrous membrane
(k = 1.4 × 10−3 min−1). These results are attributed to a decrease of band gap values from 3.26 to 3.18 or
even to 2.97 eV for the gold-containing samples, the fact that allows the activation of photodegradation
process by visible light.

In another recent study, the facile two-step fabrication of a ternary nanocomposite particle
composed of polystyrene (PS) microsphere, reduced graphene oxide (RGO), and CeO2 NPs was
reported by Ni et al. [117]. The photocatalytic activity of the ternary nanocomposite particles was
demonstrated by the investigation of methylene blue photodegradation under visible light irradiation.
It was observed that the photocatalytic activity of CeO2 NPs is highly enhanced by the hybridization with
the RGO due to a positive synergistic effect between RGO and ceria nanoparticles (k = 1.5 × 10−2 min−1).
Moreover, these nanocomposite particles could be easily recovered by centrifugation and could be
reutilized for several catalytic cycles, thus indicating PS/RGO@CeO2 nanocomposite particles as a
promising recyclable photocatalyst for methylene blue degradation.

5. Metal Nanoparticles (Au, Ag, Pd)

Metal nanoparticle photocatalysts are currently intensively investigated due to their unique
quantum effect translated into strong absorption of visible and ultraviolet light. They have been
acknowledged as a new class of materials very efficient in transforming renewable solar energy to
chemical energy due to their strong interaction with resonant incident light through the localized surface
plasmon resonance (LSPR) effect [124]. Their activation mechanism consists in the accumulation of the
irradiation energy by the conducting electrons of the metal nanoparticles that lead to the formation
of high energy electrons on the surface of the nanoparticles, electrons that further will activate the
target molecules on the surface of the particles and will trigger the chemical reactions. However,
as in the case of metal oxide nanoparticles, a great challenge is to achieve catalytic systems active
under visible light irradiation, easily separable and reusable that can be applied in organic pollutants
degradation or in organic chemical synthesis. The catalytic properties of noble metal nanoparticles
depend to a large extent on the size, geometry, and distribution of the nanoparticles, as well as on
the interactions between them and the support materials. Therefore, as potential supports for metal
nanoparticles immobilization various materials can be used, such as carbon-containing materials,
polymers, mesoporous materials, insulating solids, MOF materials, etc. In the present work, we will
refer only to polymeric systems embedding metal nanoparticles employed in photocatalytic processes.

In one of the first attempts, Saeed et al. [125] prepared by the electrospinning technique
polyacrylonitrile nanofibers (PAN) modified with amidoxime units. Further, the nanofibers were used to
chelate Ag+ ions that were reduced by hydrazine into elemental silver nanoparticles. The photocatalytic
activity of Ag/OM-PAN nanofibers was evaluated by monitoring the degradation of methyl orange
dye in aqueous solutions under UV irradiation as a function of time, observing that Ag/OM-PAN
significantly degraded the dye in comparison with the unmodified PAN nanofibers with no effect on
the dye photodegradation. The photocatalytic activity of Ag/OM-PAN nanofibers is induced by the
presence of silver nanoparticles which, by the localized effect of surface plasmon resonance (LSPR),
are capable to degrade MO in an aqueous solution. Thus, upon irradiation, the conduction electrons
of silver nanoparticles are excited as high energy electrons on the surface of the nanoparticles [19].
Then, it is supposed that the excited electrons easily react and activate dye molecules leading to their
subsequent decomposition.
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Jana et al. have designed raspberry type organic-inorganic hybrid nanostructures of
poly-3-hexylthiophene (P3HT)—Au nanoparticle (NP) composite prepared by a simple solution-
based synthetic technique [126]. The photocatalytic activity was carried out under visible light
irradiation by following the photodegradation efficiency of MB in the presence of P3HT and P3HT/Au
NPs polymer nanoparticles. It was observed that the presence of Au nanoparticles on the P3HT surface
determined an increase of the degradation efficiency form 55% for P3HT to 90.6% for P3HT/Au NPs
after 180 min of visible irradiation, confirming thus the contribution of gold nanoparticles on the
overall photodegradation process investigated in this case.

In another study, Ghosh et al. prepared hybrid nanostructures based on poly
(3,4-ethylenedioxythiophene) (PEDOT) nanofibers and gold nanoparticles (Au NPs) through a one pot
interfacial polymerization method [127], obtaining conductive polymer nanofibers with synergistically
integrated plasmonic Au NPs (~6 nm). The photocatalytic activity in organic pollutant degradation of
Au/PEDOT and PEDOT nanofibers was evaluated by using methyl orange and rhodamine B dyes under
both UV and visible light irradiation, observing that Au/PEDOT nanofibers demonstrate superior
photocatalytic activity (k = 7.3 × 10−2 min−1 and k = 5.6 × 10−2 min−1, for MO and RhB, respectively) as
the PEDOT polymer (k = 2.9 × 10−2 min−1 for MO and k = 1.9 × 10−2 min−1 for RhB), while compared
to traditional Au/TiO2 catalyst, the kinetic constant is over 46 times higher (k = 0.16 × 10−2 min−1 for
MO and k = 0.13 × 10−2 min−1 for RhB). Moreover, the recovery and recyclability of the Au/PEDOT
photocatalyst was tested, observing that after five cycles under visible irradiation, the photocatalyst
retained up to 95%–98% of its original activity, recommending thus Au/PEDOT as a stable and efficient
photocatalyst for the degradation of organic pollutants.

A different approach to achieve photocatalytic materials consists in the preparation of
environmental friendly, low cost films by blending natural rubber latex with polyvinylpyrrolidone
(PVP) of different molecular weights and impregnation of the resulting films with silver ions (Ag+)
which by treatments at low temperature are converted to silver particles (Ag0), research reported by
Abu Bakar et al. [128]. They have tested the photodegradation of MO under sunlight using natural
rubber-blend-PVP/silver (NR-b-PVP/Ag) films, observing that MO photodegradation is influenced
by the molecular weight of PVP, MO concentration, and Ag content in the samples. The highest rate
constant value k, obtained for the MO degradation by using the NR-b-PVP/Ag film with PVP Mw of
360 was k = 2.61 × 10−2 min−1. Additionally, the authors studied the photodegradation of bromocresol
green, methylene blue, and p-nitrophenol in the presence of NR-b-PVP/Ag film, in order to prove the
versatility of the reported materials to degrade various types of organic pollutants.

Recently, Hareesh et al. prepared silver/polycarbonate (Ag/PC) and gold/polycarbonate (Au/PC)
samples by the Synchrotron X-ray radiation assisted method [129]. They studied the photocatalytic
degradation of MB dye in the presence of Ag/PC and Au/PC samples under UV irradiation, observing
that MB is photodegraded at higher rates in the presence of Ag/PC and Au/PC samples comparative to the
individual nanoparticles. This result can be attributed to the agglomeration of unbounded Ag or Au NPs,
which decreases the surface-to-volume ratio and consequently the speed of photocatalytic degradation.

Polymer nanocomposite films prepared by in situ photogeneration of gold nanoparticles in
tandem with the photopolymerization process of methacrylated glycomonomers with d-glucofuranose
or D-mannitol structural units that were reported by our group [53]. The nanocomposites were
synthesized by a simple, efficient, cheap, and eco-friendly method that allow the achieving of flexible
free-standing films active in the photocatalytic degradation of MB and MO dyes in aqueous phase
under visible light irradiation at ambient temperature. The photodegradation of MB proceeds for the
most active sample with a rate constant of 4.7 × 10−2 min−1, while in the case of MO dye, the calculated
rate constant was 3.18 × 10−2 min−1, values comparable to other photocatalytic systems. Further,
the reusability of the hybrid polymeric films containing Au NPs was tested on MB photodegradation,
observing that the catalytic activity is slightly diminished as for the first catalytic cycle, the calculated
rate constant being of 3.49 × 10−2 min−1, this fact is attributable to a reduction of the adsorption
capacity of the dye by the hybrid material.
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A step forward in the design of photocatalytic systems was made by the preparation of bimetallic
nanocomposite films embedding Au–Ag nanoparticles photogenerated simultaneously with the
photopolymerization process [130]. The evaluation of the photocatalytic degradation of 4-nitroaniline
under visible irradiation in aqueous solution showed an improvement of the catalytic activity for the
hybrid material containing Au–Ag NPs comparatively with the samples including only Au or Ag
nanoparticles (synthesized for comparative purposes) behavior that can be accounted to the synergistic
effect between Ag and Au nanoparticles with superior catalytic efficiency relative to their monometallic
counterparts. Furthermore, the inclusion of a phenylboronic acid derivative in the organic matrix
triggered the photoreduction of 4-nitroaniline to p-phenylenediamine in the presence of the new
photocatalyst without the supplementary addition of a reducing agent (e.g., NaBH4) in the reaction
mixture. The catalytic reduction of 4-nitroaniline to p-phenylenediamine in the presence of Au–Ag
photocatalyst with boronic acid moieties proceed with an apparent rate constant of k= 3.44 × 10−2 min−1

which is lower than for the system without boronic acid units but in the presence of NaBH4 reducing
agent (k = 23.34 × 10−2 min−1). However, although the photocatalytic system needs to be improved,
it can operate without an auxiliary reducing agent and can be repeatedly reused for up to six cycles
with a significant decrease of the catalytic efficiency.

Palladium (Pd) nanoparticles or Pd-based complexes are one of the most efficient catalysts,
extensively used in various organic reactions such as Mizoroki–Heck, Sonogashira, Stille, and
Suzuki–Miyaura coupling reactions [131]. Moreover, the fabrication, characterization, and applications
of polymer-supported Pd nanocatalysts and Pd complexes were recently reviewed [132], highlighting
the advantages offered by the immobilization of Pd NPs in polymer matrices. However, there are
still some drawbacks that have to be addressed (low reactivity of the catalysts at room temperature,
need of high temperatures, or harsh reaction conditions), the reason that Chakraborty et al. [133]
proposed the preparation of azobenzene-based colloidal porous organic polymer susceptible to a
post-synthetic immobilization of metallic Pd nanocrystals for the preparation of visible and natural
sunlight induced photocatalyst. To test the catalytic activity, Suzuki couplings of organohalides and
phenylboronic acid derivatives under visible light or sunlight illumination were performed (Figure 10),
observing the quantitative attaining of the desired products under mild reaction conditions. Moreover,
the photocatalytic Suzuki coupling between phenyl iodide and phenylboronic acid in the presence of
the projected catalyst was tested over ten successive recycling experiments, noting that there is no
significant alteration of the catalytic efficiency. Given the fast reaction rate, the authors manufactured
a prototype assembly with a continuous flow configuration controlled by pressure, achieving the
reaction products in high yields.

The exciting results acquired in this study will certainly encourage scientists to design new
efficient photocatalysts for a wide range of organic syntheses driven by visible light and sunlight as
energy sources.

Figure 10. Schematic illustration of the mechanism of photocatalytic Suzuki coupling and of the
continuous flow reaction setup. Reproduced by permission of Elsevier from [133].
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6. Conclusions

In this review, a brief presentation of the latest achievements on hybrid photocatalytic materials
prepared by a convenient combination of polymers and inorganic nanoparticles (metals or metal oxides)
was accomplished. The great interest and advantages of using polymers as a support for different active
inorganic photocatalysts, as well as the transition from conventional photocatalysts, such as TiO2 and
ZnO, active only in UV light, to more modern materials with higher potential to provide sunlight active
photocatalysts such as CeO2 and noble metal nanoparticles (Ag, Au, Pd) were emphasized. Various
preparative methods used to obtain composite photocatalysts have been evaluated, highlighting
the numerous synthetic pathways available for achieving high performance materials with tunable
characteristics. In addition, the importance of replacing synthetic polymers derived from oil, gas,
and carbon (non-renewable sources) whose availability is constantly decreasing with cheaper and
more readily available polymeric matrices, such as biopolymers obtained from natural raw materials
(chitosan, cellulose, xylan, etc.) is underlined. The main advantages offered by the use of polymer
supports refer to the prevention of aggregation and release of the nanoparticles during the testing
experiments, the easy recovery of the catalytic materials, and additionally, in the majority of the cases,
the preservation or even improvement of the photocatalytic efficiency compared to the slurry systems.
All photocatalytic systems described in this review are studied only under laboratory conditions, and
for large-scale application they need to be thoroughly investigated, but however they are promising
materials with many economic advantages: Stability, easily availability, low costs, and reusability.
Therefore, we can affirm that polymer-based hybrid composites are a feasible “platform” for future
photocatalytic devices.
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42. Sadowski, R.; Wach, A.; Buchalska, M.; Kuśtrowski, P.; Macyk, W. Photosensitized TiO2 films on
polymers—Titania-polymer interactions and visible light induced photoactivity. Appl. Surf. Sci. 2019, 475,
710–719. [CrossRef]

43. Fischer, K.; Schulz, P.; Atanasov, I.; Latif, A.A.; Thomas, I.; Kühnert, M.; Prager, A.; Griebel, J.; Schulze, A.
Synthesis of high crystalline TiO2 nanoparticles on a polymer membrane to degrade pollutants from water.
Catalysts 2018, 8, 376. [CrossRef]

44. Yang, C.; Han, N.; Zhang, W.; Wang, W.; Li, W.; Xia, B.; Han, C.; Cui, Z.; Zhang, X. Adhesive-free in situ
synthesis of a coral-like titanium dioxide@poly(phenylene sulfide) microporous membrane for visible-light
photocatalysis. Chem. Eng. J. 2019, 374, 1382–1393. [CrossRef]

45. Liu, Z.; Liu, R.; Yi, Y.; Han, W.; Kong, F.; Wang, S. Photocatalytic degradation of dyes over a xylan/PVA/TiO2

composite under visible light irradiation. Carbohydr. Polym. 2019, 223, 115081. [CrossRef]
46. Shoueir, K.; Kandil, S.; El-hosainy, H.; El-Kemary, M. Tailoring the surface reactivity of plasmonic Au@TiO2

photocatalyst bio-based chitosan fiber towards cleaner of harmful water pollutants under visible-light
irradiation. J. Clean. Prod. 2019, 230, 383–393. [CrossRef]

47. Yu, J.; Pang, Z.; Zheng, C.; Zhou, T.; Zhang, J.; Zhou, H.; Wei, Q. Cotton fabric finished by PANI/TiO2 with
multifunctions of conductivity, anti-ultraviolet and photocatalysis activity. Appl. Surf. Sci. 2019, 470, 84–90.
[CrossRef]

48. Malesic-Eleftheriadou, N.; Evgenidou, E.N.; Kyzas, G.Z.; Bikiaris, D.N.; Lambropoulou, D.A. Removal
of antibiotics in aqueous media by using new synthesized bio-based poly(ethylene terephthalate)-TiO2

photocatalysts. Chemosphere 2019, 234, 746–755. [CrossRef]
49. Sansotera, M.; Kheyli, S.G.M.; Baggioli, A.; Bianchi, C.L.; Pedeferri, M.P.; Diamanti, M.V.; Navarrini, W.

Absorption and photocatalytic degradation of VOCs by perfluorinated ionomeric coating with TiO2

nanopowders for air purification. Chem. Eng. J. 2019, 361, 885–896. [CrossRef]
50. Ayed, C.; Huang, W.; Li, R.; Caire da Silva, L.; Wang, D.; Suraeva, O.; Najjar, W.; Zhang, K.A.I. Conjugated

microporous polymers with immobilized TiO2 nanoparticles for enhanced visible light photocatalysis.
Part. Part. Syst. Charact. 2018, 35, 1700234. [CrossRef]

51. Benhabiles, O.; Galiano, F.; Marino, T.; Mahmoudi, H.; Lounici, H.; Figoli, A. Preparation and characterization
of TiO2-PVDF/PMMA blend membranes using an alternative non-toxic solvent for UF/MF and photocatalytic
application. Molecules 2019, 24, 724. [CrossRef]

52. Nakatani, H.; Hamachi, R.; Fukui, K.; Motokucho, S. Synthesis and activity characteristics of visible light
responsive polymer photocatalyst system with a styrene block copolymer containing TiO2 gel. J. Colloid
Interface Sci. 2018, 532, 210–217. [CrossRef]

http://dx.doi.org/10.1002/pola.27548
http://dx.doi.org/10.1016/j.cej.2013.06.053
http://dx.doi.org/10.1039/C5NJ00556F
http://dx.doi.org/10.1016/j.apcatb.2012.05.036
http://dx.doi.org/10.1021/jp909855p
http://dx.doi.org/10.1039/C1NR11353D
http://dx.doi.org/10.1016/1010-6030(94)03980-9
http://dx.doi.org/10.1016/j.cattod.2013.10.049
http://dx.doi.org/10.1016/j.apsusc.2018.12.286
http://dx.doi.org/10.3390/catal8090376
http://dx.doi.org/10.1016/j.cej.2019.05.215
http://dx.doi.org/10.1016/j.carbpol.2019.115081
http://dx.doi.org/10.1016/j.jclepro.2019.05.103
http://dx.doi.org/10.1016/j.apsusc.2018.11.112
http://dx.doi.org/10.1016/j.chemosphere.2019.05.239
http://dx.doi.org/10.1016/j.cej.2018.12.136
http://dx.doi.org/10.1002/ppsc.201700234
http://dx.doi.org/10.3390/molecules24040724
http://dx.doi.org/10.1016/j.jcis.2018.07.119


Catalysts 2019, 9, 986 25 of 28

53. Chibac, A.L.; Buruiana, T.; Melinte, V.; Mangalagiu, I.; Buruiana, E.C. Tuning the size and the photocatalytic
performance of gold nanoparticles in situ generated in photopolymerizable glycomonomers. RSC Adv. 2015,
5, 90922–90931. [CrossRef]

54. Chibac, A.L.; Buruiana, T.; Melinte, V.; Buruiana, E.C. Photocatalysis applications of some hybrid polymeric
composites incorporating TiO2 nanoparticles and their combinations with SiO2/Fe2O3. Beilstein J. Nanotechnol.
2017, 8, 272–286. [CrossRef] [PubMed]

55. Melinte, V.; Buruiana, T.; Rosca, I.; Chibac, A.L. TiO2-based photopolymerized hybrid catalysts with visible
light catalytic activity induced by in situ generated Ag/Au NPs. ChemistrySelect 2019, 4, 5138–5149. [CrossRef]

56. Wei, Y.-Y.; Sun, X.-T.; Xu, Z.-R. One-step synthesis of bifunctional PEGDA/TiO2 composite film by
photopolymerization for the removal of Congo red. Appl. Surf. Sci. 2018, 445, 437–444. [CrossRef]

57. Neghi, N.; Kumar, M.; Burkhalov, D. Synthesis and application of stable, reusable TiO2 polymeric composites
for photocatalytic removal of metronidazole: Removal kinetics and density functional analysis. Chem. Eng. J.
2019, 359, 963–975. [CrossRef]

58. Bergamonti, L.; Bergonzi, C.; Graiff, C.; Lottici, P.P.; Bettini, R.; Elviri, L. 3D printed chitosan scaffolds:
A new TiO2 support for the photocatalytic degradation of amoxicillin in water. Water Res. 2019, 163, 114841.
[CrossRef]

59. Gu, L.; Wang, J.; Qi, R.; Wang, X.; Xu, P.; Han, X. A novel incorporating style of polyaniline/TiO2 composites
as effective visible photocatalysts. J. Mol. Catal. Chem. 2012, 357, 19–25. [CrossRef]

60. Wang, J.; Ni, X. Photoresponsive polypyrrole-TiO2 nanoparticles film fabricated by a novel surface initiated
polymerization. Solid State Commun. 2008, 146, 239–244. [CrossRef]

61. Wang, F.; Min, S.X. TiO2/polyaniline composites: An efficient photocatalyst for the degradation of methylene
blue under natural light. Chin. Chem. Lett. 2007, 8, 1273–1277. [CrossRef]

62. Lee, S.L.; Chang, C.J. Recent developments about conductive polymer based composite photocatalysts.
Polymers 2019, 11, 206. [CrossRef] [PubMed]

63. Riaz, U.; Ashraf, S.M.; Kashyap, J. Role of conducting polymers in enhancing TiO2-based photocatalytic dye
degradation: A short review. Polym. Plast. Technol. 2015, 54, 1850–1870. [CrossRef]

64. Reddy, K.R.; Karthik, K.V.; Prasad, S.B.B.; Soni, S.K.; Jeong, H.M.; Raghu, A.V. Enhanced photocatalytic
activity of nanostructured titanium dioxide/polyaniline hybrid photocatalysts. Polyhedron 2016, 120, 169–174.
[CrossRef]

65. Zhao, J.; Biswas, M.R.U.D.; Oh, W.C. A novel BiVO4-GO-TiO2-PANI composite for upgraded photocatalytic
performance under visible light and its non-toxicity. Environ. Sci. Pollut. Res. 2019, 26, 11888–11904.
[CrossRef] [PubMed]

66. Sangareswari, M.; Meenakshi Sundaram, M. Development of efficiency improved polymer-modified TiO2

for the photocatalytic degradation of an organic dye from wastewater environment. Appl. Water Sci. 2017, 7,
1781–1790. [CrossRef]
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