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Abstract: In recent years, alarm has been raised due to the presence of chemical contaminants of
emerging concern (CECs) in water. This concern is due to the risks associated with their exposure,
even in small amounts. These complex compounds cannot be removed or degraded by existing
technologies in wastewater treatment plants. Therefore, advanced oxidation processes have been
studied, with the objective of developing a technology capable of complementing the conventional
water treatment plants. Heterogenous photocatalysis stands out for being a cost-effective and
environmentally friendly process. However, its most common form (with suspended catalytic
particles) requires time-consuming and costly downstream processes. Therefore, the heterogeneous
photocatalysis process with a supported catalyst is preferable. Among the available supports,
polymeric ones stand out due to their favorable characteristics, such as their transparency, flexibility
and stability. This is a relatively novel process; therefore, there are still some gaps in the scientific
knowledge. Thus, this review article aims to gather the existing information about this process and
verify which questions are still to be answered.
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1. Introduction

Recently, wastewater treatment plants (WWTPs) have faced a new challenge—the
presence of contaminants of emerging concern (CECs) in waters. ‘CEC’ is a standard term
used to identify environmental risks related to the discharge of new pollutants (synthetic
or naturally occurring chemicals or microorganisms), with unpredictable consequences,
including a risk of severe damage, even at low concentrations [1-3]. Exposure to some kinds
of CECs can cause complications in the reproductive and in the immune system, both in
humans and aquatic life [2,4]. The presence of CECs in water can also trigger the occurrence
of antibiotic resistance genes in bacteria [4]. Therefore, the removal of CECs from water is
imperative. However, the existing conventional WWTPs technologies are not effective in
eliminating CECs [1,5]; hence, the elimination of CECs requires advanced treatments.

Advanced oxidation processes (AOPs) are highly effective in the oxidation of several
organic and inorganic compounds. These processes are based on the generation of free
radicals that successfully attack the pollutants, with elevated reaction rate constants [4,5].
Among the AOPs, photocatalysis stands out due to its advantages over other AOPs. Partic-
ularly, the Fenton process generates high amounts of sludge and is efficient at a narrow pH
range (~3), which makes it difficult to operate with the inherent effluent pH [6,7]. As for
ozone-based processes, they are considered expensive, not only due to the need to generate
and burn O3, but also because, to achieve high efficiencies, they need the addition of other
reagents, such as H,O,, and radiation or catalysts [6,8].
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Heterogenous supported photocatalysis has become a promising technology to over-
come the drawbacks of suspended photocatalysis. Suspended photocatalysts show ad-
vantages, such as a higher surface area and a higher reaction kinetic, which lead to higher
photocatalytic efficiency over CEC abatement [9]. However, the separation and recovery
of the photocatalyst may require expensive and time-consuming processes [9-11]. Het-
erogeneous photocatalysis with the immobilization of the catalyst on different substrates
eliminates the need for these processes and minimizes the catalyst loss [10,11]. Additionally,
the support can offer a high dispersion of the nanoparticle catalyst and simplify electron
transfer, both of which contribute to better catalytic activities [11]. Among the various sup-
ports, polymeric materials are promising because of several advantages, such as a flexible
nature, low cost, chemical resistance, mechanical stability, low density, high durability, and
availability [10,12].

2. Polymer-Supported Photocatalysis Fundamentals
2.1. Reaction Mechanism

To understand any chemical process, it is essential to understand the reactions be-
hind it. A simple, commonly proposed mechanism for the mineralization of the majority
of organic contaminants by photocatalysis is illustrated with Equations (1)—(4). Firstly,
generation of the photoinduced hole—electron pair (h*—e™) in the catalyst surface occurs.
Afterwards, water will react with the hole to form hydroxyl radicals (OH®), and oxygen
reacts with the electron to form superoxide anion radicals (O,°~); subsequently, these
radicals interact with the contaminants [10,12].

catalyst lig—hf ht e D)
H,O +h* — H" + OH* (2)
Oy +e” — 0, 3)

OH® + contaminant — CO, + H,O and O,°*~ + contaminant — CO, + H,O 4)

2.2. Photocatalysts

Photocatalysis can be achieved using varied materials, commonly semiconductor
oxides, because of their favorable light absorption abilities, electronic structures, charge
transport features, and excited-state lifetimes [12]. Examples of these oxide materials
include titanium dioxide (TiO;), zinc oxide (ZnO), iron (III) oxide (Fe;O3), tungsten oxide
(WOQO3), and strontium titanate (SrTiO3) [13].

2.2.1. Titanium Dioxide

TiO; is one of the most efficient photocatalysts, due to its properties of high stability,
low cost, non-toxicity, and stability against photocorrosion [10,14]. In addition, it can be
supported on various substrates [10,14]. However, due to its large band-gap (BG), TiO,
is not able to absorb visible light [14,15]. Another drawback of TiO;-mediated photocat-
alysts is their rapid electron—hole recombination [12,15]. Nevertheless, the commercially
available form of TiO; (P25) promotes efficient charge separation, due to its polymorphic
characteristics. In addition, P25 is identified as the best TiO, catalyst, due to its crystallinity
(80% anatase and 20% rutile) and its efficiency in OH® generation [16,17].

2.2.2. Zinc Oxide

ZnO is also a widely investigated semiconductor due to its abundance, low cost, and
low toxicity [15]. The greatest advantage of ZnO as compared with TiO; is its ability to
absorb a larger fraction of the UV spectrum, because its band gap is larger (3.3 eV) [15,18].
However, this disables the applications of visible light [14]. ZnO is also unstable in water,
due to its intrinsic photocorrosion that leads to a weakening of Zn?>*-0O,~ bonds and
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produces O, and soluble Zn?* [12,16]. Zn2* rapidly dissolves in water to form Zn(OH); on
the ZnO surface, thus reducing the catalytic properties [12].

2.2.3. Iron (III) Oxide

Iron (IIT) oxide is currently considered a favorable semiconductor for photocatalytic
reactions due to its low BG (2.3 eV) [19]. Therefore, unlike other photocatalysts such as
Zn0O and TiO,, it can use solar energy for photocatalytic applications [19,20]. In addition,
Fe,O5 presents other advantages, such as excellent stability, recyclability, and abundance
in the earth [19]. However, the usage of Fe,O3 has been restricted due to its low diffusion
length, its high h*—e™ recombination rate, its hydrophobicity, and high surface energy that
causes agglomeration and clump formation, increasing the particle size [20,21].

2.2.4. Tungsten Oxide

Tungsten trioxide has several allotropic forms, mainly two monoclinic structures, a tri-
clinic structure and a hexagonal form [22]. These materials have their advantages and disad-
vantages: for example, triclinic WO3 is only stable at low temperatures (T < 17 °C) [22,23],
the accessibility to the internal surface is better for hexagonal WO; than for monoclinic
WOs [22,24] and monoclinic WO3 is more active than hexagonal WO; [22,24].

Compared with TiO,, which responds only to ultraviolet (UV) light, WO3 is visible-
light-responsive, due to the size of its BG (2.6-2.8 eV) [22,25]. However, tungsten oxide is
only efficient for acid-catalyzed reactions due to its solid acidic and redox properties [25],
and bare WOj3 is not very active due to the rapid recombination of photogenerated electrons
and holes [22]. Fortunately, its efficiency is enhanced when a phase junction between
hexagonal WO3; and monoclinic WOs is formed [22,26].

2.2.5. Strontium Titanate

SrTiO; has a typical perovskite structure with advantages of a low cost and excellent
chemical stability [27]. It has been widely used as a photocatalyst for water splitting
and mineralization; however, due to the wide BG, it can only utilize UV light during
photocatalytic reactions [27,28] and it presents a rapid recombination of photogenerated
carriers [28].

Compared with TiO,, it has superior physical and chemical properties, such as chemi-
cal and structural stability, great heat resistance, corrosion resistance and easy modification
by other substances [29].

2.3. Immobilization Techniques

Typically, heterogeneous photocatalysis uses powder nanoparticles of catalysts (the
most common is TiO;). This brings important difficulties when applying this technol-
ogy in continuous or full-scale mode. There is a need to separate the powder material
from the treated liquid, which entails some difficulties due to the low size of the catalyst
particles [9-11]. Moreover, this will make catalyst recovery and reuse difficult [9-11]. Thus,
to efficiently use a heterogenous photocatalysis, the catalyst should be immobilized in a
support. Among the potential supports, polymeric materials have interesting features due
to their flexibility, transparency, and availability [10,12].

The photocatalyst can be immobilized either on the surface or in the polymer matrix,
and it is important to know how the photocatalyst interacts with the polymer, in order to
choose a suitable immobilization technique [9].

2.3.1. Immobilization on the Surface

Regarding the immobilization on the surface, the most applied method is dip-coating,
which is based on the attachment of a thin layer of photocatalyst on the polymer surface [9],
by immersion and withdrawing in a liquid solution, as shown in Figure 1a [9,30,31].
Subsequent evaporation of the solvent leaves behind a final dry coating on the substrate [30].
Even though this process minimizes the agglomeration, inexpensive, and simple, it also
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has some disadvantages, such as a wide particle size distribution [9,30,31]. However,
depending on the characteristics of the catalyst and the support, it may be necessary to
modify the surface of the support to allow better adhesion to the catalyst.
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Figure 1. Schematic representation of the immobilization process on the surface by (a) dip-coating,
(b) plasma treatment followed by UV irradiation, (c) chemical vapor deposition, and (d) grafting.

Plasma treatment provides many possibilities to refine a polymer surface, enabled by
the adjustment of parameters such as gas flows, power, pressure, and treatment time [32].
The use of cold plasma enables modification of the surface characteristics to improve
bonding without affecting bulk properties [33]. Plasma treatments of polymer surfaces
cause not only a modification during the plasma exposure, but also leave active sites at the
surfaces which are subject to post-reactions, which is desirable for later immobilization
of the catalyst [32,34]. This is achieved using inert gases such as He, Ar, Oy, and Ny,
because they are capable of inserting or substituting functional groups or creating radicals
on the polymer surface, which enhance hydrophilicity or improve adhesion [35]. For
example, after plasma activation in air, a great variety of different oxygen-containing
functional groups, such as -OH, -C=0, and -COOH, are introduced onto the surface of the
material [36]. The polymer can then be irradiated with ultraviolet light in the presence of
the photocatalyst in order to immobilize it on the support [34], as illustrated in Figure 1b.

The catalyst can also be deposited on the polymer surface by the chemical vapor
deposition (CVD) method, as shown in Figure 1c. During this process, a substrate is
exposed to a single- or multi-component volatile precursor (in gaseous phase) in an inert
atmosphere (Nj, Ar, or He) at controlled high temperature and pressure [37-39]. The
precursors are vaporized and allowed to flow into the reaction chamber where a chemical
reaction forms the desired photocatalytic material which is then deposited onto a support,
driven by thermal energy [37,38,40]. Usually, by-products are also generated during this
process and will be removed by flowing gas through the reactor [37].

Instead of immobilizing the catalyst on the polymer, the polymer can be deposited
on the catalyst by grafting under UV light [41,42], as illustrated in Figure 1d. The grafting
process can be understood as follows: (i) under light, the photocatalyst generate electron—
hole pairs, which excite hydroxyl groups and water molecules on the surfaces; (ii) the
activated molecules partially cleave the bonds of surrounding polymer; and (iii) these
segmented chains form a covalent bond with the photocatalyst [41].



Water 2022, 14, 825

2.3.2. Immobilization in the Matrix

5of 34
As for the immobilization in the matrix, this approach allows to reduce the photocata-
lyst leaching and offers other advantages, including low energy requirements and a better

reusability [9]. However, drawbacks are also to be considered, such as the agglomeration
of the photocatalyst inside the matrix [9]. This process can be carried out in situ or ex situ.

In the ex situ process, the inorganic nanoparticles are first synthesized and then introduced
into the polymer solution [43]. However, homogeneous dispersion is difficult to obtain,

inside the polymeric phase using a precursor metal [43,44].

and the agglomerates formed are difficult to break [43,44]. To overcome this difficulty, the
in situ approach can be used [43,44]. Here, the metal or metal oxide particles are generated

Examples of in situ processes are in situ polymerization and sol-gel processes, which
are illustrated in Figure 2a,b. In situ polymerization is a highly effective method of synthesis
of polymer nanocomposites, which occurs “in the polymerization mixture” [45]. It involves
the blending of a nanomaterial in a solution containing a neat monomer, followed by poly-
merization [45,46]. The sol-gel process is associated with two main reactions: hydrolysis
and condensation (Equations (5) and (6)). During hydrolysis, cleavage of the bond occurs

between the organic chain and the metal; consequently;, its substitution by -OH groups takes
place through nucleophilic addition [43,44]. During condensation, oxygen-metal-oxygen

., *
Dispersion

(-O-M-O-) bonds are formed and small molecules, such as water, are released [43,44]. The
in situ formation of nanoparticles via sol-gel methods may occur either in the presence of a
preformed polymer, or by the simultaneous formation of the organic network, forming an
interpenetrating polymer network [44].
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Figure 2. Schematic representation of the immobilization process on the matrix by (a) in situ poly-

merization, (b) sol—gel process, (c) mixing the catalyst and the polymer, (d) hydrothermal process.

Examples of ex situ processes are mixing the catalyst with a polymer and the hy-
drothermal process, which are illustrated in Figure 2¢,d. During the direct mixing of the

polymer with the catalyst nanoparticles, the polymer will cover the surface of the cata-
lyst [45]. In this process, the dispersion of nanoparticles in the polymer matrix is a critical

issue in the successful preparation of transparent hybrid nanocomposites; therefore, after

mixing, sonication methods are applied to disperse the particles [46]. The hydrothermal
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process is similar, because it involves mixing of the polymer and the catalyst, but it is
performed at high temperatures [47,48].

2.4. Operation Parameters Effect

As in any process, during heterogeneous photocatalysis, special attention must be paid
to the operational parameters, because these influence the characteristics of the composite,
and consequently, the effectiveness of the photocatalysis. The operating conditions to
consider are the composition of the composite (polymer charge and catalyst dosage),
the pollutant concentration, the pH value of the medium, the radiation source, and the
concentration of the composite introduced into the medium.

2.4.1. Polymer Load

The polymer load can affect the thickness of the composite [49-52], its light absorption
capacity [49,53], the electron-hole pair recombination rate [49], the catalyst agglomera-
tion [13,54,55], and the composite crystallinity [56].

Lee et al. [50], Zhao et al. [51], and Mohammed et al. [52] studied catalyst/polyaniline
(PANI) composite powders for dye degradation. Lee et al. [50] evaluated the degradation
of methylene blue (MB) and bisphenol A (BPA) with TiO, /PANI composites, produced by
mixing the polymer and the nanoparticles, with different PANI contents (2, 4, 6, 8, 10 wt.%).
Zhao et al. [51] coated TiO; nanoparticles with different amounts of PANI by varying
the aniline volume (1, 0.5, 0.25 mL) added to the polymerization medium and used the
TiO, /PANI powder to degrade rhodamine B (RhB). Mohammed et al. [52] synthesized
a CupO-ZnO/PANI ternary powder composite by in situ polymerization, with different
amounts of PANI by varying the aniline volume (0.13, 0.10, 0.05, 0.03 mL) added to the
polymerization medium. This composite was then used to remove Congo red dye (CR). De-
spite having immobilized different photocatalysts with different immobilization techniques,
they all concluded that the increase in the amount of polymer results in a decrease in the
efficiency of the process, due to the increase in the thickness of the material that prevents
contact between the inner layer of the catalyst with oxygen, water, and contaminants. In
addition, thick PANI layers can reduce the light absorption of the catalyst [53].

Asgari et al. [49] prepared a ZnO/PANI powder composite through in situ polymeriza-
tion, to degrade metronidazole (MNZ). Different amounts of aniline (0.0392, 0.196, 0.392 mL)
were added to the polymerization medium to obtain composites with varying amounts of
PANI. Asgari et al. [49] also reported the two phenomena presented above and, in addition,
it was also concluded that an initial increase in the PANI load induces an increase in the
pollutant removal due to the suppression of e™ /h+ pair recombination.

Saravanan et al. [55] added different amounts of PANI (1 M, 1.5 M, and 2 M) into the
polymerization medium to create a ZnO/PANI powder, which was then used to degrade
methyl orange (MO) and MB. Montallana et al. [13] dispersed TiO, nanoparticles in PVA
solutions (8 and 12 wt.%) and produced a TiO,/PVA film via electrospinning. It was
reported that a higher PVA load led to a lower formation of agglomerates and higher
surface areas, due to the existence of smaller surface tensions. Wang et al. [54] prepared a
powder TiO, /PVA composite through the hydrothermal method, with different feed ratios
of PVA to TiO; (5, 10, 20, 40 wt.%), and used them to remove MO. It was concluded that
when the PVA content exceeded 10% by weight, the surface tension ceased to decrease, and
the agglomeration slightly increased.

El-Drafrawy et al. [56] prepared a ZnO/PVA powder composite, with different
amounts of PVA to ZnO (5, 7, 10 wt.%), by the sol-gel method. This composite was
used to remove MB and MO. It was concluded that an increase in the PVA load induced
a decrease in the crystallinity degree, because PVA is a semi-crystalline material. It was
also found that, depending on the pollutant, different ratios of PVA to ZnO are required to
achieve the optimal performance.

The conditions tested in the studies discussed above, as well as the main results
achieved, are presented in Table 1.
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Table 1. Summary of studies that have analyzed the effect of the polymer load on the polymer-
supported photocatalysis process.

Immobilization

Composite . Conditions Tested Results Reference
Technique
[BPA]p =5 mg/L
[MB]o = 5 uM 4 wt.% PANI
. 6 10.3 W/m? visible light MB removal of 99%
Ti0,/ I;ANI Mixing lamps (k = 0.013 min—1) [50]
powder t =360 min BPA removal of 80%
PANI={2,4,6,8, 10} (k =0.004 min_l)
Wt.o/o
[RhB]p = 10 mg/L
2 ) .
TiO, /PANI In situ 350 W/m Sunfest lamp 0.06 mi;Tloz /MLniline
owder olvmerization t =70 min 90% removal [51]
p poly TiO, / Aniline = {0.015, (k = 0.033 min~)
0.03, 0.06} mg/mL
[CR]o =30 mg/L
: 100 WLED light 10 grio2 /mLaniline
CupyO-ZnO/PANI In situ pH=6 95% removal 52]
powder polymerization t =30 min (k = 6 10 min-1)
CupO-ZnO/ Aniline = -
{33,20,10, 7.7} g/mL
[MBZ], = 10 mg/L _ -
31 W/m? UV lamp or 20 9g7T;/Oz/ mLamlhne
ZnO/PANI In situ 26.5 W /m? xenon lamp o remove
. k=0.025 min~" for [49]
powder polymerization pH=7t=3h visible
ZnO/ Aniline = {102, 20, K = 0.034 min-! for UV
10} g/mL ’
MO removal of 98.3%
MO and MB (k = 0.023 min~1)
ZnO/PANI Mixin 250 W visible lamp MB removal of [55]
powder & 1.5 M PANI 99.0, g
t=3h (k = 0.026 min—1)
[MB]p =2.5 ppm
56 WUV lamp
1 wt.% TiO, 12 wt.% PVA solution
TiO, /PVA film Mixing t =360 min 70% removal [13]
Mix the TiO, in an (k = 0.003 min~1)
8 wt.% PVA solution or
ina12 wt.%
[MOIo =15 mg/L 40 wt.% PVA
. Hydrothermal 600 W/m? xenon lamp o - )
TiO, /PVA powder . 95% removal [54]
Method t =50 min (k = 0.060 min—1)
PVA = {5, 10, 20, 40} wt.% e
[MB]p = 10 ppm
400 W halogen-mercury 5wt.% PVA
lamp ~100% removal
t =20 min (k = 0.230 min~1)
ZnO/PVA powder Sol-gel PVA = 15,7, 10} wt.% [56]

[MBJ, = 10 ppm
400 W halogen-mercury
lamp
t =90 min
PVA = {5, 7, 10} wt.%

7 wt.% PVA
70% removal
(k =0.013 min~ 1)

From the analysis of the results obtained, it appears that, at least for cases in which
PVA or PANI are used as a support, the efficiency of the process vs. the amount of polymer
in the composite is given by a parabolic profile, as shown in Figure 3. For lower amounts
of polymer, the formation of agglomerates is avoided and the effect of decreasing the
recombination rate of e~ /h* is superimposed. However, for higher amounts of polymer, in
addition to the formation of catalyst agglomerates, which causes a decrease in the surface
area, the effect of increasing the composite thickness, and consequently, decreasing the
light absorption, is dominant, leading to an efficiency decrease.
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Figure 3. Effect of polymer addition on pollutant removal.

2.4.2. Photocatalyst Dosage

The catalyst dosage can influence the material crystallinity [57-59] and agglomera-
tion [34,60-62], the composite contact angle [58,59], pore volume [63], and BG [57,64].

Khan et al. [58] and Lou et al. [59] prepared an Al;O3-ZnO/PVA film and a TiO, /PVA
film, respectively, by mixing the polymers with the catalysts. Lou et al. [59] analyzed
the performance of films with 1, 3, 5, 10 and 20 wt.% TiO,/PVA, and Khan et al. [58]
evaluated the performance of 5, 7 and 9 wt.% Al,O3-ZnO/PVA films, to degrade RhB
and MB, respectively. It was concluded that an increase in the catalyst dosage provides
an increase in the material crystallinity, and consequently, in its contact angle, due to a
reduction in the water absorption capacity. These phenomena cause a reduction in the
process efficiency.

Lei et al. [60] prepared a variety of TiO, /PVA films, with weight ratios of TiO, to PVA
of 1, 3,5, 7,10, and 12 wt.%, by mixing PVA on a TiO, solution. Wang et al. [61] mixed
various amounts of nanoparticles with polydimethylsiloxane (PDMS) to create TiO, /PDMS
films with different mass ratios of TiO, to PDMS (25, 50, 75, 100, 125 wt.%). Gomes et al. [34]
synthesized TiO,/PDMS films with different amounts of TiO, by submerging plasma-
treated PDMS films in TiO, solutions, under UV light (70, 140, 280, 1000, 10,000 mg/L).
Hossain and Chun [62] prepared ZnO/PDMS sponges with different amounts of ZnO
(200, 600, 1000 mg), using the sugar template method. These composites were used to
degrade MO, MB, and parabens (methylparaben, MP; ethylparaben, EP; and propylparaben,
PPP). According to these studies, the effect of the catalyst load on the surface area exhibits
a parabolic behavior. Beyond the optimal value, an increase in the catalyst concentration
no longer results in a decrease in the surface tension; consequently, the agglomeration
increases and the surface area decreases.

Hickman et al. [63] fabricated TiO,/PDMS sponges with different amounts of cat-
alyst (36, 71 and 142 pg/gsponge), using the sugar template method. The photocatalytic
activity was analyzed by RhB degradation. It was concluded that increasing the catalyst
amount causes a reduction in material pore size. Thus, despite the decrease in the amount
of pollutant absorbed, the reaction kinetic is higher, and consequently, more pollutant
is degraded.

Vijayalakshmi et al. [64] and Sahu et al. [57] prepared a ZnO/PANI powder through
in situ polymerization. These composites were later used to remove MB, under sunlight
and UV irradiation. It was observed that increasing the amount of catalyst, from 1 wt.%
to 10 wt.%, resulted in a decrease in the composite BG from 2.19 to 2.10 eV [64]. A further
increase from 10 wt.% to 30 wt.% induced an increase in the nanocomposite BG from 2.00 to
2.07 eV [57]. The aforementioned studies had different conclusions. Vijayalakshmi et al. [64]
concluded that the addition of ZnO increases the material conductivity, consequently
decreasing its BG; Sahu et al. [57] verified the opposite. This phenomenon may be justified
by the polymerization media composition, because Vijayalakshmi et al. [64] used 2 M
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HCl to acidify it and Sahu et al. [57] opted for 0.15 M orthophosphoric acid, which led
to the production of PANI with different BG values (2.30 eV and 1.96 eV, respectively).
An excessive amount of ZnO disorders the structure of the PANI chain, by overlapping
unpaired free electrons in the localized polaron; therefore, the charge carriers present in
the composite are unable to move freely, which reduces the conductivity [64]. Perhaps the
percentages of ZnO which are classified as excessive are dependent on the polymerization
media composition.

Table 2 summarizes the studies discussed before, as well as the key operating condi-
tions and results. Notably, only the first two studies analyzed variations in the material’s
BG, meaning that values of this characteristic are not mentioned for the other studies.

Table 2. Summary of studies that have analyzed the effect of the photocatalyst dosage on the
polymer-supported photocatalysis process.

Composite Immobl'hzatlon Conditions Tested Results Reference
Technique
[MB]p = 10 ppm 10 wt.% ZnO
ZnO/PANI In situ poly- Natural irradiation BG=210eV [64]
powder merization t = 160 min 91% removal
ZnO = {1, 10} wt.% (k =0.015 min~1)
[MB]p =0.01 mg/L 30 wt.% ZnO
ZnO/PANI In situ poly- 8 WUV lamp BG =2.07 eV 57]
powder merization t =75 min 57% removal
ZnO = {10,20,30} wt.%  (k=0.011 min~1)
[RhB]p =10 ppm o) v
18 W LED lamp Koo e 112
TiO,/PVA film Mixing t=49d (e ) ze Xol‘(’),S [59]
TiO, ={1, 3, 5, 10, 20} Tt
wt.% min™")
[MO]p =15mg/L
2
6 0'913\]“/7 f‘ y [Tji\(glamp 10 wt.% TiO,
TiO, /PVA film Mixing 2 2 ~100% removal [60]
t=5h (k = 0.015 min 1)
TiO, ={1, 3,5, 10, 12} e
wt.%
Al Os3- [2/[]13]0 - g.nlg/L 9 wt.% ZnO
ZnO/PVA Mixing o ar radiation 100% removal [58]
wder £=30 min (k =0.15 min~1)
powde ZnO ={5,7,9} wt.% S
[MP]p = [EP]y = [PPP]y
. Plasma Solar radiation 680 £+ MP removal of ~23%
TIOZﬁ/II;DMS Treatment + 150 W/m? EP removal of ~27 [34]
UV Irradiation t=2h PPP removal of
TiO, = {70, 140, 280, ~33%
1000, 10,000} mg/L
[MB]y=0.01mM
Solar radiation 75 wt.% TiO,
Mixing t=6d ~100% removal
TiO, = {25, 50, 75, 100, (k = 0.001 min~1)
TiO, /PDMS 125} wt.% 1]
film Oleic Acid
48 W mercury lamp 75 wt.% TiO,
Mixing t =30 min ~100% removal

TiO, = {25, 50, 75, 100,
125} wt.%

(k =0.15 min~1)




Water 2022, 14, 825 10 of 34
Table 2. Cont.
Composite Immobl.llzatlon Conditions Tested Results Reference
Technique
[RhB]p =5mg/L
2 )
TiO, /PDMS Sugar 1000 W/ m: xenon lamp 71 ngloz /Mgsponge
SpOnges Template t=1h 80% removal [63]
pong P TiO, = {36, 71, 142} (k = 0.027 min~1)
ug / gsponge
_ 600 mg ZnO
[MBJo =5 ppm 85% removal with
100 W halogen lamp or halogen lam
ZnO/PDMS Sugar 4 W UV lamp genlamp |
(k =0.0094 min— ") [62]
sponges Template t=3h 73% removal with
ZnO = {200, 600, 1000} UV lam
mg/sponge P

(k = 0.007 min~1)

Based on the obtained results, it seems that the efficiency of the process vs. amount
of catalyst in the composite shows a parabolic profile, as illustrated in Figure 4. For lower
amounts of catalyst, the formation of agglomerates is avoided, and in the case of PVA, the
swelling capacity is higher. However, for higher amounts of catalyst, in addition to the
forming of catalyst agglomerates, which causes a decrease in the surface area, the increase
in the degree of crystallinity causes a reduction in the swelling ability for the PVA films.

% Removal
7 Catalsyt | Agglomeration

TRemoval
% Removal

7T Catalyst 7 Agglomeration
|Removal

Catalyst
Agglomeration -
For the PVA films:

% Removal

1 Catalyst T Crystallinity Degree

|Swelling |Removal Catalyst
Dosage
Composite
Crystallinity

Figure 4. Effect of photocatalyst addition on pollutant removal.

From the studies that optimized the photocatalytic oxidation process in terms of the
catalyst load present in the composite films, it was concluded that the most favorable value
for the catalyst/polymer mass ratio is 10% for PVA films. In the case of catalyst/PDMS
films, a greater amount of catalyst in relation to the amount of polymer (75 wt.%) seems to
be necessary to achieve significant removal of the pollutants.

2.4.3. pH Value

The pH value affects the adsorption—desorption of the organic molecules on the
surface of the photocatalyst [47,65-67], the generation of hydroxyl radicals and active
oxygen species [52,65,67], and the composite stability [68].

Mohammed et al. [52] synthesized a CupO-ZnO/PANI ternary powder composite
through in situ polymerization. This composite was then used to remove CR from solutions
with different pHs (3, 6, and 9). According to this study and those mentioned above, at a
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lower pH, holes are considered major contributors to the photocatalytic activity, whereas at
neutral or high pH, hydroxyl radicals are believed to be the major oxidant moieties. The
pH value also influences the attraction between the catalyst and the molecules of water that
will form OH®.

Ghule et al. [65] evaluated the effect of the pH (3, 5, 7, 10, and 12) on the degradation
of MO by a ZnO/PVA powder prepared by mixing the polymer with the catalyst. Yan
et al. [47] used TiO,/PVA films, synthesized by the hydrothermal method, to remove
Cr(VI) from solutions with different pHs (1.8, 2.2, 3, 3.9, 4.2, 5.9, and 6.4). Chen et al. [66]
used CeO,-TiO, /PANI films, created by an electrochemical method, to remove tetrabromo-
bisphenol A (TBBPA) from reaction media with different pHs (1, 3, 5, 7, and 9). Sambaza
et al. [67] prepared a TiO, /PANI powder using in situ polymerization, to degrade BPA,
and evaluated the pH effect in this process by varying it (4, 6.5, 7, and 10). Regardless of
the composite used and its method of preparation, the studies found that the best pH value
depends on the zero-point charge (pHzpc) of the composite and on the characteristics of
the pollutant, to induce an electrostatic attraction between them. For example, basic dyes,
such as MB and methyl green (MG), are positively charged, whereas acid dyes, such as
MO and CR, are negatively charged. Therefore, to remove basic dyes from the water, a pH
higher than the pHzpc of the catalyst must be selected, and to remove the azo dyes, a pH
lower than the pHzpc must be chosen. According to the literature, the pHzpc of TiO, is 6.3
and that of ZnO is 9 [65,67]. However, Azeez et al. [69] reported that pHzpc may depend
on the conditions used during preparation of the nanoparticles.

Ren et al. [68] prepared TiO, /PVA films by mixing the polymer and the nanoparticles.
This composite was used to remove bezafibrate (BZF) from solutions with different pHs
(4.2, 6.9, and 9.2). It was concluded that at lower pH values, the Ti-O-C bonds can be
destroyed, which results in the release of TiO, into the solution; in addition, at lower
pHs, the degradative effect of the catalyst on PVA is more significant. Therefore, in acidic
conditions, the mass loss of catalyst/PVA is larger (15%) than in neutral (10%) or basic
media (<1%).

Thus, the best pH value is a compromise between the non-degradation of the composite,
the generation of radicals, and a good electrostatic attraction between the pollutant and the
catalyst. Table 3 resumes the main results discussed in the literature regarding the effect of
pH on the heterogeneous photocatalytic oxidation of pollutants using polymeric composites.

Table 3. Summary of studies that have analyzed the effect of the pH value on the polymer-supported
photocatalysis process.

Composite ImmObll.l zation Conditions Tested Results Reference
Technique
[MO]p =20 mg/L
T=27°C
2 -
ZnO/PVA . 400 kW/m* mercury 0pH =7
owder Mixing lamp 95% removal [65]
P 8 wt.% ZnO (k = 0.05 min~1)
t = 80 min
pH=1{3,5,7,10,12}
[Cr(VD)]p = 10 ppm
1 W/m?2 xenon lamp pH =39
or 5 W/m? UV lamp UV and solar:
2 0,
TiO, /PVA Hydrothermal or 1'.05 W./H.l solar 100% rem(?VEll
: irradiation (k=0.18 min—") [47]
films method
20 wt.% TiO, Xenon lamp:
t =25 min 90% removal

pH = (1.8,22,3,39,
42,59, 6.4)

(k = 0.09 min—1)
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Table 3. Cont.

Composite ImmObll.l zation Conditions Tested Results Reference
Technique
[TBBPA] = 10 mg/L
CeO;,- 1200 W/m? xenon pH=3
TiO, /PANI Galvanostatic lamp 96% removal [66]
films t =120 min (k = 0.027 min~1)
pH=1{1,3,5,7, 9}
[BPA]p =5 ppm _
TiO, /PANI In situ UV lamp pH =10
.. . 99.7% removal [67]
powder polymerization t =80 min (k = 0.046 min~1)
pH = {4, 6.5,7, 10} e
[CR]p =30 mg/L
Cu20- In sit C 1(();)-;\;15533511: = pH =6
ZnO/PANI St 2 €= 95% removal [52]
polymerization 10 g/mL - .1
powder _ . (k=0.10min™")
t =30 min
pH=1{3,6,9}
[BZF]y = 10 mg/L
- 11 wt.% TiO, pH=69
Tl(?ﬁr/lfsVA Mixing Solar simulator 1 kW 15% removal [68]

t = 60 min
pH=1{4.2,69and 9.2}

(k = 0.003 min~1)

2.4.4. Composite Load
As mentioned by Lee et al. [50], Mohammed et al. [52], Olad and Nosrati [70], Sharma

et al. [71], and Habtamu et al. [72], there is an optimal point for the amount of composite to
be introduced into the reaction medium. Different catalysts were applied in all these studies
to degrade different pollutants, although all were supported on the same polymer; however,
the same conclusion was drawn. When the catalyst dosage is inferior to the optimal point,
there are fewer active sites available on the catalyst surface, which, subsequently, leads
to lower light absorption, and finally leads to reduced photocatalytic activity. Similarly,
when the composite dosage is higher than the optimal value, there is an increase in the
turbidity of the solution [70,72]. Increasing the turbidity prevents light transmission and
increases its scattering [70,72]. In addition, increasing the amount of composite can also
cause agglomeration, which will reduce the amount of surface exposed to radiation and
decrease the penetration depth of light, causing scattering, which lowers the light intensity
entering the suspension [50,52,71]. Both phenomena affect light penetration and impede
the catalyst activation, which ultimately decreases the degradation rate. The conditions
tested in these studies and the results are presented in Table 4.

Table 4. Summary of studies that have analyzed the effect of the composite load on the polymer-
supported photocatalysis process.

Composite Immob11.1 zation Conditions Tested Results Reference
Technique
[MB]p =10 mg/L
ZnO/ Aniline = 1.5 g/L composite
46.5 mg/mL uUVv:
. 30 WUV lamp and 28% removal
ZnOV/VI;Ai\H | g: S;ltzu tion 50 W halogen lamp (k =0.005 min~1) [70]
powde polymetizatio with UV filter Visible:
t=1h 82% removal

[composite] = {0.75,
15,2} g/L

(k = 0.029 min~1)
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Table 4. Cont.

Immobilization

Composite Technique Conditions Tested Results Reference
[BPA]p =5mg/L
[MB]y = 5 uM .
6103 W/m? visible 28/ composite
. . it MB removal of 99%
TiO, /PANI In situ light lamps (k = 0.013 min—1) 150]
powder polymerization t = 360 min e
4 wt.% PANI BPA removal of 80%
. /0 _ . 71
[composite] = {0.3, 0.7, (k =0.004 min™")
12,17} g/L
[3-APh]y = 10 mg/L
FeO- . Sunlight 80 mg/L composite
In situ
ZnO/PANI olvmerization t =120 min 92% removal [71]
powder POy [composite] = {20, 40, (k = 0.021 min~1)
60, 80, 100} mg/L
[MG]p =200 mg/L
Visible light .
ZnOé%’-ANI In situ £= 120 min ool [72]
der polymerization pH=8 (k _ 0 83 6 min-1)
powde [composite] = {0.1,0.2, e
03,04} g/L
[CR]p =30 mg/L
100 W LED light
CupO-ZnO/ Aniline = .
anl;zPi-NI In'situ 10g/mL 0‘0595g°5Lr sl [52]
polymerization t =30 min ore O.Vil
powder pH =6 (k=0.10min™")
[composite] = {0.05,
0.1,0.15) g/L

2.4.5. Pollutant Concentration

The effect of the pollutant concentration on the process efficiency was evaluated by
Asgari et al. [49], Mohammed et al. [52], Hickman et al. [63], Sambaza et al. [67], Habtamu
et al. [72], and Lian et al. [73]. Hickman et al. [63] prepared PDMS sponges by the sugar
template method, and injected these with TiO, solutions. These sponges were used to
degraded different solution of RhB (2.5, 5, 10 mg/L). Asgari et al. [49], Sambaza et al. [67],
Habtamu et al. [72], and Mohamed used in situ polymerization to synthesize ZnO/PANI,
TiO, /PANI, Ag-ZnO/PANI, and Cuy,O-ZnO/PANI powders, respectively. These were used
to degraded MNZ (10, 20, 30, 40 mg/L), BPA (1, 5, 10, 15, 20, 30 ppm), MG (0.1, 0.2, 0.3, 0.4,
0.5g/L), and CR (30, 50, 80 mg/L), respectively. Lian et al. [73] synthesized C-TiO, /PDMS
particles by mixing C-TiO,, previously prepared using the sol-gel method, with PDMS and
used them to remove different amounts of RhB (4, 7, 10, 13, 16, 19 mg/L), from aqueous
solutions. Table 5 presents the conditions tested and the results of these studies.

It was reported that, initially, an increase in the pollutant concentration may induce
an increase in pollutant removal. This phenomenon is due to an increase in the driving
force that promotes the transfer of pollutant from the solution to the composite. However,
the excessive increase does not improve the process efficiency, because the number of
active sites is limited [63,73], and it can block the passage of light and cause a reduction
in the photons that can reach the composite surface; therefore, fewer OH® radicals are
generated [52,67,72].
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Table 5. Summary of studies that have analyzed the effect of the composite load on the polymer-

supported photocatalysis process.

Composite ImmObll.l zation Conditions Tested Results Reference
Technique
[RhB]g = {2.5, 5, 10}
mg/L _
TiO, /PDMS S 71 pgTiO, /mg sponge [Rh]i]o =5mg/L
Sponge ugar Template 1000 W /m? xenon 80% removal [63]
pong (k = 0.027 min~1)
lamp
t=1h
[RhB]y = {4, 7, 10, 13,
16,19} mg/L [RhB]p = 13 mg/L
C-TiO, /PDMS Mixing 500 W UV lamp 86% removal [73]
pH=3 (k =0.011 min~1)
t=3h
[BPA]y ={1, 5,10, 15,
. . 20, 30} ppm [BPA]y =5 ppm
TiO,/PANI Insitu uv laﬁfp 9979 removal [67]
powder polymerization pH = 10 (k = 0.046 min~1)
t = 80 min
[MBZ], = {10, 20, 30,
40} mg/L _
31W/m? UV lampor ~ Moz0 = 10 me/L
. 26.5 W/m? xenon ? rem.OVjI
ZnO/PANI In situ k =0.025 min~" for
.. lamp .. [49]
powder polymerization Hev visible
P k = 0.034 min~! for
t=3h UV
ZnO/ Aniline =
20 g/mL
[MG]p ={0.1,0.2,0.3,
Ag- In situ 0.4,0.5} g/L [MG]p=0.2g/L
ZnO/PANI | ization Visible light 98.6% removal [72]
powder polymenzatio t =120 min (k = 0.036 min~1)
pH=38
[CR]p = {30, 50, 80}
mg/L
CuyO- In situ 100 W LED light [CR]p =30 mg/L
ZnO/PANI | ization Cuy0-ZnO/ Aniline = 95% removal [52]
powder polymenzato 10 g/mL (k=0.10 min~1)
t = 30 min
pH=6

2.4.6. Radiation Source and Intensity

The radiation source and its intensity play key roles in the photocatalytic process. It
is necessary for the incident light to have an energy greater than the material’s BG for
electron-hole pairs to form [13,14]. The BG of metal oxides, such as TiO; and ZnO, is
known; however, when supported on polymeric materials, some modifications may occur
as illustrated in Table 6.

The BG of the material obtained from the catalyst placement on different polymeric
supports varies; thus, several researchers have analyzed the influence of different types of
radiation on photocatalysis. The results of these studies are shown in Table 7.
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Table 6. Band gap values for different catalytic materials.

Metal Oxide BG (eV) Composite BG (eV) Reference
- - ZnO/PVA 3.11 [74]
TiO, 3.24 Ag-TiO, /PANI 3.00 [75]
TiO, 3.20 TiO, /PANI 3.10 [67]
ZnO 3.21 ZnO/PANI 2.67 [55]
ZnO 3.10 ZnO/PANI 2.81 [49]
- - ZnO/PANI 2.10 [64]
- - ZnO/PANI 2.07 [57]
- - Ag-ZnO/PANI 2.61 [72]

Table 7. Summary of studies that have analyzed the effect of the radiation source on the polymer-

supported photocatalysis process.

Composite ImmObll.l zation Conditions Tested Results Reference
Technique
[BPA]p =5mg/L UV lamp:
400 W UV lamp or 99.5 % removal (k =
Ag- In situ 500 W halogen lamp 0.096 min~1) (75]
TiO, /PANI polymerization t = 55 min for UV Halogen lamp:
lamp and 110 min for 99.7% removal
halogen lamp (k = 0.053 min~1)
[MB], = 1(.) ,mg/L UV lamp:
ZnO/ Aniline =
46,5 me/mL 28% removal
ZnO/PANI In situ > e (k = 0.005 min~1)
.. 30 WUV lamp and [70]
powder polymerization Halogen lamp:
50 W halogen lamp o
with UV filter 82% removal
- -1
f=1h (k=0.029 min™")
Solar irradiation:
[MB]y = [MG]y = 99% removal of both
107°M dyes
_ i1
ZnO/PANI In situ 15W UV lamp and (k = 0.015 min )
wder lvmerization solar irradiation UV irradiation: [76]
powde polyme © t =5 h for solar MB removal of 80%
irradiation and 9 h for (k = 0.003 min~1)
UV irradiation MG removal of 90%
(k = 0.004 min—1)
[MBZ]y = 10 mg/L Uv lamp: |
31 W/m? UV lamp or 97% remova
ZnO/PANI In situ ’ (k = 0.034 min—1)
.. 26.5 W/m* xenon [49]
powder polymerization 1 Xenon lamp:
amp o
t=3h 97% removal
- (k = 0.025 min—1)
[Cr(VD)]o = 10 ppm UV and solar
5 radiation:
1 W/m” xenon lamp 100% removal
TiO,/PVA Hydrothermal or 5 W/m? UV lamp (k = 001 8 min—1) [47]
films method or 1.05 W/m? solar e
. S Xenon lamp:
irradiation
. 90% removal
t =25 min

(k = 0.09 min—1)
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Table 7. Cont.
. Immobilization ope
Composite . Conditions Tested Results Reference
Technique
Halogen lamp:
[MB]p =5 ppm 85% removal
ZnO/PDMS 100 W halogen lamp (k = 0.0094 min~1)
sponges Sugar Template or 4 WUV lamp UV lamp: (621
t=3h 73% removal
(k = 0.007 min~1)
UV light:
[phenol] =1 ppm 96% removal
18 W luminescent (k=18 x 1073
ZnO/PDMS Calatyls lamp with or without min~!) [77]
films Deposition a UV filter Visible light:
t =30 h for UV light or 93.9% removal
50 h for visible light (k=93 x10*
min~1)
UV lamp:
[RhB]g =20 uM 90% removal
) 20 mW UV light or 20 (k =0.013 min~1)
1O, /iDMS Sugar Template mW LED lamp LED lamp: [78]
sponge t=3h for UV lamp or 10% removal
5 h for LED lamp (k=35 x10"*
min~1)

From the analysis of Table 6, it can be seen that the materials composed of polyaniline
have lower BG than the others; therefore, with these materials, it is expectable to achieve
higher reaction kinetics using the photocatalytic process under visible radiation. In fact,
Olad and Nosrati [70], Eskizeybek et al. [76], and Asgari et al. [49] found that, under visible
light, the PANI materials achieved higher or similar reaction kinetics. It should be noted
that, under UV radiation, the same removal efficiencies were achieved, but the process was
longer. Unexpectedly, Sambaza et al. [75] reported that the degradation of BPA took longer
to achieve maximum degradation under visible light than under UV light, although the
material had a higher absorption peak for wavelengths in the visible range.

The immobilization of catalysts in other polymers does not seem to significantly affect
the material BG. Hossain and Chun [62], Sosnin et al. [77], and Lee et al. [78] prepared PDMS
composites incorporated with a catalyst. These materials were later used to degrade MB,
phenol, and Rhodamine B (RB), under UV, UV-visible and visible radiation. Hossain and
Chun [62] found that the best radiation source was the UV-visible lamp, followed by the
visible and UV lamps, which was unexpected because ZnO exhibits a high BG. In this study,
no physical-chemical characterization tests were performed that could justify the obtained
results. Yan et al. [47] also concluded that the photoreduction rate of Cr(VI) under outdoor
sunlight irradiation was close to that under UV light irradiation, although the intensity of
sunlight (1.05 W/ m?) was much lower than that of the UV lamp (5 W/ m?). The material
also demonstrated good photocatalytic activity under visible light (1 W/m?) due to the
shift in the absorption edge to the visible light region caused by the hydrothermal process.
In contrast, both Sosnin et al. [77] and Lee et al. [78] reported that the decomposition rate
under UV light was noticeably higher, as is generally expected, given the catalyst’s large
BG and the TiO, /PDMS absorbance spectra, whereas it was near-constant in the dark and
under visible light.

From the results of the studies mentioned above, it can be concluded that the best
radiation source is dependent on the BG of the material. It is also verified that this charac-
teristic is modified depending on the polymer used as a support, the composition of the
material, and the treatment/immobilization process applied.
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As previously mentioned, in addition to the radiation source, its intensity also plays a
key role in the efficiency of the photocatalytic process, as shown in Table 8. Lei et al. [60]
and Ghule et al. [65] degraded the same amount of MO, under UV lamps with different
intensities, and, as expected, higher removal was achieved while using the lamp with
the highest intensity. However, between these investigations, different catalysts were
used, which can influence the results. However, Song et al. [79] and Yang et al. [80]
degraded the same amount of RhB with the same catalyst, under similar light intensities
conditions and, as expected, obtained similar kinetic reactions. Gomes et al. [34] evaluated
the degradation of different parabens by TiO,/PDMS films, under natural solar light at
different times of the year, and concluded that, as expected, the experiments performed in
June (710 4 220 W/m?) led to better removal of the paraben’s mixture compared with the
results obtained during October (680 + 150 W/m?).

Table 8. Summary of studies that have analyzed the effect of the radiation intensity on the polymer-
supported photocatalysis process.

Composite Immobl.llzatlon Conditions Tested Results Reference
Technique
[MO]p =15mg/L
6 x 0.9 W/m? UV 90% removal
TiO, /PVA films lamps (ke 0 007E ;V.frl)
and ZnO/PVA Mixing t=5h i ! [60,65]
~100% removal
powder [MO]yp =20 mg/L (k = 0.051 min~1)
400 Kw/m? e
t =90 min
[RhB]p = 10 mig/L
600 W /m? Visible
tlin;% 90% removal
C-TiO,/PVA - _ (k =0.0064 min~1)
and TiO,/PVA Mixing [RhB]o = 10 rr;g /L 89% removal [79,80]
700 W/m: .1
(k =0.061 min—")
tungsten—halogen
lamp
t=6h
680 & 150 W/m?:
[MP]y = [EP]y = MP removal of ~23%
Plasma [PPP]yp =1 mg/L EP removal of ~27
. . Solar radiation 680 PPP removal of ~33%
TiO, /PDMS film Ugii;:;g;n + 150 W/m? or 710 710 + 220 W/m?: (341
+ 220 W/m? MP removal of ~50%
t=2h EP removal of ~53%

PPP removal of ~55%

3. Recent Advances in Polymer-Supported Photocatalysis

The first study that boosted the research of polymer-supported photocatalysis was
conducted by Tennakone et al. [81]. They supported TiO, on polythene (PE) films with
thermal treatment to remove phenols from the water, under both UV and solar irradia-
tion. Since then, other polymers, such as polypropylene (PP), polyethylene terephthalate
(PET), PVA, PDMS, and PANI, associated with catalysts such as ZnO and TiO,, have been
analyzed.

Recently more attention has been given to:

- PANI, which is a conducting polymer and therefore works as a sensitizer to extend
the spectral response of TiO, and ZnO to visible light [15,50];

- PVA, which possesses hydroxyl groups that form chemical bonds with the hydroxyl
groups on the surface of inorganic nanoparticles [60];
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- PMDS, because it is constituted of Si-O bonds, which make it resistant to the photoox-
idative effect of TiO,, unlike polymers consisting of C-C bonds [82];

- Plastic wastes, such as PET bottles and PET or polystyrene (PS) food containers, to
revalue a residue [83].

In the following sections, the characteristics of these supports, as well as the main
results obtained in the photocatalytic oxidation of pollutants, will be discussed.

3.1. PANI-Supported Photocatalysis

Conducting polymers with narrow BGs enable the absorption of visible light from
the sun. However, most conducting polymers exhibit a low mechanical strength and
high brittleness [15]. Nevertheless, when combined with metal oxides, these limitations
are overcome [15]. These exhibit a high photo response and possess a higher surface
area, allowing for visible light absorption, low recombination of charge carriers, and high
photocatalytic performance [15,50]. Namely, PANI has a prolonged alternate o and 7 bond
electronic cloud system, resulting in an energy BG of 2.8 eV [15,50]. When irradiated by
ultraviolet—visible radiation (UV-Vis) and UV light, PANI can work as an extraordinary
electron donor and hole acceptor photosensitizer [15,84].

As illustrated in Figure 5, TiO, and ZnO match well with PANI. The metal oxide
conduction band (CB) is lower than the lowest unoccupied molecular orbital (LUMO)
of PANL Thus, the catalyst works as a sink for photogenerated electrons. The highest
occupied molecular orbital (HOMO) of PANI is higher than the valence band (VB) of the
metal oxide; thus, PANI can act as an acceptor for photogenerated holes [15,84]. Thus, a
certain fraction of the holes and electrons of PANI is separated, reducing the change in
recombination, and thereby enhancing the change in photocatalytic activity [72].

a) ) b) i
¢ PANI © — PANI
A A
3 i 3 :
N R S () e
‘.'.; » " »
TiO, © ZnO ©

Figure 5. Schematic energy diagram for the composite of (a) PANI/TiO, and (b) PANI/ZnO.

Although the use of conducting polymers enables the use of visible radiation during
the photocatalytic process, some researchers have also chosen to dope the catalyst to further
reduce its BG. The catalyst surface modification effect was studied by Mohammed et al. [52],
Brooms et al. [53], Sharma et al. [71], Habtamu et al. [72], Wahyuni et al. [85], and Sambaza
et al. [75]. This method is used to extend the spectral response of the catalyst to visible light
and to enhance the separation of photogenerated charges, and can be performed using
non-metals such as nitrogen, carbon, and sulfur, or noble metals such as silver, gold, and
copper [14,16,75]. The results of these studies are presented in Table 9.

Some of the studies mentioned above reported a decrease in the band gap after
modification of the catalyst surface. Wahyuni et al. [85] and Sambaza et al. [75] described
a decrease from 3.2 eV to 3.0 eV, due to the incorporation of Ag and SiO, on the surface
of TiOy, respectively. Habtamu et al. [72] registered decreases from 3.3 eV to 2.87 eV and
to 2.61 eV, after Ag and PANI deposition on ZnO and Ag-Zn0O, respectively. Mohammed
et al. [52] detected a decrease from 3.3 eV to 2.50 eV and then an increase to 2.68 eV, after
CupO deposition on ZnO and the subsequent PANI deposition onto Cu;O-ZnO. Sharma
etal. [71] reported shrinkages to 2.46 eV and to 1.80 eV after FeO deposition on ZnO and
the deposition of PANI on FeO-ZnO.
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Table 9. Summary of studies that have analyzed the effect of modifying the catalyst surface on the

PANI-supported photocatalysis process.

Composite Im_}l; (c)lt::ilzzt;on Conditions Tested Results Reference
[BPA]y =5mg/L
T=25°C BG=3eV
Ag 500 W halogen lamp 99.7% removal
) y In situ or 400 W UV lamp k = 0.034 min~! for
Tlog‘(,l;ii\n polymerization  t =55 min for UV and uv (73]
P 110 min for visible k= 0.0285 min™! for
light irradiation visible light
Ag/TiOy =2 wt.%
. [MB]p =10 mg/L _
_Si0y- In situ 9.2 wt.% PANI BG=3eV
TiO, /PANI L 26% removal [85]
polymerization 100 W xenon lamp _ .1
powder _ . (k =0.003 min™")
t =90 min
ZnO- . [P-Cresol]y = 100 ppm o
TiO,/PANI Insitu 25 W UV lamp 99% removal [53]
powder polymerization t=6h (k=0.013min™")
) [MG]p =200 mg/L B
Ag In situ Visible light BG =261 eV
ZnO/PANI .. 98.6% removal [72]
polymerization pH=8 _ . 1
powder f = 120 min (k=0.036 min™")
[CR]p =30 mg/L
100 W LED light B
Cw0- In situ CupO-ZnO/ Aniline = BG =268 eV
ZnO/PANI L 95% removal [52]
polymerization 10 g/mL - .1
powder f = 30 min (k=0.10min™")
pH=6
FeO- . [3-APh]y =10 mg/L BG=18eV
In situ &
ZnO/PANI lvmerization Sunlight 92% removal [71]
powder polymerizatio t =120 min (k = 0.021 min~1)

Another way to improve the performance of the PANI composite is by avoiding
leaching of the catalyst, namely, ZnO, because it can easily be dissolved by the addition
of diethylene glycol (DEG). Both Eskizeybek et al. [76] and Gilja et al. [86] tested the
addition of DEG to ZnO/PANI, as summarized in Table 10. Gilja et al. [86] found that
the addition of DEG hindered the dissolution of ZnO, which slowly decreased the pH
of the polymerization media (PANI conductivity considerably increases during synthesis
in acidic media). In addition, with the increase in DEG concentration, the polymer BG
decreases (from 2.22 to 2.13 eV), which enables better photocatalytic activity under visible
radiation [76,86]. The number of spherical catalyst particles deposited on the support
increases with the increase in DEG concentration, and consequently, so does the number of
active sites [76,86]. Eskizeybek et al. [76] also found that the presence of DEG enhances the
formation of quinoid segments, due to the use of acidic solvents during polymerization.

Improvements in stability are enhanced through the use of commercially available
catalyst nanoparticles (NPs). When NPs prepared in the laboratory are used, after 3-5 uses,
there is a 15% decrease in pollutant removal [55,87]. If opting for commercially available
NPs, after 6 reuses, there is a decrease of 1-8% [49,88].

The analysis of chemical species involved in the photocatalytic degradation of CEC
has also been the subject of research. The main contributors to this process have been iden-
tified by scavenging tests using benzoquinone (BQ), as a scavenger for O,*~, isopropanol
(IPA) for OH® and ethylenediaminetetraacetic acid (EDTA) or ammonium oxalate (AO)
as scavengers for holes. Asgari et al. [49] found that OH® radicals are key contributors
for the degradation of MNZ, at a pH of 7, followed by O,*~ and holes. This result was
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expected, because according to Mohammed et al. [52], Ghule et al. [65], and Sambaza
et al. [67], at lower pHs, holes are key contributors to the photocatalytic activity, whereas at
neutral or high pH, hydroxyl radicals are believed to be the key oxidant moieties. However,
Mohammed et al. [52] found that holes are the main contributors for the degradation of
CR, at a pH of 6, followed by O,°*~ and OH?®. Similarly, Sambaza et al. [67] concluded that,
at a pH of 10, the degradation of BPA is enhanced in the presence of holes. The reasons
are that: (i) attack of the holes is faster than the rate of OH® radical formation; and (ii) the
lifetime of OH® radicals is very short, because they decay or are scavenged within a very
few angstroms from the site of generation, unlike O,°~ radicals which can diffuse up to
tens of micrometers from their generation site, thus exerting a long-range effect.

Table 10. Summary of studies that have analyzed the effect of adding DEG on the PANI-supported
photocatalysis process.

Composite Imr}r; (C)l]:;lil;itewn Conditions Tested Results Reference
Solar:
[MBJ, = [MGJo = 10-5 M 99% reng)x;asl of both
15 W UV lamp and solar k=0 0¥5 min~1)
7ZnO/PANI In situ irradiation e UV: [76]
powder polymerization t =5 h for solar irradiation ’ o
. . MB removal of 80%
and 9 h for UV irradiation .t
[DEG] = 1 M (k =0.003 min~")
MG removal of 90%
(k = 0.004 min~1)
[AB25]p = 30 mg/L
17.6 wt.% PANI
. 450 W solar irradiation [DEG] =0.04 M
Zn(gv/vI:l[zll-\H ol Ees;itzlz\tion simulator 89% removal [86]
p poly pH=7 (k = 0.037 min~)
t = 60 min

[DEG] = {0.02, 0.024, 0.04} M

3.2. PVA-Supported Photocatalysis

As previously mentioned, PVA can be used as a support due to the bonds that it
creates with the catalyst. The OH groups on the surface of nanoparticles react with the OH
groups in PVA, forming Ti-O-C bonds [60]. However, this crosslink point does not provide
the composite with good stability, due to its solubility, which is enhanced upon increasing
the temperature; this could contribute to higher mass reductions in irradiated systems,
such as photocatalysis [89]. However, Hegedus et al. [89] discovered that thermally treated
PVA exhibits a smaller mass reduction (2%) than untreated PVA (42%).

Under heat treatment, random PVA chains in amorphous regions are rearranged
to form an ordered and denser crystalline region [60]. The crystalline regions and the
Ti-O-C bonds act as physical and chemical crosslinking points, respectively, to form a
three-dimensional network, endowing the hybrid film with excellent mechanical stability
and swelling ability in water [60]. Additionally, the swelling ability of crosslinked PVA
obtained by chemical or physical crosslinking methods can ensure that the embedded
photocatalyst nanoparticles are fully in contact with the pollutants [60]. In addition, (i) Lei
etal. [60] and Ghule et al. [65] verified that the treated catalyst/PVA matrix exhibited higher
efficiency than the untreated matrix, because the untreated one displayed many catalyst
aggregates and a non-homogeneous dispersion; (ii) Yan et al. [47] and Yan et al. [48] found
that the heat treatment yields a transparent film; (iii) Yan et al. [47] and Song et al. [79]
found that treating the PVA extends the light absorption of TiO; to the visible light region,
as far as 800 nm; (iv) Yan et al. [47], Wang et al. [54], and Ren et al. [68] reported that heat
treatment improves the stability of the materials, which could be reused 5-8 times without
efficiency loss. Furthermore, Lei et al. [60] reused the materials for 25 cycles without a loss
of efficiency. However, some attention must be given to the treatment temperature, because
it controls the crystallinity degree of the material, and can cause PVA degradation, change
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its swelling degree, and alter the surface area [47,48,54,60]. The conditions tested in the
aforementioned studies and the results are presented in Table 11.

Table 11. Summary of studies that have analyzed the effect of the heat treatment on the PVA-
supported photocatalysis process.

Immobilization

Composite . Conditions Tested Results Reference
Technique
[MO]p =15mg/L
6 0.9 W/m? UV lamp
. 10 wt.% TiO, Treated at 140 °C for 2 h:
Tlofﬂ/riVA Mixing t=5h ~100% removal [60]
Treatment: heat treated (k =0.015 min~1)
under vacuum at
140-200 °C for 0.5-10 h
[Triton X — 100]p=2 X
1074 M
40 wt.% PVA
TiO, /PVA Mixin Solar S‘I/I\;l/ilfztor 720 62% removal [89]
film & L en (k = 0.003 min—1)
Treatment: heated at
140 °C for 2 h under
argon
[MO]p =20 mg/L
400 kW /m? mercury
lamp
8 wt.% ZnO
ZnO/PVA Mixin. t = 80 min 95% removal [65]
powder & Treatment: 10 min (k = 0.05 min—1)
under a 695 W
microwave radiation;
Annealing at 200 °C for
1h
[MO]p =10 mg/L
. 200 W dysprosium lamp Treated at 180 °C:
TiO, /PVA 10 wt.% PVA o
) Hydrothermal _ 84% removal [54]
film t=40h (k = 0.0008 min~1)
Treatment: Treated at e
140-240 °C
[Cr(VD)]o = 10 ppm
1 W/m? xenon lamp or
5W/m2 UV lamp or UV and solar:
1.05 W/m? solar 100% removal
TiO,/PVA irradiation (k =0.18 min—1)
film Hydrothermal 20 wt.% TiO, Xenon lamp: [47]
t =25 min 90% removal
Treatment: heated at (k = 0.09 min—1)
150 °C for 3 hin an
autoclave
[MO]y =15mg/L
600 W/m?2 xenon lamp
. 40 wt.% TiO, Treated at 110 °C for 3 h:
Tlszﬂ/HIl’VA Hydrothermal t = 50 min 95% removal [48]

Treatment: heated at
110-150 °C for 1-3 h in
an autoclave

(k = 0.060 min~1)
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Table 11. Cont.

Immobilization

Composite . Conditions Tested Results Reference
Technique
[RhB]y =10 mg/L
700 W/m?2 Treated at 180 °C for 4 h:
tungsten—halogen lamp 89% removal
ZnO/PVA 16.7 wt.% PVA (k = 0.006 min~1)
film Sol-gel t=6h Untreated: [79]
Treatment: Treated at 7 % removal
120-240 °Cfor4hina (k = 0.0002 min~1)

flow of Ny gas

As mentioned above, the heat treatment process makes the material visible-light-
responsive. However, the same outcome is achieved through the catalyst doping process.
According to Khan et al. [58], the doping of ZnO with Al,O3 allows the composite to
absorb light with wavelengths (WLs) in the range of 400-800 nm and to reduce its thermal
decomposition. However, Jiang et al. [90] found that, before and after doping TiO, with
Mo, the UV-Vis absorption spectrum of the composite does not change, because its BG
remains the same. Sekar et al. [91] found that doping ZnO with iron and thermally
treating the composite by calcination induces a decrease in the BG from 3.3 to 3.0 eV.
Thus, it can be concluded that the effectiveness of the doping process is dependent on the
dopant used and the amount which is introduced. Comparing the results from Montallana
and Vasquez Jr. [92] with those from Montallana et al. [13], it is possible to conclude
that the doping process with Ag was responsible for turning the material visible-light-
responsive. In these experiments, the materials were prepared with the same protocol and
the photocatalytic process was performed in the same conditions, the radiation source being
the only difference. From these investigations, it can also concluded be that both processes
achieved similar reaction kinetics. In Table 12, a summary of these results is presented.

The selected immobilization technique also affects the process efficiency, as shown in
Table 13. Analyzing the data in Table 13, which are based on the pseudo-first-order kinetic
constants for the pollutants” degradation, it can be concluded that:

(i) For MO degradation, excluding the effects of radiation, reactor configuration and
geometry:

- Whena photocatalyst is immobilized by the hydrothermal method, if the TiO:MO
ratio is in the order of hundreds, low kinetic constants are achieved. Thus, it is
preferable to use ratios in the order of tens;

- To achieve similar kinetic constants, the immobilization of ZnO by the sol-gel
procedure requires a smaller amount of photocatalyst to be introduced into
the reaction medium. This configuration is followed by hydrothermal TiO,
immobilization and TiO, immobilization by mixing.

(i) For MB degradation, excluding the effects of radiation, configuration, and reactor
geometry, ZnO immobilization by the sol-gel procedure, when compared with TiO,
immobilization by mixing, yields higher kinetics, while using smaller amounts of
photocatalyst;

(iii) For the degradation of RhB, excluding the effects of radiation intensity and reactor
geometry, the immobilization of ZnO by the sol-gel procedure yields higher reaction
constants compared with the immobilization of TiO, by mixing, when the same
amount of photocatalyst is introduced into the reaction medium.

Therefore, considering the information available in the literature and discussed above,
immobilization of the photocatalyst by the sol-gel process, for the subsequent manufacture
of catalyst/PVA materials in the form of films or powders, seems to be the most suitable
immobilization technique.
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Table 12. Summary of studies that have analyzed the effect of doping the catalyst on the PVA-

supported photocatalysis process.

Composite Immobl!lzatlon Conditions Tested Results Reference
Technique
) [MB]p =5mg/L WL = [400, 800] nm
ALOs fi?nO/PVA Mixing Solar radiation 100% removal [58]
t =30 min (k = 0.15 min—1)
[Nph]o = 40 ppm BG=3eV
Fe-ZnO/PVA film Mixing 16 W UV lamp 96% removal [91]
t=4h (k =0.013 min~1)
[MB]p=10"5M B
Mo-TiO, /PVA 8 W UV lamp BG=33eV
. Sol-gel 91% removal [90]
film f=24h (k = 0.002 min—1)
0.2 wt.% Mo e
[MB], =3 ppm
51% removal
Ty . o . 2
Ag-TiO, /PVA film Mixing 33 W/ rtn_ [6,]iD lamp (k = 0.002 min~1) [92]
2o LT
TiO, /PVA film Mixing 56 W UV lamp [13]
. 70% removal
t = 360 min

(k = 0.003 min—1)

Table 13. Immobilization technique effect on the kinetic rate of the PVA-supported photocatalysis

process.
Pollutant Composite Im;r; (C)ll::‘lilgzzon Conditions Tested and Results Reference
200 W dysprosium lamp
150 Mgy, /gvo — 52 % 107 min !
TiO,/PVA film  Hydrothermal 200 Mg, /gpo — 6.3 X 107* min ! [54]
225 mgri, /gmo — 1.0 X 1073 min~!
237.5 Mg, /gyvo — 3-3 X 107 min "
600 W/m? xenon lamp
222 Mgy, /gpo — 183 x 1072 min ™!
TiO,/PVA film  Hydrothermal 444 mgro, /gyo — 322 % 1072 min ™! [48]
6.66 Mg, /gpo — 461 x 1072 min ™!
MO 8.88 mgr0, /By — 599 x 1072 min~!
. . - 6 0.9 W/m? UV lamp
TiO, /PVA film Mixing 66.6 Mg 110, /Bt — 150 X 10-2 min-1 [60]
ZnO/PVA - 400 kW /m? mercury lamp
powder Mixing 0.8 mgr, /gymo — 500 x 1072 min~! [67]
400 W halogen-mercury lamp
ZnO/PVA 0.0095 Mg, /g0 — 8:87 x 1073 min~!
Sol-gel 2 o [56]
powder 0.0093 mgro, /gmo — 1.34 x 107 min
0.0090 mgr, /gpo —+ 1.81 x 1072 min~!
. . .- 4 x 10 W UV light
TiO, /PVA film Mixing 25 mg o, /8o — 40 X 10-3 min-1 [93]
MB 400 W halogen-mercury lamp
ZnO/PVA 0.0095 Mg, / gyo — 8:9 % 107 min~!
powder Sol-gel 0.0093 mgr;, /gno — 1.3 % 1072 min~! [56]

0.0090 Mg, /o —+ 1.8 % 107 min~!
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Table 13. Cont.

Pollutant Composite Immobll‘lzatlon Conditions Tested and Results Reference
Technique

18 W LED lamp

2mgro, /gm0 — 1.7 % 107 min~!

1
1 [59]

1

3 . .. 6 mgTioz /gMO — 1.7 x 1076 min~
HOw/ PV Him Mibdng 10 Mg, /gpo — 4.0 X 1077 min~
20 mgrie, /o — 1.2 X 107° min™

40 mgrio, /o — 2.2 x 1072 min ™!

RhB 700 W/m? tungsten-halogen Lamp
20.1 mgrpi, /gpo — 1.0 x 107 min !

225 Mg, /gyo — 6.0 X 107* min ™!

ZnO/PVA film Sol-gel 24.0 Mg, /gyo — 25 X 107% min ™! [79]

25.0 Mgy, /gyo — 64 X 107% min ™!

25.6 Mg, /gpo — 45 % 1072 min~!

26.7 mgrio, /gpo — 2.5 % 1077 min~!

3.3. PDMS-Supported Photocatalysis

The use of PDMS in photocatalytic materials was introduced by Iketani et al. [94],
where it was applied as an intermediate layer between polymethylmethacrylate (PMMA)
substrate and the TiO;, photocatalyst to slow down the photocorrosion which is caused
by PMMA /TiO; interactions [95]. In fact, the chemical stability of PDMS, against the
corrosive effect of some common photocatalysts (ZnO, TiO,, and CuO), provided by
siloxane chemical bonds, is its main advantage [82,96]. PDMS presents other benefits,
such as its sticky surface, which acts as a binder and increases the adhesion of catalyst
particles to the substrate; its stability under irradiation; and its flexibility, which makes
it suitable for use on curved surfaces [95,96]. However, PDMS is not stable in strongly
alkaline environments; it is better suited for solutions with a neutral pH and using ZnO,
which is also sensitive to alkaline environments, as the photocatalyst [95].

According to some authors, the inherent hydrophobicity of PDMS is a disadvan-
tage because it does not exert a high affinity of the surface towards H,O [97]. How-
ever, other authors point to the use of hydrophobic composites, due to their self-cleaning
and fouling resistance characteristics [98,99]. Wang et al. [61] verified that after 5 cycles,
TiO, /PDMS maintained its performed. Furthermore, Deng et al. [98] concluded that, even
after 400 washes, the composite maintained its characteristics. Wang et al. [99] and Santiago
et al. [100] found that the hydrophobicity of the composites does not influence its catalytic
activity; under UV radiation, the contact angle decreases by up to 90°.

One way to change this characteristic is by thermally treating the PDMS, as reported
in Table 14. According to Deng et al. [98] and Wang et al. [61], at temperatures above
400 °C, the surface exhibits hydrophilic proprieties, due to PDMS degradation and the
simultaneous exposure of hydrophilic TiO, particles. Park et al. [14] and Jeong et al. [97]
denoted that, after the heat treatment, at or above 700 °C, the methyl groups present in
PDMS disappear, carbonyl groups are formed, and the composite becomes hydrophilic.
According to Gomes et al. [34], the amount of catalyst immobilized in the PDMS surface
can also affect the hydrophobicity of the material. In this study, a plasma-treated PDMS
membrane was immersed in TiO, suspensions with different concentrations to create
TiO, /PDMS membranes. The water contact angles (WCA) of the different membranes
were measured, and it was concluded that the presence of TiO, lowers the material WCA
and increasing the amount of TiO, increases the WCA.

To extend the spectral response of the composite to the visible light range, some
researchers have doped photocatalysts; the obtained results are summarized in Table 15.
Lian et al. [73] evaluated the effect of dopant loading on the process performance, by
varying it from 5 wt.% to 20 wt.%. It was concluded that an increase in the dopant load
caused a decrease in the thermal stability of the composite; thus, for later tests, the smaller
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amount of dopant was selected as the best. It was also concluded that the addition of carbon
nanotubes doubled the material efficiency. Park et al. [14] found that doping the catalyst
with N enabled the composite to absorb radiation in the visible range, due to nitrogen
occupying the substantial sites as well as the presence of oxygen vacancies. Lee et al. [78]
verified that the addition of Au extended the absorption spectrum of the composite to
the visible range, mainly in wavelengths of 500 to 600 nm. Lee et al. [78] also concluded
that the addition of gold accelerated the photocatalytic process by 12.5% under UV light,
and improved the process efficiency ninefold. It was also concluded that, under visible or
UV radiation, the same removal rate of RhB was obtained when Au-TiO, /PDMS sponges

were applied.

Table 14. Temperature effect on the hydrophobicity /hydrophilicity of PDMS membranes and on the

kinetic rate of the PDMS-supported photocatalysis process.

Immobilization

Composite . Conditions Tested Results Reference
Technique
Tanneling =700°C
70% removal
[MB]p =1 ppm (k = 0.02 min—1)
TiO, /PDMS Polymer sWUV la.mp Tanneling = 800 °C
hvdrophilic film Deposition t = 60 min 90% removal [97]
ydrophiuc postiio Tanneling = {700, 800, (k = 0.038 min~1)
1000} °C Tanneling = 1000 °C
20% removal
(k = 0.004 min—1)
MB
UV lamp
TiO,/PDMS Polymer 33 wt.% TiO, Taeposition =180 °C
hydrophilic film Deposition #=10 min 71% removal [101]
ydrop p Taeposition = (180,200,  (k=0.123 min"")
250} °C
Tannelir\g =800°C
[ATTO]g =1 ug/L
TiO, /PDMS Polymer 26 W/m?2 UV lamp 90% removal [42]
hydrophobic film  Deposition t=2h (k=0.02 min~1)
Tanneling =500°C
[MB]y=0.01mM
S;Slii:%/d%t(ljo n ~100% removal
e d 2 (k =0.001 min~1)
TiO, /PDMS super- t=6 .
hydrophobic Mixing Tealcination = 120 °C [61]
coating Oleic Acid
48 W mercury lamp ~100% removal
75 wt.% TiO, (k = 0.15 min—1)
t = 30 min
. . MB
SlOZ'I;LOZe/IE)DMS uv lamp Tealcination =200 °C
h drop bic Mixing t = 30 min ~100% removal [85]
y ﬁﬁ’n Tealcination = 1200, 300, (k = 0.30 min~1)
450} °C
ZnO/PDMS [MB], =10°M 25% removal
hydrophobic Mixing 6 x 42.8 W/m? UV lamp ° .1 [100]
. . (k=0.015min™")
coatings t =90 min
ZnO/PDMS Super Polymer [MBIo =12 mg/L 99% removal
hydrophobic i, 350 W xenon lamp N . [99]
film Deposition f=3h (k=0.026 min™")
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Table 14. Cont.
. Immobilization .
Composite . Conditions Tested Results Reference
Technique
[MB]o = 1 ppm
N-ZnO/PDMS  Polymer e LD 50% removal ]
hydrophilic film Deposition t.—04 h (k = 0.003 min~1)
Theat treatment = 800 °C
Table 15. Catalyst doping effect on the PDMS-supported photocatalysis process.
. Immobilization .
Composite . Conditions Tested Results Reference
Technique
[RhB]y =13 mg/L
500 W UV lamp
C-TiO, /PDMS o 2 C-TiO; wt.% C/TEOQ =5 wt.%
microfluid Mixing pH=3 86% removal [73]
t=3h (k =0.011 min~1)
C/TiO, = {5, 10, 20}
wt.%
Au-TiO, /PDMS [RhB]o =20 1M ~90% removal
Sugar Template 20 mW LED lamp _ .1 [78]
sponge f = 90 min (k=0.026 min™")
[MB]p =1 ppm
N-TiO, /PDMS Polymer Blue LED ~100% removal [14]
film Deposition 33 wt.% PDMS (k = 0.019 min~1)
t=4h

3.4. Plastic Waste as Supports

Recently, the immobilization of catalysts in plastic wastes has been studied to reuse a
material that otherwise would be deemed a waste. This approach is linked to the concepts
of the circular economy and zero waste, because it promotes the reuse of a product for a
new purpose. Therefore, several authors have analyzed the application of PET bottles and
PET and PS food containers as photocatalyst supports, as shown in Table 13.

In these studies, the heterogeneous photocatalysis process was optimized by studying
the effect of operating parameters such as TiO; load, pollutant concentration, and pH value.
Comparing the effect of operating conditions, when using plastic wastes or synthesized
polymers, it is concluded that their influence on both processes is identical. In addition, the
radiation source, the number of immersions during dip-coating, the presence of H,O,, and
the type of polymer used were also evaluated.

Regarding the best radiation source, it was expected that the use of an artificial UV
source would be better than the use of natural radiation, considering the BG of TiO, and
ZnO. In fact, comparing the studies that use solar radiation with those that apply UV radia-
tion, presented in Table 16, it appears that the process under solar radiation takes longer.
However, Barbosa et al. [102] found that both sources achieve the same removal after the
same time, due to the presence of HO, which suppresses the recombination of e~ /h*. Ad-
ditionally, among the variables studied in the UV /H,O,/TiO, system, the most influential
on the efficiency of the degradation process was the hydrogen peroxide concentration.
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Table 16. Summary of the studies that have applied plastic wastes as supports in polymer-supported

photocatalysis.
Support Pollutant Catalyst Conditions Tested Results Reference
[Paracetamol]y =
2mg/L o
Paracetamol TiO, 8 W UV lamp (k8_6600r2e;n oyall) [83]
0.1 mg TiO, /cm? = Ubs/min
t =75 min
[E. coli]y = 1000 cell/mL
E. coli TiO, 40 W/m? UV lamp 100% removal [103]
t =90 min
[4-CP]p = 0.2 mM
[2,4-D]y = 0.5 mM 4-CP removal of 77%
0.1 g TiO, /m? (k =0.0013 min~1)
4-CP and 2,4-D TiO, 5.9 W/m? solar 2,4-D removal [104]
radiation of 65%
t =18 h for 4-CP and (k = 0.0014 min~1)
12hfor2,4-D
[As(IIl)]p =1 mg/L
7 mg/L Fe(Il)
PET . 12 kW/m? Solar 99% removal
As 1O, Radiation (k = 0.038 min~1) [105]
pH=7
t =120 min
[PR]p = 100 mg/L
. 128 W/m? solar 98% removal
PR T, radiation (k = 0.005 min~1) [106]
t=12h
[E. coli]y = 3 x 108 CFU
E. coli Zn0O 30 W/m? UV lamp 100% removal [107]
t =90 min
[RB]o = [YT]p = UV
35 mg/L 98.2% removal
8.3 W/m? UV lamp or (k - 0.017 min-1)
RBand YT TiO, 16.4 W/m? Solar TS laff‘m [102]
Radiation 85.5% ci‘ezrﬁoval
[H20,] =5.79 mM T et 1
f = 240 min (k=0.008 min—")
[AB83], = [DM1], = AB83 remooval of
50 ppm 93.7%
_ -1
AB83 and DM1 TiO, 8 W UV lamp (k = 0.092 min™")
DM1 removal of
pH=25 91.9%
PS £=30 min (i = 0.085 min~1)
[108]
AB83 removal of
[AB83]o = [DM1], = 92.1%
50 ppm (k =0.051 min~1)
AB83 and DMI Zn0 8 WUV lamp DM1 removal of
t = 50 min 92.9%

(k =0.053 min—1)

The number of immersions affects the amount of TiO, immobilized. This is expected to
enhance the photocatalytic activity of the films by providing greater surface area availability
for the oxidation reactions to take place. However, De Barros et al. [83] concluded that the
surface available on which the substrate could react improved by increasing the deposition
of TiO, for up to five immobilization steps, when the kinetic constant reached its highest
value. When greater amounts of TiO, were deposited, the kinetic constant remained
approximately the same, probably because the PET surface was completely covered after
five immobilization steps. Sandoval et al. [108] proved that the optimum number of
immobilizations steps is dependent on the particle size. In this study, more immersions
were necessary to achieve a complete coverage, because the photocatalyst particles used
had a smaller diameter than those applied by De Barros et al. [83].
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Sandoval et al. [108] compared the immobilization of TiO, and ZnO on PET or PS
food containers, and verified that both photocatalysts adhere better on PS, because a higher
amount of photocatalyst is presented on this material. However, on PS, ZnO is present in
the form of agglomerates and the increase in the TiO;-immobilized mass on PS compared
with that in PET is only 5%. The influence of this increase in the reaction constant is
uncertain, because on some occasions it did not show any influence, and on others it
induced an increase or decrease in the reaction speed.

Few studies have analyzed the reuse of TiO, /PET bottles; however, those which have
concluded that there is no significant decrease in pollutant removal after six cycles [102,103].

4. Process Limitations and Future Perspectives

In this review the effectiveness of the polymer-supported process is recognized, despite
its limitations. Photocatalytic oxidation using such materials is a viable alternative to other
AOQPs, such as (i) Fenton, because it is efficient in a larger pH range and not responsible for
the production of residues [6,7]; and (ii) heterogeneous suspended photocatalysis, because it
eliminates the catalyst separation step, making the process more economically viable [10,11].
Comparing the photocatalysis process with suspended particles and supported catalysts,
there are still other advantages that must be highlighted. The use of polymeric supports
reduces the probability of recombination between the photogenerated pairs, thus achieving
higher efficiencies [49]. The visible spectrum of solar radiation can be used, without needing
to dope the catalyst (depending on the selected polymer and/or its treatment) [49,58].
Moreover, the catalyst can be immobilized into the polymeric matrix, therefore protecting
it from carryover during the washing process [9].

Despite its effectiveness, this process also presents some limitations worth mentioning.
These limitations can be divided in two main groups: limitations linked to the polymer, and
limitations associated with the material form. Regarding the first group of limitations, this
includes restrictions associated to the characteristics of the polymer, such as its solubility,
hydrophobicity, photodegradation, etc. Polymers such as PVA exhibit high solubility
in water; therefore, using it as a support decreases the reusability of the material [89].
Fortunately, its solubility can be minimized by thermally treating the material. This process,
however, decreases the transparency and the swelling ability of the material, depending
on the temperature and processing time selected [47,48,54,60]. Other polymers, such as
PDMS, are inherently hydrophobic; therefore, water does not wet its surface. Fortunately,
this characteristic can be altered under radiation, through thermal treatment or by surface
modification processes [14,34,61,97,98]. Another disadvantage of polymers is the possibility
of them being photodegraded by the catalysts they support, specifically if they are organic
polymers [82]. The material form (film, particle, or sponge) can also limit the process
efficiency because, for example, the use of particles can cause effluent turbidity and reduce
the material’s ability to absorb light. It can also affect the process simplicity, because
materials such as sponges and films have simpler and easier cleaning processes [70,72]. To
overcome these limitations, different treatment process must be analyzed, investigated,
optimized, and compared, such as thermal treatment or surface modification processes. The
applicability of different polymers in similar photocatalytic processes should also be taken
in consideration, to evaluate which one presents the best performance, which requires the
least catalyst, which has the simplest preparation protocol, etc.

Despite the advances achieved and the relevance of the studies mentioned throughout
this review, there are still gaps to be filled in the scientific knowledge of the applicability of
these materials in the process in question, namely:

(i) Few studies have explored optimization of the process, regarding the characteristics
of the material and the operating conditions, which is a complex subject because the
optimal material composition is dependent on the polymer used, the immobilization
technique applied, and the pollutant to be remove. However, regarding the radia-
tion source and the pH value, it is of interest to investigate the effectiveness of the
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process under solar radiation and using the inherent pH of the effluent to minimize
operating costs;

(ii) To the best of our knowledge, no study has assessed the importance of the influence of
variables on the process objective, to verify which should be controlled more strictly;

(iii) As far as we are aware, no study has evaluated the influence that the immobilization
technique has on the characteristics of the material and/or the degradation of the
pollutant, and there is little information in the literature that allows this analysis to be
carried out;

(iv) To the best of our knowledge, studies that apply waste plastics as supports have only
investigated dip-coating as an immobilization technique. Furthermore, PET bottles
are usually utilized as reactors, which limits the scale-up ability;

(v) Most studies have focused on the applicability of this process in the treatment of
colored effluents, which become an obstacle to its efficiency, as they affect the capacity
of the catalyst to absorb radiation;

(vi) Few studies have evaluated the effect of adding other oxidizing agents (such as
hydrogen peroxide) to the reaction medium, to promote an acceleration in the photo-
catalytic process;

(vii) To the best of our knowledge, no study has evaluated the performance of the process
in terms of the toxicity of the treated effluent;

(viii) There are lacks in the literature regarding the applications of these materials in the
photocatalytic oxidation of real wastewater, or complex mixtures. This is crucial to
understand the material’s behavior under real water treatment conditions;

(ix) The operation of these supported catalysts in continuous operation reactors at bench
and pilot scale must be considered to elucidate their activity and stability during
long-term operation;

(x) Configuring the reactors to optimize the process using supported catalysts, bearing in
mind mass transfer limitations as well as light penetration, should be considered.

The questions raised above are relevant, because their answers would develop under-
standing of the process and enable us to move forward in the sense of making the process a
closer reality. Thus, future investigations should focus on these questions.

5. Conclusions

Through the critical literature analysis, it is possible to conclude that special atten-
tion must be given to the operation conditions and the conditions applied during the
preparation of the materials, because these influence the physicochemical characteristics of
the composites, and consequently, the efficiency of the process. It was also verified that
the studied materials are effective in degrading the analyzed pollutants, under optimal
conditions. However, it is not possible to conclude which is the best material, because in
certain cases they have not been applied for the degradation of the same pollutants, nor
under the same radiation. Furthermore, it was not possible to find a viable variable that
could be used as the common independent variable. In this review, it has also been verified
that polymer-supported photocatalysis is able to achieve excellent removal efficiency, in
the treatment of synthetic wastewater; however, there are still relevant questions to be
answered before the realization of this process.
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