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The presence of heavy metals in wastewater, such as Ni, Pb, Cd, V, Cr, and Cu, is a serious environmental problem. This kind of
inorganic pollutant is not biodegradable for several years, and its harmful effect is cumulative. Recently, semiconductor
nanomaterials based on metal oxides have gained interest due to their efficiency in the removal of heavy metals from
contaminated water, by inducing photocatalytic ion reduction when they absorb light of the appropriate wavelength. The most
commonly applied semiconductor oxides for these purposes are titanium oxide (TiO,), zinc oxide (ZnO), and binary
nanomaterials composed of both types of oxides. The main purpose of this work is to critically analyse the existent literature
concerning this topic focusing specially in the most important factors affecting the adsorption or photocatalytic capacities of
this type of nanomaterials. In particular, photocatalytic activity is altered by various factors, such as proportion of polymorphs,
synthesis method, surface area, concentration of defects and particle size, among others. After a survey of the actual literature,
it was found that, although these metal oxides have low absorption capacity for visible light, it is possible to obtain an
acceptable heavy metal reduction performance by sensitization with dyes, doping with metallic or nonmetallic atoms,

introduction of defects, or the coupling of two or more semiconductors.

1. Introduction

Owing to their unique properties, nanomaterials nowadays
have found different practical applications involving a wide
range of sectors, such as the transportation industry,
construction materials, energy storage, electronic devices,
environment, medicine, cosmetics, etc. These exceptional
properties compared to bulk phases result from the small
size and high specific surface area of the nanomaterials,
which have at least one dimension on the nanometer scale.
Medical and pharmacological applications are one of the
most relevant uses of nanotechnology. In recent years, nano-
materials have been employed to develop both miniaturized
high-sensitivity biosensors to detect biological molecules

from smaller samples, and also optimized drug delivery sys-
tems, contributing to the development of innovative preven-
tive therapies. For example, several polymeric nanomaterials
have been applied to drug transporting, optimizing medica-
tion management systems, and offering greater bioavailabil-
ity of the drug at the DIANA site [1]. Moreover, nitric oxide
releasing nanoparticles have received wide attention due to
their promising wound healing and antimicrobial actions.
Currently, the application of Nanotechnology for
sustainable development of several industrial sectors has
increased notoriously, helping to moderate serious global
problems caused by a growing population, such as rising
energy demand, sustained increase in food consumption,
and contamination of arable land, air, and drinking water.
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For example, the growing global demand for food has found
in nanotechnology a very promising tool to maximize crop
production through the use of nanofertilizers and nanopesti-
cides without causing an imbalance in micronutrients or
long-term damage of the soil, preserving thus the ecosystem
health. This type of nanobased agrochemicals are character-
ized by a controlled delivery of functional ingredients
directly to the site of application, which improves their effec-
tiveness to increase growth promotion, soil improvement or
pest management with a very low residual toxicity [2].
Furthermore, in the case of food and agroindustry, the man-
ufacture of packaging based on nanomaterials could help to
replace conventional non-biodegradable plastic materials,
allowing food to be transported more safely, preserving their
quality and properties. In this way, the creation of nanocom-
posites formed by a matrix of biodegradable natural poly-
meric materials (proteins, polynucleotides, polysaccharides,
etc.) reinforced by nanomaterials such as carbon nanotubes,
silicates, nanoclays, etc., is currently under intensive research
[3]. The development of this type of nanotechnologies could
significantly reduce the generation of nonbiodegradable
waste in food industry.

On the other hand, as a result of the increasing energy
demand, more advanced nanomaterials are being developed
for sustainable applications in energy storage. For example,
lithium-sulfur (Li-S) batteries are being considered as prom-
ising candidates for the gradual replacement of traditional
lithium-ion batteries due to their low cost and high specific
theoretical capacity (1675mAh/g, 2600 Wh/kg). Industrial
application of these batteries still presents some obstacles,
such as poor sulfur conductivity, large volume change,
and dissolution of lithium polysulfides. However, it has
been proposed that these difficulties could be solved by
applying monolayers or multiple layers of metal-based two-
dimensional (2D) nanocomposites with lightweight, high
conductivity, and large surface area, in order to achieve more
reaction sites to restrict the diffusion of lithium polysulfides
and thus enhance the electrochemical properties of the
resulting batteries. Currently, Fe and Cobased 2D nanomate-
rials, such as hydroxides, sulfides, nitrides, and oxides, have
attracted great attention as potential host materials to
mitigate the polysulfide shuttling effect [4].

In particular, a large number of materials have shown in
the nanoscale high efficiency for removing and detecting
toxic organic and inorganic compounds, so the environmen-
tal applications of nanomaterials are also very varied. Heavy
metal jons, which we will refer to in this work, are extremely
important pollutants in wastewater, water for human and
animal consumption, and rivers and seas. In effect, due to
the growing rate of production of different industries, such
as mining, steel, textiles, petrochemicals, paper, etc., the
concentration of this type of inorganic pollutants in
wastewater has worryingly increased in recent years [5, 6].
Cadmium (Cd), zinc (Zn), chromium (Cr), lead (Pb), copper
(Cu), and nickel (Ni), are the most common heavy metals
causing pollution in the aquatic environment [7-9]. They
are dangerous because of their ability to bioaccumulate
along the food chain, their high stability and toxicity
[10-13]. Cr (III) and Cr (VI) ions are the most abundant
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chromium species found in aqueous effluents. Although
both ions are toxic, Cr (VI) is the most dangerous and harm-
tul given its higher solubility in water. For example, a high
dose of chromium can cause irritation at the contact site,
irritation of the nasal mucosa, and skin ulcers even during
brief exposure [7, 14, 15]. Moreover, Cr (III) can be oxidised
to the most damaging form Cr (VI). Cr (III) causes skin
eruptions and, in the cases of higher exposure doses, it accu-
mulates in cells, being carcinogenic to the lungs and stomach
[5, 7]. In the case of nickel (Ni) and its ions, despite being
essential in the nutrition of several species of animals, plants,
and microorganisms, its application in metallurgy has
caused a higher concentration in the environment, which
results in negative effects like human carcinogen, chronic
asthma, reduction of lung function, etc. [7, 9, 16]. The major
proportion of lead (Pb) in water arises from hydrocarbon,
steel, and battery industry wastes. Pb can accumulate in
muscles, brain, bones, and kidney, causing hypertension,
kidney, and brain damage [17, 18]. Cadmium (Cd) is mainly
produced by the cement and ceramic production, battery
industries, metallurgy, and pigments. In low doses it can
cause cancer, chronic lung disorders, liver destruction, bone
and kidney damage, etc. [10, 19]. Besides, a high level of cop-
per (Cu) in the environment can cause gastrointestinal
effects, Wilson disease, or metabolic disorder [20]. The effect
of metallic zinc (Zn) on human health can be beneficial as a
micronutrient but when its concentration overpasses the
recommended limit in the human body, a series of worse
effects follows in most of the processes. It was found that
the recommended limit for the Zn concentration level in
domestic water is 3mg/L [21]. In addition to those men-
tioned, the presence of precious metals (PMs) in aqueous
effluents, such as gold (Au), platinum (Pt), osmium (Os),
and iridium (Ir), has also become a serious environmental
problem. These pollutants are originated mainly from the
jewellery, mining, electronics, ceramic, and glass industries
and their harmful effects on human health include dermato-
logical, allergic, blood diseases, or also alteration of the
normal metabolism of carbohydrates or lipids [22]. In this
way, it is needed to ensure effective procedures for of heavy
metals removal from waste effluents before being released
into the environment. In this regard, the traditional methods
of treatment, such as reverse osmosis [23, 24], membrane
filtration [25], chemical precipitation [26], ion exchange
[23, 26], chemical coagulation [27], adsorption [7], flotation
[25], electrochemical [28], oxidation [29], etc., are expensive,
have high energy demand, and are poor in terms of their effi-
ciency. Nowadays, new technologies based on physically and
chemically stable adsorbent materials and/or heterogeneous
photocatalysts are being developed for mitigating the serious
problems caused by heavy metals in wastewater. Indeed, two
main removal mechanisms stand out above the rest for the
treatment of effluents containing heavy metals: adsorption
and ion reduction, which are briefly described below.
Adsorption-based technologies are widely used in envi-
ronmental remediation in a way to decrease pollution of
industry, for example in the purification of wastewater,
water for human and animal consumption, and other aque-
ous effluents. In general, this surface phenomenon consists
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of heavy metal atoms or ions may establish chemical or
physical interactions with the adsorbent’s surface, in which
the atoms have higher energy than those located in the bulk
since they are not totally surrounded by neighbouring
atoms, as it can be seen in Figure 1 [30]. This fact makes
the adsorption of heavy metal ions possible and the phe-
nomenon is more intense as the adsorption surface active
sites increases [7]. In this way, a thin layer of the adsorbed
material (adsorbate) is created on the active surface of the
adsorbent.

Examples of suitable adsorbents for this application are
zeolites, metal oxides, clay minerals, chelating materials,
activated carbon, etc. [31]. The main advantages associated
with this technique are the operational simplicity, versatility,
low-time consuming, and low cost (depending on the
chosen adsorbent), the possibility of recovering the adsor-
bent material to reuse it after a certain number of cycles,
and high capacity to capture heavy metal ions. However, it
is highly selective for certain metal ions and despite the abil-
ity to recover adsorbent materials. Moreover, toxic residues
can be generated after regeneration [7, 32]. Several factors
affect the efficiency of heavy metal adsorption. The initial
concentration of adsorbate influences so that in the initial
stage of the adsorption process the rate, in general, is high,
decreasing until steady state is reached [33]. The adsorption
time affects the process in different ways depending on the
adsorbate particles size, the amount of active preferential
sites on the surface, as well as changes in the chemical com-
position on the surface of the adsorbent material [34]. It
emerges from this that adsorption is a function of the rate
of diffusion of the adsorbate particles from the outside into
the adsorbent material. The pH is important in the adsorp-
tion of heavy metal ions, as it modifies the rate of the
process. An increase in the pH value of the aqueous effluents
in which heavy metals are present, promotes their adsorp-
tion by semiconductor metal oxides such as ZnO and
Ti0,, as well as influencing the number of active sites on
the surface of the adsorbent material, increasing the selectiv-
ity for adsorbing several heavy metal ions [35]. Temperature
is another important variable, since if the adsorption process
is exothermic the adsorption efficiency will be lower as
temperature increase, due to a decrease in the intensity of
attractive forces between surface-active sites and adsorbate
particles [36]. On the contrary, if the adsorption process is
endothermic, the adsorption efficiency will be improved as
temperature increases [37]. The adsorbent dose is also very
significant on the adsorption performance since the amount
of heavy metal ions that can be adsorbed increases with the
concentration of the adsorbent material in an aqueous
solution, which occurs continuously up to a certain concen-
tration value from which it becomes constant with the
concentration [38, 39]. This limit value is different for each
metal ion, keeping the other parameters of the system
unchanged [7, 40]. Additionally, nanomaterials based on
semiconductor oxides are also suitable for heavy metal
decontamination of water because they may lead to the
removal by advanced oxidation processes. The ionic reduc-
tion of heavy metals is based on the phenomenon of photo-
catalysis, typical of metal oxides such as TiO,, ZnO, ZrO,
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FIGURE 1: Simplified scheme of adsorption process.
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Fe;0,, etc. [41]. These heterogeneous photocatalysts have a
relatively narrow band gap width between the conduction
band (CB) and the valence band (VB), whose value is a very
important factor to guarantee a good performance in the
reduction of heavy metal ions [42, 43]. As it can be seen in
Figure 2, in the presence of light of the appropriate wave-
length (usually <370 nm) the photons are absorbed by the
oxide, exciting the electrons from the VB towards the CB.
This phenomenon, in turn, creates a positive charge in the
VB, which is known as a hole. The existence of the
electron-hole (e /h™) pair enables redox-type reactions [44].
During photocatalysis, two reactions occur simultaneously,
originating reactive chemical species that combine with the
pollutant. First, the hole generated in the VB interacts with
water or with free hydroxyl ions (HO®) in an oxidation
reaction, generating a free hydroxyl radical (HO®) that is
highly oxidizing. Therefore, it can participate in the oxida-
tion of organic pollutants. In turn, in the CB, the electron
that has migrated from the VB reacts with the molecular
oxygen that is adsorbed by the metal oxide in a reduction
reaction, thus generating a superoxide radical (O,"). This
radical can reduce the heavy metals to ions with a lower
oxidation state, which usually are less aggressive for the
environment; such is the case of Cr (VI) to Cr (III) ion
[45-48]. In fact, it has been shown that the reduction of
heavy metal ions is more effective when it is carried out



simultaneously with the removal of organic contaminants
[40, 49].The reduction process is influenced by a series of
factors, similar to those influencing on adsorption process:
the pH of the solution, the size of the photocatalyst particles,
temperature, and the mass ratio pollutants/photocatalyst, in
addition to the modifications that may be implemented in
the structure of the semiconductor oxide (oxygen vacancies,
dopants such as transition metals, etc.). Photocatalytic activ-
ity is also strongly affected by the intensity of light radiation
fed and irradiation time. The most commonly used semicon-
ductor oxides in water remediation by advanced oxidation
processes are TiO, and ZnO, among others such us ZrO,,
CuO, etc. [41, 45, 50, 51].

2. Removal of Heavy Metal Ions from
Wastewater by Semiconductor Oxides

2.1. TiO, Nanomaterials. TiO, is a semiconductor material
extensively used due to its low toxicity, high abundance,
low cost, high stability, and redox potential [52, 53].
Figure 3 shows the three crystallographic structures that this
oxide can be found in nature: the metastable anatase (tetrag-
onal) and brookite (orthorhombic) phases, and in the rutile
(tetragonal) phase, which is thermodynamically stable. Due
to its potential applications in lithium batteries, in recent
years, the polymorph TiO,-B, with a monoclinic structure,
has received special attention [54-56]. Owing to its greater
reactivity and high mobility of e/h" pairs, anatase has
greater photocatalytic activity than rutile, while brookite
and TiO,-B have not yet been systematically explored for
heavy metal removal applications.

As noted above, adsorption and photocatalytic capabili-
ties can be affected by various factors, such as synthesis
method, particle size, proportion of polymorphs, surface
area, and numbers of defects, among others [9, 42, 57]. In
particular, numerous modifications have been implemented
to improve photocatalytic performance. This is due to the
fact that the oxide has a significant bandwidth (3.2eV for
anatase), whose high energy does not allow the development
of photocatalytic reactions using visible light, requiring use
of ultraviolet light (UV) [43, 58, 59], which is extremely
impractical. Also, the recombination of e/h™ pairs is a
serious problem in materials for reduction of heavy metal
ions as the excited electron that has migrated to CB
returns to the VB and no reaction with the pollutant
occurs [43, 60, 61]. In effect, when the electron-hole recom-
bination takes place, a photo-excited electron in the CB
returns to the VB without reacting with the adsorbed species,
occupying the position of a hole in the VB. As a result, the
photo-generated electron-hole pair disappears and the
number of free charge carries available for reaction with
heavy metal ions decrease. Therefore, the recombination pro-
cess reduces the overall photocatalytic activity, and becomes
one of the major limitations for reductive water treatment.
Several alternatives have been proposed in order to promote
separation of the electron-hole pair and thus reduce recom-
bination, including doping and heterojunction coupling [38].
It is possible to obtain an acceptable performance with visible
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FIGURE 3: Crystal structures of rutile, brookite, and anatase.

light by applying various strategies; some of them are
presented in Table 1.

In principle, the existing modifications for improving the
remediation capacity of TiO, are physical and chemical.
Those included in the first group are based on the morphol-
ogy of the semiconductor material and include the increase
in the specific surface or porosity of the oxide, and its mor-
phology, which results in a greater quantity of active sites to
initiate redox reactions [42, 43, 58]. The most used morphol-
ogies in this sense are monodisperse nanoparticles in which
the diameter is kept limited to reduce the recombination of
e’ /h™ pairs increasing the specific surface for the chemical
reactions responsible for remediation [43, 62]. Nanotubes,
nanowires, and other TiO,-based nanostructures are also
used, achieving a high transfer of charges, greater porosity,
and low recombination of pairs [43, 62-64]. In this way,
theoretical-experimental studies have been carried out on
the influence of the active face of TiO, with anatase structure
on the adsorption of certain heavy metal ions. Thus, density
functional theory (DFT) calculations suggested that face
(001) exhibited a relatively higher adsorption energy and
better diffusion of metal ions with respect to face (101).
The experimental analysis indicated that increasing the
exposed (001) facets, the adsorption capacity was higher.
In effect, when the percentage of exposed (001) facets was
increased to 80%, the detection sensitivity reached a maxi-
mum of 190% for Pb (II) and 93% for Cd (II) [65]. Another
method to increase the photocatalytic activity, as found in
recent research, consists in deforming the crystalline lattice
of the material. Indeed, a theoretical study applying the
DFT method suggests that by applying strain up to 10%,
the band gap is about decrease from 3.48 to 2.82¢€V, so the
absorption of visible light would be made possible [66]. A
recently developed research indicates that cellulose-TiO,/
rectorite composite in a natural polymer support has shown
interesting results in Pb (II), Cu (II), and Cd (II) removal
from acidic aqueous effluents. Rectorite (REC) strengthens
the bond between TiO, nanoparticles and cellulose hinder-
ing the agglomeration effects, enabling a better distribution
of the nanoparticles. The multiple adsorptions of Pb (II),
Cu (II), and Cd (II) were determined by the solution pH,
reaching an adsorption capacity of 69.81 mg/g by using cel-
lulose-TiO,/REC 2:1 in a pH = 6solution [67]. Chemical-
based methods to improve photocatalytic reactivity of
TiO, involve several strategies. Most common chemical
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TaBLE 1: Modifications of TiO, for improving remediation capacity [52].

Technique Examples of application materials Effects of modification on TiO, removal performance

Dopin. Graphite, graphene oxide, semiconducting metal Band gap between VB and CB is difficult to overcome by UV and visible
ping oxides (ZnO), metals (Cu, Zr). light. Doping introduces midgap states and decreases the band gap energy.

Composites Carbon nanotubes, me tallic oxides, Combination of favourable properties for photocatalysis of all constituents.

graphene oxides.

Complexes Porphyirin-TiO, Absorption of UV and visible light.

Nanorods Anatase/rutile/titanate rods Increases specific area and mesoporosity.

Nanosheets TiO,, graphene High specific surface area, large number of active sites/facets. Increased

separation and delayed recombination of holes.

modifications are sensitization with dyes [42], doped with
metallic [59, 68, 69] or nonmetallic [70] elements, or the
coupling of TiO, with another semiconductor metal oxide
[71-73], carbon nanomaterials [52] or adequate polymers
[61, 74] in order to obtain functional nanocomposites.
Dye sensitization is based on the fact that electrons that have
been excited during the irradiation of light, are transferred
directly to the CB of TiO,, increasing the photocatalytic reac-
tivity. This injection of electrons into the semiconductor
material occurs in much shorter periods of time than recom-
bination of e /h" pairs (femtoseconds versus nanoseconds)
[42, 75]. By other hand, doping of TiO, with noble metals
such as Ag, Pt, Au, etc., results in an electronic transfer
between the CB towards the doping atom, reducing the
recombination of e /h™ pairs, which increases the reactivity
of the photocatalyst oxide [53]. In this sense, Ag-doped
TiO, presents higher photocatalytic activity when visible
and UV-light irradiates the nanomaterial [76]. In general,
the photocatalytic activity of TiO, doped with noble metals
improves depending on the synthesis method such as
photodeposition, impregnation, hydrothermal, and sol-gel.
However, Au-TiO, and Pt-TiO, seem to be less susceptible
to the manufacturing method, and in both cases the
photocatalytic activity increases up to a limit concentra-
tion in the TiO, structure [77]. The TiO, doped with
transition metals also presents a higher photocatalytic
reactivity [42, 43, 48, 63, 78]. Thus, impurity energy levels
are created in the band gap, resulting in the absorption of
visible light and the highest electron transfer between the
TiO, and the dopant [78]. Implanting metal ions also
increases the photoreactivity of TiO, under visible light, for
example, bombarding the oxide semiconductor with the ions
so that they penetrate its crystalline structure and thus create
additional energy levels [42, 43]. Doping modification is
illustrated in Figure 4. The effects on the photocatalytic prop-
erties of TiO, after metal doping were also studied by means
of first-principles and other theoretical methods, such as
DFT. For example, DFT +U (U =10eV) calculations using
the VASP package with GGA-PBE functional were recently
performed to study photocatalytic properties of Sn/Pb-doped
(101) TiO, anatase surface. It was found that the substitution
of Ti atoms with Sn atoms on the surface or Pb atoms within
the bulk phase can form an unoccupied local energy level
below CB minimum, which could act as electron trap and
inhibit the recombination of e/h* pairs, promoting the
photocatalytic activity. However, results also suggest that

the presence of the Sn impurity in the bulk leads to an
increase in the anatase band gap, so in this case a lessening
of the yield of e /h™ pairs and the photocatalytic performance
can be expected [79]. Another study based on LDA+U
(U=8¢eV) functional calculations have been carried out
using the CASTEP code to evaluate the electronic and optical
properties of Ce-doped anatase with various impurity con-
centrations. It was found that the increase in Ce concentra-
tion leads to a decrease in Ti 3d states and enhancement of
4f states in the bottom of CB, which provokes a gradual
reduction of the band gap. In effect, the obtained energy
band gap values ofTi,_,Ce, O, are 2.40,2.34,2.28,and
2.17eV for x =0.0625,0.125,and 0.25, respectively, result-
ing in an optical absorption decrease in the range of 180-
600nm [80]. By the other hand, the combined effect of
the presence of oxygen vacancies and interstitial Sn**
ions in TiO, rutile and anatase phases was analysed by
GGA+U (U=3.2eV) calculations performed with the
CASTEP package, adopting the PBE exchange-correlation
functional. It was found that the oxygen vacancies promote
the migration of the dopant jon from the interstitial to the
substitution sites, especially in the case of the rutile phase.
Furthermore, calculations suggest a reduction in bandwidth
to 2.35eV in the Sn-doped O-defected anatase due to the
introduction of a defect level into the forbidden band. As a
consequence, the presence of oxygen vacancies could tune
the electronic excitation from the valence to the CB, helping
to obtain well-separated e /h™ pairs and thus enhancing the
photocatalytic performance of TiO, under visible-light irra-
diation [81].

In general, heavy metal ions are combined with other
dangerous pollutants in aqueous effluents such as the
polycyclic aromatic hydrocarbons (PAHs). Therefore, a
simultaneous removal mechanism is extremely useful and
efficient, such as the one developed using a phenanthro-
line/TiO, nanocomposite with rich oxygen vacancy defects
for pollutant detection, adsorption, and degradation [82].
This material adsorbs Cr (III) ion, enhancing the photocata-
lytic degradation of methyl orange under visible light.
Phenanthroline/TiO, was preadsorbed with 1, 20, 50, and
100mg/L of Cr (III) ion and used to photocatalytically
degrade this organic pollutant, showing higher photocata-
lytic capacity than TiO,. It was found that photocatalytic
degradation of methyl orange increased as Cr (III) ion con-
centration increased from 1 mg/L to 50 mg/L [82]. Recently,
TiO, nanofibers on a porous ceramic support of fly ash
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(TNM-PFACS), manufactured using the hydrothermal tech-
nique, showed the simultaneous elimination of the rhoda-
mine B (RhB) dye and Cu (II), Cd (II), and Cr (VI) heavy
metal ions through synergism and antagonism between the
adsorption and photodegradation process [83]. A high elim-
ination rate (90.15%) was found and the adsorption capacity
(9.56 mg/g) of Cu (II) was maintained while the adsorption
of the Cd (II) ion was disabled. The photodegradation of
RhB creates an acidic environment that promotes the reduc-
tion of Cr (VI) to Cr (III) ion, showing a high efficiency of
almost 97% [83]. Another research work analysed by exper-
imental and theoretical methods the Cu (II) ion adsorption
and phenanthrene reduction by an anatase/titanate (TiO,/
TiNT) nanotube composite [84]. This nanomaterial has a
large surface area and more active groups “ONa/H, improv-
ing Cu (II) adsorption and photocatalytic degradation of
phenanthrene. The maximum adsorption capacity of Cu
(II) was 115.0mg/g at pH =5. TiO,/TiNT showed higher
reaction rate than unmodified TiNTs for phenanthrene
photodegradation. Furthermore, the coexistence of Cu (II)
promoted the photocatalytic degradation of phenanthrene,
since Cu (II) adsorbed by the TiNT network acts as an
electron receptor reducing the recombination rate of e /h*
pairs [84]. Another TiO,-based nanomaterial for the simul-
taneous removal of several pollutants was obtaining using
Rh-Sb codoped TiO, nanorods (RS-TONR) coupled with
titanate nanotubes (TiNT) [85], in an attempt to reduce
the level of pollution in aqueous effluents with more than
one type of pollutant. Under visible light, it was found that
RS-TONR/TiNT showed a high adsorption capacity for Zn
(II), Cu (II), Pb (II), and Cd (II), while the photocatalytic
degradation of the dye orange (II) and bisphenol A (BPA)
was enhanced in solution containing these heavy metal ions
[85]. Recently, the simultaneous removal of BPA and Cr
(VI) ions by photodegradation under visible light irradiation
was reported. It was found that under visible light, electrons
are excited and migrated to the CB of anatase, were received
by the Cr (VI) ion to reduce it to the Cr (III) ion, less harm-
ful to the environment. In turn, superoxide radicals (O,")
are produced, which can degrade the organic compound

BPA [86-88]. Nonmetal doping also can be applied to
enhance the visible-light photocatalytic activity of a semi-
conductor oxide, using for example dopants as N, F, C, S,
etc. This technique is more efficient than metal doping
because of the lower recombination of e /h* pairs [42, 43].
Several researches indicate that N-doped TiO, turns out to
be more efficient than the other dopants mentioned above,
which makes it a more widespread resource. For example,
it was found that an N-doped TiO, photocatalyst synthe-
sized by hydrothermal method showed a narrow band gap
making this nanomaterial suitable for operation under visi-
ble light. This N-doped TiO, (1.0g of N-TiO,) was added
in a 3mg/L Cr (VI)-containing solution, and after 120 min,
the concentration of Cr (VI) and total chromium and was
0.42 and 0.82 mg/L, respectively, which shows the reduction
of Cr (VI) to Cr (III) [89]. Moreover, it was found by means
of DFT methods that N atoms can occupy O-sites on the
anatase bulk structure, with the consequent overlap of the
O,, and N, states and thus a lower energy bandwidth
[90]. Also, the technique of codoping with different
nonmetal atoms can be applied in order to improve the
adsorption capacity of TiO, nanomaterials. For example,
mesoporous anatase codoped with S and N atoms shows a
higher photocatalytic efficiency than anatase doped with S
and N atoms separately [91, 92]. It has been proposed that
the improved photocatalytic activity of anatase (001) nano-
sheets codoped with S and N is due to the narrowing of
the forbidden energy band [91]. Significant improvement
of the visible-light photoactivity of N-F codoped TiO, films
has been observed using a silica colloidal crystal for liquid
phase deposition of the doped oxide, achieving macro-
mesoporous structures with high photocatalytic activity by
tuned morphology and photon multiple scattering effects
[93]. Finally, coupling TiO, with carbon nanostructures or
polymers has also been used in order to obtain more active
photocatalysis for heavy metal removal. In particular,
reduced graphene oxide (rGO) has received great attention
because it can act as an electron acceptor, promoting the
transfer of photoexcited electrons from TiO, and thus
reducing the electron-hole recombination rate [94]. TiO,/
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rGO nanocomposites have been studied with different mass
ratios synthesized by hydrothermal method. Those materials
demonstrate improving adsorption capacity of Cd (II), Pb
(II), and Cu (II) [95]. Similarly, TiO,/rGO synthesized by
sol-gel method was studied finding an improved reduction
capability of Cr (VI) to Cr (III) from an acidic aqueous
solution in comparison with pure TiO,, with a maximum
removal of 86.5% under visible-light illumination. The
adsorption and reduction of Cr (VI) weakened with a rise
in pH, due to the electrostatic attraction among cationic Cr
(VI) and TiO,/rGO and the decline in the thermodynamic
driving force of Cr (VI) reduction to Cr (III) [94, 96]. In a
similar line, a recent study is based on the reduction of the
Cr (VI) ion by a TiO,_/rGO nanocomposite modified with
carbon quantum dots (CQDs), synthesized by the hydro-
thermal calcination method. The presence of CQDs and
rGO leads to a synergistic effect that promotes the separa-
tion of e /h" pairs, increasing the photocatalytic activity of
the CQDs-TiO, ,/rGO nanocomposite to reduce the con-
taminating ion to the Cr (III) form, even under irradiation
with visible light [97]. Other authors have explored compos-
ites formed by TiO, and polymers that can enable doping-
dedoping process, such as polypyrrole, polythiophene, or
polyaniline, with the aim to reach a selective adsorption of
heavy metal ions. For example, the coupled structure of
polypyrrole (PPy), in its oxidised p-type doping state, and
TiO, in n-type state, allows to achieve a high selectivity to
Zn (II) ion, which is strongly dependant of TiO, mass frac-
tion in the composite material, with a 77.81 mg/g adsorption
capacity, disabling Cu (II) remotion [98]. Nonstoichiometric
imperfections in the crystal lattice also influence the photo-
catalytic activity of TiO, by reducing the energy between
CB and VB [70]. In this way, introduction of defects, espe-
cially oxygen vacancies (V), can be a successful strategy
for the remediation of heavy metals and other pollutants
through metal oxides. For example, phenanthroline/TiO,
nanocomposite (Phen/Ti0,) with rich V, defects were syn-
thesized to integrate the functions of pollutant detection,
adsorption, and photocatalytic degradation. The results
showed that the nanocomposite could adsorb Cr (III) ion,
enhancing photocatalytic degradation of methyl orange pol-
lutant under visible light [82]. Excess of oxygen also reduces
the band gap by VB shift, higher electron receptivity, and
lower e /h" pairs recombination rate compared to TiO, with
anatase morphology [70].

2.2. ZnO Nanomaterials. Zinc oxide (ZnO) is a semiconduc-
tor with a band gap of 3.37 eV, which has received extensive
attention due to its high chemical stability and excellent
photoelectric properties [46, 99-102]. Doped impurity in
ZnO material could change its geometrical structures pro-
ducing unusual electromagnetic properties. Compared to
TiO,, it has lower production cost and greater tendency to
generate oxygen vacancies, which allows a higher production
of hydroxyl radicals and a higher reaction speed. ZnO is bio-
degradable and biocompatible in suitable doses. It exists in
nature in three crystalline structures: wurtzite, blende, and
salt rock (see Figure 5). Wurtzite (hexagonal cell with lattice

parameters a=3.2495 A and ¢=5.2069A; Point group =

Rocksalt Wurtzite

FIGURE 5: Crystal structures of rock salt, zinc blende, and wurtzite.

TaBLE 2: Removal performance of ZnO for common heavy metals
pollutants [5, 46].

Removal performance

Ton Visible light UV light Removal mechanism
Ag (I) Inadequate Acceptable  Adsorption and redox
Cr (VI) Medium Inadequate  Adsorption and redox
Pb (II) Medium Acceptable  Adsorption and redox
Mn (IT) Inadequate Inadequate Adsorption
Cu (IT) Acceptable Acceptable Adsorption
Cd (1) Inadequate Inadequate Adsorption
Ni (IT) Inadequate Inadequate Adsorption

6 mm; Space group = P63 mc) is the most stable form, while
the rock salt structure occurs at high pressures and blende
is synthesized only on cubic substrates [57]. It can be
obtained in the form of nanostructured material, such as
nanorods, nanowires, nanobelts, or nanotubes by means of
spray pyrolysis, sol-gel method, physical and chemical depo-
sition method, and hydrothermal method [103]. However,
ZnO has a series of drawbacks associated with its dissolution
in acids and corrosion in alkalis under UV radiation, high
rate of recombination of e/h* pairs, and low absorption
capacity for visible light [57]. Table 2 shows ZnO perfor-
mance on removing different heavy metal ions under visible
and UV light, indicating that irradiation source strongly
affects its removal capacity. A scheme for the heavy metal
reduction process based on the photocatalytic mechanism
on ZnO hexagonal nanorods is shown in Figure 6.

The strategies to increase the photocatalytic activity of
ZnO are similar to those already described for TiO,, and
include physical modifications, hybridization in different
proportions with materials with comparable bandwidths,
sensitization with dyes, and doping with noble and nonnoble
metals [57]. In this way, by changing the morphology of
ZnO adsorbent, it is possible to obtain better results using
visible-light radiation [104]. For instance, it was found that
using mesoporous ZnO with specific surface area of
15.75m’/g and pore volume of 0.038 cm®/g, shows adsorp-
tion capacities of 160.7 mg/g and 147.25 mg/g in the adsorp-
tion of Pb (II) and Cd (II), respectively. Similarly, ZnO
nanoparticles of 40nm size and specific surface area of
80.42 m’/g prepared by gel combustion method were ana-
lysed as Pb (II) adsorbent, resulting in a maximum rate of
26.109 mg/g at optimum pH =4 [105]. In another research,
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ZnO nanosheets were evaluated for selective adsorption of
Cd (II) in aqueous solution, showing an adsorption capacity
of 97.36 mg/g in the presence of other metal ions such as
Cu®*, Mn**, Pb*", and Y** [106]. As it was previously
explained, another effective method for improving the
adsorption performance in the visible-light region consists
on incorporate metallic and/or a nonmetallic atom in the
metal oxide structure, in order to decrease the band gap
energy and prevent the recombination of e*/h™ pairs. Differ-
ent transition metals such as Ag, Ni, Mn, Fe, and Cu have
been used as ZnO dopants, concluding that the amount of
doping exists where only the optimal concentrations show
an increase in photocatalytic activity [107]. For example, in
recent research an activated carbon loaded with biosynthe-
sized Ag-doped ZnO nanocomposite was considered for Cr
(VI) removal, showing that the optimum conditions for
adsorption was at pH = 2.5 after 60h of remediation treat-
ment, for a heavy metal ion concentration of 40 ppm [108].
Another work has demonstrated that La and Ti-doped
ZnO synthesized by sol-gel method show better capacity
for Cd (II) adsorption than pure ZnO. A high adsorption
efficiency of 93 mg/g was achieved at initial concentration
of 300 mg/L by 8% of Ti-doped ZnO. In the same way, the
adsorption capacity of undoped ZnO increased from
32mg/g to 62 and 94mg/g after La and Ti-monodoping,
respectively [109]. Similarly, Ga-doped and Ca-doped ZnO
nanopowders were tested for Pb (II) adsorption from waste-
water. Results show that the incorporation of 3% of Ga or Ca
in ZnO led to maximum adsorption capacity of lead of
about: 458 and 449mg/g for Ga-ZnO (at pH=4 and
298K) and Ca-ZnO (at pH=5.4 and 328 K), respectively
[110]. By other hand, a theoretical and experimental study
shows that the UV and visible-light absorption and the pho-
tocatalytic degradation efficiency are significantly improved
by means of Fe-Ce-codoping of ZnO. The degradation rate
of pure ZnO is 72.6%, which increased to 98.5% with the
addition of 3% of Fe and Ce. A DFT analysis performed with
the VASP package at GGA-PBE level has demonstrated that
ZnO band gap is reduced after doping with Fe and Ce at Zn
sites, and e /h" recombination is obstructed by the impurity
donor levels, improving the photocatalytic activity. It was
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also found that the band gap becomes narrower increasing
dopant concentration to 4% [111]. In the same way, DFT
models performed with CASTEP code show that by intro-
ducing Ni in wurtzite-ZnO structure, the higher the
concentration of Ni, the more the forbidden band gap
narrows. The obtained band gaps of Zn ¢54;Ni, 44,70 and
71 975,Nij 0,750 are 0.395 and 0.448 eV, respectively, both
of which are smaller than those band gap calculated for
pure ZnO (0.726 V). Simultaneously, a shift in the light
absorption range towards wavelengths close to red colour
was obtained [112]. Other researchers have evaluated the
capacity of ZnO nanotubes and ZnO-graphene like sheets
for the adsorption of Ni, Cu, Ag, and Cd. For ZnO nano-
tubes, DFT calculations with SIESTA code and GGA-PBE
functional show that calculated maximum and minimum
values for adsorption energy were 3.45 and 1.3 eV, respec-
tively, suggesting that this nanostructure is capable of
adsorbing all of those heavy metals. On the contrary, ZnO
nanosheets present maximum and minimum adsorption
energy values of 2.19 and 0.24eV, respectively, so this
nanomaterial could act as an efficient adsorbent only for
Cd and Ag [113].

Regarding doping of ZnO nanomaterials with nonmetal-
lic elements, N-doping is commonly chosen to improve the
photocatalytic properties. For example, ZnO nanorods
doped using the ion implantation method shows a reduction
from 3.2 to 2.18 eV in band gap because of the generation of
localised energy states near the VB. Moreover, ZnO nano-
particles were synthetised, doped with N atoms and inte-
grated to a multilayer polyethersulfone/chitosan adsorptive
membrane in order to improve the removal efficiency for
Cr (VI) depletion. This material, showed an increase from
12.9% to 31.48% under visible-light irradiation after doping.
Under UV light, the removal efliciency was increased from
31.48% to 47.73% after N-doping of the membrane [114].
Likewise, ZnO doping with carbon, sulphur, and fluorine
also generates localised energy states near the VB of ZnO,
increasing the visible-light absorption property of modified
ZnO photocatalysts [115]. On the other hand, oxygen (V)
or zinc (V,,) vacancies into ZnO induces local defective
states within the band gap, decreasing the bandwidth and
improving visible-light adsorption. Therefore, the electron
is photoexcited from the VB to an intermediate level state
provided by V near the CB or by V, near the VB, and
finally reaches the CB. V-rich ZnO, was found to present
an energy band gap of 3.05eV, in spite of 3.37eV that is
the band gap of pristine ZnO. In a similar way, V, -rich
ZnO shows a slight narrowing of the band gap from 3.23
to 3.16 eV, but UV-light absorption capacity is lower than
that corresponding to unmodified-ZnO structure [116].

2.3. Binary ZnO/TiO, Systems. Coupling of two or more
semiconductor oxides promotes photocatalytic efficiency
since recombination time of charge carriers is longer than
if a single semiconductor oxide is used. Based on this
principle, several hybrid compounds that have allowed to
achieve satisfactory results in water remediation, such as
those formed by metal oxide, metal nitride, metal sulphide,
and ternary compounds such as Ag,0/ZnO/CuO. In these
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cases, the hybrid material has a more extensive range for
visible-light absorption due to the different band gaps of
each oxide and an increased potential for reduction of
pollutants. In this way, it is possible to extend the useful life
of the charge carriers, accelerate the reactions and increase
the efficiency for removal of contaminants [72, 117]. In
particular, ZnO/TiO, nanocomposites have been widely
used in removal of various pollutants such as heavy metal
ions like Cr (VI), dyes, drugs, Bisphenol A (BPA), and phe-
nol. Coupling ZnO and TiO, leads to a lower recombination
rate of charge carries, improving heterogeneous photocata-
Iytic performance, as shown in Figure 7. In this image, it
can be seen that e in the CB of TiO, are allowed to transfer
to the CB of ZnO, since the energy level of the CB for TiO, is
higher than that of ZnO. In the same way, h" in the VB of
ZnO can move to VB of TiO, due to the energy level of
VB of ZnO is below the energy of VB of TiO, [118, 119].
Several applications of this couple of oxides were devel-
oped concerning water treatments, and a great number of
modifications were improved on the resulting composite
materials for still increasing remediation performance. For
example, heavy metal adsorption efficiency is also enhanced
by TiO,/ZnO nanocomposite formed by a ZnO core and
TiO, shell monolithic system having both mesoporous and
microporous nature, synthesized via nanocasting method,
with a high surface area between 120 and 332 mz/g. Pb (II)
and Cd (II) ions from aqueous water were adsorbed by this
nanocomposite under a pH =6 aqueous solution, showing
that maximum adsorption efficacy of Pb (II) was 790 and
978 mg/L for ZnO and TiO,/ZnO monoliths, respectively.
Also, the maximum adsorption efficacy of Cd (II) was found
to be 643 and 786 mg/L for ZnO and TiO,/ZnO monoliths,
respectively, [71]. Similarly, TiO, and ZnO nanoparticles
have been coated on a sewage sludge carbon (SSC) surface
in order to obtain an efficient adsorbent for removal of Ni
(I1) and Cu (II) ions from aqueous solutions and wastewater.
It was investigated, the effect of adsorption parameters such
as TiO,/ZnO mass ratio, TiO,/ZnO concentration, pH,
adsorbent dosage, contact time, ionic strength, temperature,

and initial concentrations of Ni (II) and Cu (II) as adsor-
bates. The maximum monolayer sorption capacities of Ni
(II) and Cu (II) were found to be 62.3 and 75.1 mg/g, respec-
tively, under a pH = 6 solution, TiO,:ZnO mass ratio of 3:1,
TiO,/ZnO concentration of 10wt.%, adsorbent dosage of
1g/L, and equilibrium time of 120min [120]. A hybrid
TiO,/ZnO nanocomposite has also been used as a dopant
for a matrix of synthetic materials with high stability,
such as polyacrylonitrile (PAN) polymer nanofibers. The
obtained PAN/ZnO/TiO, nanocomposite presents has high
efficiency to remove Cr (VI) ions from aqueous effluents
after an exposure time of 240 min while this time was of
360 min when using only PAN nanocomposites. Moreover,
adsorption capacities were also enhanced since they were
found to be of 153.85mg/g, 234.52 mg/g, and 333.43 mg/g
for PAN nanofibers, PAN/ZnO, and PAN/ZnO/TiO,,
respectively [121].

3. Conclusion

As mentioned, the application of nanoparticulate semicon-
ductor oxides for the remediation of aqueous effluents has
many advantages and results in significant decreases in the
concentration of several transition or noble metals and other
pollutants. Semiconductor oxide-based photocatalysts has
received considerable attention for its diversified potential
applications in environmental issues due to nontoxicity,
excellent photochemical stability, great oxidizing power,
chemical inertness, high abundance, low cost, and environ-
mentally friendly nature [122]. These nanomaterials have
also many exceptional properties for removal of heavy
metals from water by adsorption processes, like high reactiv-
ity, strong mechanical property, nanosize, porosity charac-
ters, large surface area, hydrophobicity, dispersibility, and
strong solution mobility [123]. They not only can efficiently
adsorb heavy metals, but also have favourable redox proper-
ties that are beneficial for the ionic reduction of heavy metals
and simultaneous degradation of redox-sensitive organic
pollutants via photocatalytic mechanisms [124]. However,
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there is scarce information available about the reuse of
nanoparticulate materials or, when this is not possible, their
final disposal. Since adsorption process is reversible, in many
cases nanoparticulated adsorbents could be regenerated by
desorption [71]. Investigating this aspect is particularly
important given that the adsorption capacity of pollutants
must be maintained at acceptable values throughout the
cycles of use of the adsorbent material. In addition, once
its useful life is over, it must be treated so that it does not
become a toxic and dangerous waste. For instance, TiO,
and ZnO nanoparticles were supported in poly(vinylidene
difluoride)-co-trifluoroethylene (P(VDF-TrFE)) porous mem-
brane, in order to produce nanocomposites of ZnO (15wt. %)
and TiO, (5, 10, and 15wt. %) nanoparticles. To test its reus-
ability, each nanocomposite was applied several times to the
degradation of methylene blue under UV light during 5h,
showing higher photocatalytic efficiencies as photocatalyst
concentration increases and even presenting low decrease
throughout three cycles of use. The degradation rates of
15wt. % TiO, and ZnO systems are similar, and the photoac-
tivity decreases 6, 16, and 13% for 5, 10, and 15wt. % TiO,,
respectively, and 11% for 15wt. % ZnO, in all cases after three
cycles, showing thus the suitable reusability of the obtained
nanocomposites [125].

There is another series of contaminants, commonly
known as emerging pollutants, that nowadays are not
included in water quality monitoring programs and that do
not necessarily refer to new substances, but to compounds
whose presence has been recently detected, so its environ-
mental impact is not always known [126]. For example,
pharmaceutical and personal care products, microplastics,
pesticides, hormones and endocrine disrupting compounds,
novel industrial additives, including nanomaterials, etc., are
included in this group of harmful substances [127]. TiO,
and ZnO nanoparticles have also been applied for removal
of this type of pollutants from aqueous effluents [128, 129].
For example, a TiO,/ZnO nanocomposite with a Ti:Zn
molar ratio of 1:0.3 was successfully applied to the photo-
catalytic degradation of steroid hormones, such as 17a-ethi-
nylestradiol (EE2) and 17p-estradiol (E2), at low initial
concentrations (from 50 ug/L to 10 mg/L) [130]. Continuous
exposure to these hormones, even at low concentrations, can
disrupt the endocrine system [131], inducing serious adverse
effects on human health such as infertility and increased
incidence of breast, ovarian, and testicular cancer [132].
The obtained TiO,/ZnO photocatalyst has showed approxi-
mately 25% and 10% mineralization for E2 and EE2, respec-
tively, after 240 min of visible-light irradiation. Moreover, it
was verified that the active sites of the nanocomposited can
be regenerated by calcination at 600°C for 1h, enabling its
reuse for 3 cycles with minimal reduction in activity [130].
In a similar way, Ag,S-ZnO/rGO core-shell structured
microspheres were tested for degradation of acetaminophen
(APAP), an extensively consumed antipyretic, anti-inflam-
matory, and analgesic drug. It was verified that APAP
removal efficiency depends on the rGO concentration,
reaching the maximum photocatalytic performance under
visible-light irradiation with a rGO content of 0.2 g/L. The
Ag,S-ZnO/rGO composites presented enhanced photocata-

Adsorption Science & Technology

Iytic performance toward degradation of APAP compared
to bare ZnO and ZnO/rGO, which was mainly attributed
to the efficient charge transfer at the interfaces of ZnO and
Ag,S. The prepared composite also showed a great potential
for recycling, suggesting the possibility of large-scale appli-
cations [133]. Another severe environmental problem is
the pollution of water by microplastics (<5mm) and nano-
plastics (<100 nm) [134]. Due to their small sizes, microplas-
tic particles can be discharged into the environment from
treated wastewater effluents. The most common are polyvi-
nyl chloride (PVC), polyethylene (PE), polypropylene (PP),
polystyrene (PS), and polyethylene terephthalate (PET)
[135]. Recent research has shown that semiconductor metal
oxides can be applied to the photocatalytic removal of
microplastics from water samples. For example, low density
spherical PP particles suspended in water have decreased
their volume by 65% under visible-light irradiation for
two weeks in a flow through photocatalytic reactor with
ZnO nanorods immobilized onto glass fibers [136]. There-
fore, TiO, and ZnO-based nanomaterials have a great
potential for photodegradation of microplastics, pharma-
ceutical products, and others emerging pollutants from
wastewater effluents.
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