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Abstract With the rapid development of industrial, large
amounts of different inorganic and organic pollutants are
released into the natural environments. The efficient
elimination of environmental pollutants, i.e., photocataly-
tic degradation of persistent organic pollutants into
nontoxic organic/inorganic chemicals, in-situ solidification
or sorption-reduction of heavy metal ions, is crucial to
protect the environment. Nanomaterials with large surface
area, active sites and abundant functional groups could
form strong surface complexes with different kinds of
pollutants and thereby could efficiently eliminate the
pollutants from the aqueous solutions. In this review, we
mainly focused on the recent works about the synthesis of
nanomaterials and their applications in the efficient
elimination of different organic and inorganic pollutants
from wastewater and discussed the interaction mechanism
from batch experimental results, the advanced spectro-
scopy techniques and theoretical calculations. The adsorp-
tion and the photocatalytic reduction of organic pollutants
and the sorption/reduction of heavy metal ions are
generally considered as the main methods to decrease the
concentration of pollutants in the natural environment.
This review highlights a new way for the real applications
of novel nanomaterials in environmental pollution man-
agement, especially for the undergraduate students to
understand the recent works in the elimination of different
kinds of inorganic and organic chemicals in the natural
environmental pollution management.
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1 Introduction

With the fast development of industry, large amounts of
wastewater containing different kinds of organic pollu-
tants, toxic metal ions, radionuclides and manmade
nanoparticles are inevitably released into the natural
environment. These contaminants create serious threats
to human health and environmental ecology systems [1-6].
Although some toxic organic pollutants could be photo-
catalytic degraded into less toxic organic molecules by
catalysts under the UV-Vis or visible light, it still takes
long time to achieve the degradation of organic pollutants
[7-10]. However, most kinds of catalysts are difficult to
degrade organic pollutants under visible light. It is
necessary to synthesize novel nanomaterials which have
multi-reactive centers, can harvest visible light and
accelerate the separation electrons and holes. Such
nanomaterials are ideal catalysts for the photocatalytic
degradation of persistent organic pollutants under visible
light conditions. Unlike organic pollutants, toxic metal
ions are difficult to degrade into ecofriendly substances,
but easily to be accumulated into living organisms, fruits,
vegetables or plants, which results in higher concentration
and thereby are more dangerous to human health [11-17].
Thereby, it is crucial to efficiently eliminate the organic/
inorganic pollutants from the wastewater before the
wastewater is released into the natural environment.

Up to now, various kinds of techniques such as sorption/
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adsorption, photocatalytic degradation, precipitation,
(electro)coagulation, (ultra)filtration, extraction, reduc-
tion/oxidation, biological degradation/treatment, and
membrane methods, have been extensively applied for
the decontamination of different kinds of pollutants from
large amounts of aqueous solutions [18-23]. The advan-
tages and disadvantages of different methods are summar-
ized in Table 1. From Table 1, one can see that different
techniques have different advantages/disadvantages. Dif-
ferent methods are suitable for different kinds of pollutants.
However, the sorption method is simple in operation and
could be applied in large scale.

Nanomaterials, such as graphene oxides (GO), carbon
nanotubes (CNTs), covalent organic frameworks (COF),
metal organic frameworks (MOF), carbon nitride (C5Ny),
MXenes, and chitosan-based materials have shown
excellent properties in the high sorption, sorption selectiv-
ity, reduction/oxidation, photocatalytic reduction, and
preconcentration/degradation of different kinds of metal
ions and persistent organic pollutants [24-29]. Large
amounts of functional groups on the surfaces, plenty of
binding sites and high specific surface areas of these
nanomaterials attracted extensive researches in multi-
disciplinary areas, especially in the elimination and
preconcentration of metal ions and the degradation of
persistent organic pollutants in environmental pollution
management. The methods for the preparation and/or
surface/structure modification of such nanomaterials have
been reported in many relevant papers and the methods for
the synthesis and modification are not necessary to be
described herein. MOFs are considered as the state of
crystalline nano-porous materials which are constructed by
the coordination interactions between the cluster nodes/
metal ions and organic linkers. The large amounts of
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amidoxime, carboxyl and hydroxyl groups could form
strong inner-sphere surface complexes with metal ions and
thereby increases the metal ions’ sorption. The amidoxime
groups which can act as Lewis acid could form complexes
with metal ions which are considered as Lewis base
through the Lewis’ acid-base interactions [24]. COFs are
built by strong covalent bonds and thereby own high
chemical stability even under vigorous conditions. The
surface property, arrangement and the density of active
centers is easily constructed through special organic
building unites or by post-synthetic modification to modify
functional groups. The special properties of COFs make
them suitable materials for the selective binding of metal
ions under complicated conditions. MXene is a kind of
two-dimensional transition metal carbide/nitride layered
materials. MXenes are generally terminated with -OH, —O,
—ClI or —F groups, which could provide large amounts of
adsorption sites and hydrophilicity surfaces. The large
specific surface area, high ion-exchange capacity, abundant
active sites, hydrophilicity and controllable interlayer
spaces make MXenes suitable materials for the solidifica-
tion of metal ions, especially the fast calcination at high
temperatures to shorten the interlayer spaces. C3N4 owns a
two-dimensional lamellar structure with moderate energy
gap (~2.7 eV) and & conjugated structure, which lead to
good visible light absorption. Such property is beneficial
for the application of C5Ny as catalyst in the photocatalytic
degradation of organic pollutants under visible light
conditions. The properties, advantages and disadvantages
of these novel nanomaterials are summarized in Table 2.
One can see that these novel nanomaterials are suitable
candidates in the environmental pollution cleanup. In this
review, the recent works about the sorption-reduction of
metal ions and the photocatalytic degradation of persistent

Table 1 Summary of the advantages and disadvantages of different methods in the elimination of pollutants

Methods

Advantages

Disadvantages

Sorption/adsorption

Easy operation in large scale for separation of metal

Difficult for separation from solutions

ions and organic pollutants

Photocatalytic degradation

For the degradation of organic pollutants at low

Difficult for the elimination of metal ions

concentration

Precipitation Different kinds of metal ions could be precipitated The solution pH should be adjusted for precipitation
simultaneously

(Electro)coagulation Different kinds of pollutants could be coagulated Need further separation of the coagulates

together in the coagulation process and parts of pollutants could still present in solution

(Ultra)filtration Can not be used in large scale

and high cost

Different kinds of pollutants could be separated
through the control of filter size

Extraction Pollutants could be selectively extracted through Need special extraction agents which are pollutants
the addition of special extraction agent themselves and need further treatment
Reduction/oxidation High valent metal ions could be reduced to low Only suitable for organic pollutants

valent and in-situ solidified and metal ion with different valent

Environmentally friendly methods for the preconcentration
of metal ions and degradation of organic pollutants

Need long time for the treatment process
and strict condition for microorganism

Biological degradation

Membrane separation Easy operation in the separation of pollutants Is not in large scale and high cost

from one solution to another solution
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Table 2 Summary of the advantages and disadvantages of different nanomaterials

Nanomaterials Advantages Disadvantages
GO High sorption capacity; easy surface modification; sufficient Difficult for separation from solutions;
functional groups; large surface area; high cost in synthesis; poor selectivity;
easy modification difficult for synthesis in large scale
CNTs Easy synthesis; high external surface area; high Relatively high cost in synthesis;
stability in vigorous low or high pH conditions low selectivity in sorption; low sorption capacity
COFs High sorption capacity; high chemical and thermal stability; High cost for synthesis; difficult for separation;
easy modification with functional groups difficult to control the structure and layer stacking
MOFs Easy synthesis in large scale; easy modification with functional High cost in synthesis; low hydrolytic stability;
groups; high specific surface area; difficult to be separated from solutions
easy to adjust the pore size
C3Ny Easy synthesis; easy doping to improve the Low sorption capacity for metal ions;
photocatalytic property high photocatalytic degradation of organic pollutants
MXenes Enough sorption sites; high ion exchangeable ability High cost in the synthesis; poor selectivity;

with metal ions; easy controllable layered structure

collapse at high temperature

organic pollutants are summarized, and the perspective of
nanomaterials in real applications is also described in the
end.

2 Sorption of metal ions and organic
pollutants

CNTs have attracted multidisciplinary attention because of
their outstanding physicochemical properties since they
were firstly discovered in 1991. CNTs are good candidates
for the sorption of metal ions through the formation of
strong surface complexes and organic pollutants through
the m-m interactions, electrostatic attraction etc. Pan and
Xing [30] reviewed CNTs as adsorbents for the sorption of
organic chemicals, and summarized that the n-m interac-
tions, hydrophobic interactions, electrostatic interactions
and hydrogen bonds were the main mechanisms for the
uptake of organic pollutants. Rao et al. [31] summarized
the sorption of metal ions on CNTs and concluded that the
sorption was mainly attributed to chemical interactions
between functional groups and metal ions, especially the
oxidation of CNTs to introduce different oxygen-contain-
ing groups could obviously improve the sorption capa-
cities. Zhao et al. [32,33] synthesized graphene oxides and
applied them in the removal of persistent organic pollutants
(naphthalene and 1-naphthol) and metal ions (Cd(II) and
Co(Il) ions) from aqueous solutions under different
experimental conditions, and the results showed the
maximum sorption capacities of ~2.3 mmol/g for naphtha-
lene and ~2.4 mmol/g for 1-naphthol, and 106.3 mg/g for
Cd(Il), which were the highest sorption capacities of
today’s nanomaterials. In Ai’s group, the sorption of
bisphenol A, tetracycline antibiotics, phenol, 4-chlorophe-
nol, 2,4-dichlorophenol and 2,4,6-trichlorophenol on
graphene oxides and graphene oxide-based nanomaterials
was studied by the batch techniques, advanced spectro-
scopy measurements and theoretical calculations at

molecular level, and the maximum sorption capacity of
255.4 mg/g for bisphenol A was achieved. The density
functional theory and molecular dynamics simulation
indicated that the sorption of organic pollutants to
graphene oxides was mainly driven by hydrophobic effect
and ultimately stabilized by hydrogen bonds and 7n-n
interaction, and the adsorption capacity was improved by
hydroxyl groups which provided more adsorption sites for
the binding of chlorophenol chemicals [34-36]. The
adsorption of naphthalene, phenanthrene and pyrence on
graphene oxide nanosheets also showed the high sorption
capacity of organic chemicals on graphene oxides, and the
interaction was mainly dominated by hydrogen bond and
n-n interaction [37]. From the above-mentioned experi-
mental results and theoretical calculation, one can see that
the sorption of organic pollutants on nanomaterials were
mainly dominated by hydrogen bonds, n-n interaction and
electrostatic attraction. Wang et al. [38] reviewed graphene
oxides and graphene oxide-based nanomaterials as adsor-
bents for the removal of U(VI), Eu(IIl), Th(IV), Sr(Il) and
Cs(I) from solutions from the viewpoint of the batch
techniques, advanced spectroscopic analysis and theore-
tical calculations, and concluded that graphene oxide-
based nanomaterials were suitable candidates for the
elimination/preconcentration of heavy metal ions from
wastewater, and could eliminate metal ions simulta-
neously. Wang et al. [39] synthesized vanadium carbide
MXene for U(VI) capture and found that U(VI) preferred
to coordinate with hydroxyl groups via forming bidentate
inner-sphere complexes with the sorption capacity of
174 mg/g. They also applied surface-modified Ti,CT,
MXene for the sequestration of Tc(VII) and Re(VII) from
solutions under different pH values and found that the
MXene had high selectivity for Te(VII) and Re(VII) [40].
The sorption of Th(IV) on Ti,CT, MXene showed the
capacity of 213.2 mg/g with high sorption selectivity in the
presence of other competing metal ions, which was much
higher than most common inorganic materials [41]. The
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Ti3C,T, MXene modified with KH570 showed the
adsorption capacity of 147.3 mg/g for Pb(Il). The internal
MXene hydroxyl groups and carbonyl groups are major
responsible for Pb(Il) adsorption [42]. The high surface
areas and enough pores of MOFs make them excellent
candidates for the separation of Sr(Il) and Cs(I) through
ion-exchange [43,44]. Wang’s group in Soochow Uni-
versity synthesized different kinds of MOFs and applied
for the separation of metal ions such as Tc(VII), Re(VII),
Kr/Xe [45—49], and the results showed that the synthesized
MOFs had high sorption capacities in the selective
elimination of target metal ions from aqueous solutions
in the presence of other metal ions. The elimination of
arsenic(V) from solution to MOFs-derived magnetic
chestnut shell-like hollow sphere NiO/Ni@C composites
showed the adsorption capacity of 454.94 mg/g on NiO/
Ni@C400, which was mainly attributed to the rich
oxygen-containing functional groups and high specific
surface area [50]. The filtration membranes are good
materials for the elimination of metal ions [51]. The
filtration experiments using nanofibrous membrane with
MOFs as adsorbents for the removal of Zn(II), Cd(II), Pb
(II), Hg(I) and Zn(I) showed that significant improve-
ment removal efficiency with the increase of membrane
thickness [52,53]. The high separation performance and
reusability of the membranes and the outstanding stability
of the nanofibrous membrane with MOFs suggested the
materials as potential candidate for wastewater treatment.
The pore within COFs is anchored by the different
functional organic unites, and thereby enhances the affinity
of metal ions and organic molecules. The high chemo-
stability makes COFs as promising absorbents for the
elimination of pollutants under rigorous conditions [54].
Most importantly, COFs were most promising in the
preconcentration of metal ions at strong acidic conditions
such as pH= 1 for U(VI) separation [55]. A porous
aromatic MOF framework exhibited U(VI) adsorption
capacity of 300 mg/g [56] and amino substituent COF
showed the sorption capacity of 530 mg/g [57]. The
adsorption of bisphenol A on magnetic COFs was
investigated by batch techniques and theoretical calcula-
tions, and the results showed that the BPA molecules were
mainly removed via the complexation with phenolic
aldehyde groups, the pore structure of the frameworks
and aggregation of BPA molecules were the crucial factors
for the sorption efficiency [58]. The chitosan-based
nanomaterials were also applied for the adsorption of
metal ions such as Cu(Il), Co(II), Mn(Il) from aqueous
solutions, and the results showed that the chitosan-based
nanomaterials had high sorption capacities for the removal
of metal ions from wastewater. The crosslink of chitosan
with other biocompatible polymers such as poly(acrylic
acid) or poly(ethylene glycol), could enhance the adsorp-
tion capacity [59,60]. Ngah et al. [61] reviewed the
adsorption of dyes and metal ions by chitosan-based
composites and concluded that chitosan was a good
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adsorbent for the removal of various kinds of anionic
and cationic dyes as well as heavy metal ions. The use of
cross-linking agent such as glutaraldehyde or some
modification process like coating could improve the
properties of chitosan in acidic conditions. The sorption
of metal ions and dyes is mainly attributed to electrostatic
attractions and chelation. The chitosan-based nanomater-
ials are promising candidates for the efficient elimination
of metal ions from wastewater with high stability and high
sorption capacity. From the abovementioned results, one
can see that nanomaterials showed high sorption capacity
for the elimination of organic and inorganic pollutants,
especially under vigorous conditions. Through the mod-
ification of special functional groups on the surface or in
the pores of nanomaterials, the high selectivity of special
pollutants could be selectively adsorbed through the
formation of strong inner-sphere surface complexes, ion
exchange, m-m interaction, hydrogen bond, electrostatic
interaction or hydrogen bond etc. The sorption method is
the simplest technique for the elimination of metal ions or
organic chemicals from aqueous solutions in large scale.
The high dispersion of nanomaterials in aqueous solutions
makes them difficult to be separated from wastewater. One
can modify nanomaterials with magnetic nanoparticles
which could separate the nanocomposites efficiently from
solutions through magnetic separation technique. The
nanomaterials are promising candidates in the preconcen-
tration and solidification of different kinds of environ-
mental pollutants if they are synthesized in large scale at
low price in future.

3 Sorption and reduction of high valent
metal ions to low valent metal ions

The sorption-reduction strategy of high valent metal ions
such as U(VI) to U(IV), Cr(VI) to Cr(IlI), Se(IV) to Se(II)
etc. and then the in-situ solidification at solid particle
surfaces are important method for the immobilization and
reduction of high valent metal ions to low valent metal ions
in natural environment. Generally, the high valent metal
ions are mobile whereas the low valent metal ions are less
mobile and easily form precipitates. Wang et al. [62]
applied Ti,CT, MXene for the reduction and sequestration
of U(V]) from aqueous solutions via a sorption-reduction
strategy, and the Ti,CT, MXene exhibited excellent U(VI)
sorption-reduction over a wide pH range with a sorption
capacity of 470 mg/g at pH = 3.0 and the reduced U(VI)
formed mononuclear with bidendate binding on MXene.
The activation and fast calcination strategies of U(VI)
uptake and solidification in the inner channel of MXene
was shown in Fig. 1(a). One can see that U(VI) could be
solidified in the inner channel after fast calcination at high
temperatures. Figures. 1(b) and 1(c) showed the X-ray
absorption near-edge structure (XANES) spectra and the
corresponding Fourier transforms of extended X-ray
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absorption fine structure (EXAFS) spectra of U(VI) on Ti-
based MXene over a wide pH range. The XANES spectra
indicated that U(VI) could be reduced to U(IV) in the pH
range of 3—-8. However, non-reduction of U(VI) was found
on Ti;C,T,, suggesting the reduction ability of MXene.
The EXAFS analysis (Fig. 1(c)) could provide the
information about the species, microstructures, and the
coordination information of U(VI) on MXene materials.
The application of C3N, for the photoreduction of U(VI) to
UV) and Cr(VI) to Cr(Ill) in the presence and absence of
bisphenol A (BPA) showed that U(VI) was photocatalytic
reduced to U(IV) by photogenerated electrons of conduc-
tion band edge whereas Cr(VI) was photocatalytic reduced
to Cr(Ill) by H,O,. The reduced U(IV) and Cr(Ill) further
formed precipitation and strong inner-sphere surface
complexes on C3Ny. The BPA was also reduced to organic
acid and alcohols in the photocatalytic degradation process
and the presence of BPA enhanced the photoreduction of

Ti,AIC,
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U(VI) and Cr(VI) [63]. The results showed that C3N, is a
suitable material for the simultaneous removal of metal
ions and organic pollutants in environmental pollution
cleanup. Nano zero-valent iron (nZVI) supported nano-
materials is also an ideal material for the sorption-
reduction of high valent metal ions as the surface
oxygen-containing functional groups of nanomaterials
could form strong surface complexes with metal ions and
the surface-bound Fe(Il) and Fe(0) could play critical role
in the reduction of metal ions from high valent to low
valent [64]. The reduction of Cr(VI) to Cr(Ill) in the
presence of humic acid by nZVI/Ni bimetal material
showed that 99.8% Cr(VI) could be reduced to Cr(IIl) at
pH 5 and the presence of humic acid inhibited the
reduction of Cr(VI) [65]. Yang et al. [66] synthesized
Fe;S, micro-crystal and applied for the sorption-reduction
of U(VID) and Cr(VI). The batch experimental results
showed high sorption capacities of 505.4 mg/g for U(VI)
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Fig. 1 (a) Hydrated intercalation activation and fast calcination strategy of Ti;C,T, MXene for U(VI) sorption and encapsulation [83]
(reprinted with permission from RSC); (b, ¢) U Ly edge XANES spectra and the Fourier transforms of k>-weighted EXAFS spectra of U-
loaded MXene samples [62,84] (reprinted with permission from ACS, copyright 2018).
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and 274.1 mg/g for Cr(VI) at pH 5.0 for the simultaneous
removal of Cr(VI) and U(VI). U(VI) and Cr(VI) could be
reduced to less toxic U(IV) and Cr(Ill) species with the
help of reducing Fe(Il) and Fe(0) components in Fe;S,.
However, the nZVI nanoparticles could be easily accumu-
lated and thereby reduced their sorption capacity and
reduction efficiency. The dispersion of nZVI on nanoma-
terials is a suitable way to avoid the aggregation of nZVI.
Sheng et al. [67] immobilized nZVI on CNTs and applied
for the sorption-reduction of Se(IV), and the X-ray
absorption fine structure (XAFS) analysis revealed that
Se(IV) was almost reduced to Se(0)/Se(Il) by nZVI/CNT
composites. Figure 2 shows the X-ray absorption near-
edge structures (XANES) and the Fourier transforms of Se
(IV) adsorbed nZVI/CNT samples. One can clearly see that
Se(0)/Se(Il) presented on nZVI and nZVI/CNT samples,
however only Se(IV) presented on CNT samples, suggest-
ing the reduction of Se(IV) to Se(Il)/Se(0) in the presence
of nZVI. Some other materials, such as graphene oxide,
layered double hydroxides, were also used to support nZVI
for the elimination of different contaminants [68—70], and
similar results were reported. Li et al. [71] synthesized
nZVI@MOF-74 composites and applied the composites
for the removal of U(VI), and the results showed that the
improved sorption of U(VI) was attributed to the sorption
of U(VI) from MOF-74 and the reduction of U(VI) to
U(V) by nZVI. Although most kinds of nanomaterials
showed high sorption capacity for the removal of metal
ions and organic molecules, the in-situ sorption-reduction
strategy is crucial for the immobilization of some kinds of
metal ions such as Cr(VI), U(VI), Se(IV) because the low
valent metal ions are easily precipitated and then fixed on
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nanomaterials. The main challenges for the sorption-
reduction strategy of metal ions are the sorption capacity
and the reduction ability of the different components in the
composites. Another problem is the stability of the
nanomaterials and the solidification of metal ions on
nanomaterials after long time, which may result in the
reoxidation of metal ions and releases into the natural
environment again.

4 Photocatalytic degradation of organic
pollutants

The photocatalytic degradation of persistent organic
pollutants under visible light irradiation for the removal
of organic pollutants at low concentrations is an efficient
way. TiO, and TiO, modified with different components
have been studied extensively for the degradation of
organic pollutants. There are many reviews about the
modification of TiO, for the photocatalytic degradation of
organic pollutants. MXene is also a promising photo-
catalyst for water splitting with high stability and facilitates
the migration and separation of photogenerated electro-
hole pairs [72]. Igbal et al. [73] synthesized Ti;C,-MXene/
bismuth ferrite nanohybrids and applied for the degrada-
tion of Congo Red and acetophenone under visible light
irradiation, and the 100% Congo Red was photocatalytic
degraded within 42 min and 100% acetophenone was
degraded in 150 min. C5Ny4 has been studied extensively as
heterogeneous photocatalyst for the elimination of various
organic and inorganic pollutants because of its metal-free,
ubiquitous, visible-light driven and low cost [74-76].
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Fig. 2 (a) XANES spectra, and (b) EXAFS spectra of reference samples and reacted samples of Se(IV) on CNT, nZVI and nZVI/CNT

samples [67] (reprinted with permission from Elsevier).
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AIVO,4/g-C5N4 nanocomposites were applied for the
degradation of methylene blue (MB) from wastewater
and the analysis suggested that the enhanced separation of
photogenerated electron/hole pairs leading to the effective
photocatalytic degradation of MB, and the photogenerated
holes and superoxide anion radicals played a major role in
the photocatalysis process [77]. The photocatalytic degra-
dation of acetaminophen by TiO,/g-C3N,4 nanocomposites
under visible-light irradiation showed that SO4", ‘OH and
H™ contributed to the eliminating organic compounds. The
composites have strong nonselective oxidative ability for
the degradation of organic pollutants such as phenol,
bisphenol A and carbamazepine [78]. The Ag-decorated
phosphorus doped C3;N, showed fast photocatalytic
degradation of sulfamethoxazole under visible light
irradiation. The catalyst was stable and could be reused
for at least 6 cycles without losing photocatalytic activity
[79]. Sridharan et al. [80] showed that ~98% of dyes and
33% of Cr(VI) were removed by C3N4-TiO, composites.
To ascertain the photocatalytic degradation of organic
pollutants, different radical scavengers such as tert-butyl
alcohol (fBA) for ‘OH, Na,C,04 for h*, N, for O, active
species are applied to understand the major role of different
active species on the photocatalytic degradation processes
[29]. After adding different radical scavenger, the
contribution of active species can be evaluated from the
change of photocatalytic degradation efficiency. The
desired photocatalytic efficiency was not easily achieved
by the pristine C3N, because of inefficient solar-light
absorption, its narrow absorption region and insufficient
charge carrier transportation. The photocatalytic reactions
are mainly dependent on the morphologies of catalyst,
mass transport processes, visible-light absorption and
surface distribution of active sites. Thereby, the doping
of C3N, to enhance the absorption of low-frequency light,
to accelerate the separation of electrons and holes, to
introduce multi-reactive centers and to enhance the charge
transfer is the most important method to improve the
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photocatalytic capacity. The proposed mechanism of BPA
by C;3N4 and structure-deficient mesoporous C3Ny
(DMCN) was depicted in Fig. 3. One can see that the
DMCN showed much higher photocatalytic degradation
ability than C3N4. To improve the photocatalytic efficiency
under visible light conditions, the controllable nanomater-
ial synthesis is the best method to change the energy gap, to
increase favorable structural defects and to generate more
active species [8,81]. Generally, the doping of other metal
ions or the decorated with other metal oxides to change the
energy gap, or to change the structural defects or to
increase the active sites is a useful method to improve the
photocatalytic property under visible light conditions.
Also, the reusability and stability of the catalyst should be
considered for their application in the photocatalytic
degradation of persistent organic pollutants. The photo-
catalytic degradation of organic pollutants is suitable for
the treatment of wastewater or waste solid components at
low concentrations. For high concentrations, photocataly-
tic reduction of organic pollutants may need long time to
degrade the organic pollutants totally.

5 Mechanism

In the above sections, we presented some representative
works about the sorption of metal ions and organic
pollutants, sorption-reduction of metal ions with oxidation/
reduction properties, and the photocatalytic degradation of
persistent organic pollutants under visible light irradiation.
However, the interaction mechanism especially at mole-
cular level was not discussed in detail. The understanding
of the interaction mechanism is helpful for us to evaluate
the physicochemical properties of pollutants in the natural
environment. Herein, different spectroscopy techniques
and theoretical calculations are mainly introduced. Density
functional theory (DFT) is a useful method to provide the
active sites, the structures of reactants, the total energy

. (b)
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Fig. 3 (a) The photocatalytic degradation of BPA on C;N, and DMCN; (b) the proposed mechanism schematic for the separation and
transfer of charge carriers in BPA degradation by DMCN under visible light irradiation [82] (reprinted with permission from RSC).
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information and the charge density of the system for the
interaction [82,85]. The interaction mechanism can be
identified from the analysis of the electronic structures.
The whole process such as the intermediates, the transition
states, the coordination conditions and the bond distances
could also be simulated to understand the whole sorption
and photocatalytic degradation processes. The DFT
calculation of BPA photocatalytic degradation dual-oxy-
gen-doped porous g-C3N, (OPCN) photocatalysts were
shown in Fig. 4. The intermediates, transition states and
corresponding energies were calculated in detail, which
can evidence the possible pathway for the photocatalytic
degradation of BPA. The X-ray photoelectron spectro-
scopy (XPS) could provide the chemical composition, the
oxidation state, the relative concentration and the bonding
relationship for the surface and near-surface target metal
ions. From the peak shifting, one can understand the

(b
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interaction of metal ions with different functional groups
on nanomaterials. XAFS could provide the information of
oxidation/reduction state, coordination number, bond
distances and the near-neighbor elements surrounding the
target metal ions. From the coordination number and
neighbor elements, the microstructure could be achieved at
molecular level. The bond distance is helpful to understand
the formation of inner-sphere or outer-sphere surface
complexes. The oxidation or reduction of metal ions could
also be confirmed from the XAFS spectra. Some XAFS
spectra about U(VI) and Se(IV) sorption and reduction are
shown in Figs. 1 and 2. Comparing to the XAFS spectra of
reference samples, one can clearly see that U(VI) is
reduced to U(IV), and Se(IV) is reduced to Se(0). The
XAFS technique is the sensitive method to understand the
valent change of metal ions. For other techniques such as
scanning electron microscopy, transmission electron
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Fig. 4 (a) The active sites of BPA for OPCN attacks. DFT calculated structures of reactants, intermediates and transition state for the

degradation of BPA attacked by OPCN catalysts with (b) N atoms

or (c) doped O atoms as reactive sites (white, red, gray and blue balls

represented H, O, C and N elements, respectively) [29] (reprinted with permission from Elsevier).
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microscopy, Fourier transformed infrared spectra, Raman,
electron spin resonance (ESR) etc. are also useful methods
to characterize the materials and helpful to understand the
interaction mechanism. These techniques can be easily
found in many published papers, and thereby are not
described herein.

6 Conclusions and perspectives

In this paper, the sorption-reduction/solidification of metal
ions and adsorption-photocatalytic degradation of organic
pollutants by several kinds of manmade nanomaterials are
reviewed. The high specific surface area, the abundant
functional groups, large amounts of active sites and infects
are the advantages of nanomaterials for the high sorption of
organic/inorganic pollutants and photocatalytic degrada-
tion of organic pollutants. However, the low selectivity, the
difficult separation from solutions and aggregation
restricted the application of nanomaterials in the precon-
centration of metal ions or organic chemicals from solution
to solid particles. The poor visible light absorption and low
separation of electrons and holes also restricted the
photocatalytic efficiency of nanomaterials in the degrada-
tion of organic pollutants. For the adsorption selectivity of
pollutants from complicated systems, the surface modifi-
cation with special functional groups is a good method to
improve the selectivity. For the improvement of photo-
catalytic efficiency, the doping of metal/non-metal and
structure construction of nanomaterials are efficient to
improve the visible-light absorption and electrons/holes
separation. It is necessary to say that the synthesis of
nanomaterial is still limited in laboratory at high price,
which limit their real application in environmental
pollution cleanup. With the development of technique, it
is possible to synthesize the novel nanomaterials at low
price in large scale. This is important for the application of
the nanomaterials in environmental pollution management.
As mentioned above, the high price is one important key
parameter which restricts the real applications of nanoma-
terials. Also the aggregation of nanomaterials will decrease
their active sites for the binding of pollutants and thereby
reduces the sorption capacity of nanomaterials. Some
kinds of natural materials such as bentonite, attapulgite,
metal oxides have pore structures and strong active sites,
which could form composites with nanomaterials. The
natural materials also have high sorption capacities and
thereby increase the sorption or photocatalytic degradation
ability of nanomaterials. Such method could disperse the
nanoparticles on natural materials homogeneously and
thereby avoids the aggregation of nanomaterials. Such
method not only decreases the amounts of nanomaterials
used in pollution cleanup, but also stabilizes the nanoma-
terials on natural materials. In future, the natural-manmade
material composites will broaden the application of
nanomaterials in environmental pollution management.

Front. Chem. Sci. Eng. 2020, 14(6): 1124-1135

In the application of nanomaterials, the nanotoxicity
should be considered when applied in pollution manage-
ment. Although some studies showed the lack of adverse
health effect, long-term investigation is necessary to
understand the full impact. The separation of nanomater-
ials from aqueous solutions and their reusability should
also be considered when they are applied in real
applications.
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