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With the development of nuclear energy, large amounts of radionuclides are inevitably released into the natural environment. It is
necessary to eliminate radionuclides from wastewater for the protection of environment. Nanomaterials have been considered as
the potential candidates for the effective and selective removal of radionuclides from aqueous solutions under complicated
conditions because of their high specific surface area, large amounts of binding sites, abundant functional groups, pore-size
controllable and easily surface modification. This review mainly summarized the recent studies for the synthesis, fabrication and
surface modification of novel nanomaterials and their applications in the efficient elimination and solidification of radionuclides,
and discussed the interaction mechanisms from batch experiments, spectroscopy analysis and theoretical calculations. The
sorption capacities with other materials, advantages and disadvantages of different nanomaterials are compared, and at last the
perspective of the novel nanomaterials is summarized.
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1 Introduction

Over the last few decades, there has been an increasing
global concern over public health issues due to environ-
mental pollution caused by radionuclides, heavy metal ions,
and organic pollutants [1-4]. Radionuclides are chemical
elements emitting either a, B, or y-rays, or neutrons, which
are dangerous to human body. The development of me-
tallurgical, mining, nuclear energy, and chemical manu-
facturing has released large amounts of radionuclides (such
as VCs, Sy, 38U, L 2 Am, ®Np, 2°Pu, “Se, and *Tc)
into the natural environment, posing serious threats to hu-
mans and environment [5—7]. According to the international
energy agency (IEA), the global nuclear industry capacity
could expand by more than 40% to 2030, promoting the
demand for U(VI) consumption and resulting in large
amounts of toxic and radioactive nuclides released into en-
vironment. For example, Sr naturally occurs at an average
amount of 0.04% and is the 15th abundant element in the
earth’s crust as a result of fallout from past atmospheric
nuclear weapons tests. Cs is one of the most abundant fission
products present in nuclear waste. It is of a major environ-
mental concern because of the long half-life (30 a) and high
gamma energy (662 keV) of its radioisotope Pcs [8]. Be-
sides, other common actinides, lanthanides, and fission
products can be released into the environment during sto-
rage, processing, or disposal, which contributes primarily to
the radiotoxicity of nuclear waste. Especially in the nuclear
accidents, massive amounts of radionuclides were released.
Such as Fukushima accident resulting in unprecedented
radioactivity releases from the Fukushima Dai-ichi nuclear
power plants to the Northwest Pacific Ocean. A major finding
is the detection of Fukushima-derived **Cs and 'Cs
throughout waters 30-600 km offshore, with the highest
activities associated with near-shore eddies and the Kuroshio
Current acting as a southern boundary for the transport.

These radionuclides can directly cause diseases when the
radionuclides from radiation sources are inhaled, such as
neurological disorders, birth defects, infertility, and various
types of cancers in different organs. The release of U(VI)
could cause serious damage of biological organization such
as toxic hepatitis, skin corrosion, histopathological system
damage, kidney damage and even cancers [9]. 9OSr(II) playsa
major role in the treatment of hepatocellular carcinoma and
other liver cancers [10,11]. 60Co(II) can cause several health
troubles, such as low blood pressure, lung irritations, pa-
ralysis, diarrhea, and bone defects. Monitoring and sub-
sequent removal of these radionuclides from the
contaminated water is one of the major environmental re-
mediation interests today. Therefore, it is highly desired to
develop efficient and selective method for the removal of
radionuclides from wastewater [12].
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In the last decade, several methods, such as precipitation
[13], photocatalysis [14], oxidation, ion-exchange, reverse
osmosis, membrane electrolysis [15], and adsorption [16],
were applied to eliminate the radionuclides. However, most
of these technologies have certain disadvantages. For ex-
ample, although precipitation and biological treatments are
cost-effective, they are unable to sufficiently reduce the
concentration of radionuclides to below the legal limited
levels, and also tend to produce large amounts of sludge.
Adsorption approaches have been extensively explored not
only because they are straight forward, but also the separa-
tion efficiency can be greatly improved by designing ap-
plicable adsorption materials [17]. Traditional materials,
such as clay minerals, oxides, zeolites, and carbon materials,
have been used as adsorbents [18]. However, there are still
some shortages that limit their practical applications, such as
low adsorption capacity, slow adsorption kinetics, and poor
selectivity [19]. For the elimination of radionuclides from
complicated conditions, it is necessary to design novel na-
nomaterials with high sorption capacity, high selectivity and
stability.

Novel-nanomaterials such as graphene oxides (GO),
metal-organic frameworks (MOFs), covalent organic fra-
meworks (COF), carbon nitride (C;N,), nanoscale zerovalent
iron (NZVI), carbon nanofiber (CNF), carbon nanotubes
(CNTs), and MXenes, have excellent sorption capacities,
high selectivity and environmentally friendly performance.
GO, one of the most important graphene derivatives, has
large enough oxygen-containing functional groups on its
basal plane and on the edges in the form of epoxy, hydroxyl,
and carboxyl groups. Considering the oxygen-containing
functional groups and the high surface areas, the GO na-
nosheets have high adsorption capacity in the pre-
concentration of the radionuclides from large volumes of
aqueous solutions [20-24]. MOFs offer the possibility to be
tuned by varying their pore size and geometry for specific ap-
plications [25]. This feature has the potential for significant
impact on the development of adsorption-based separation
processes for structural isomers molecules, which generally
relies on the subtle matching of the size and shape of the
adsorbates and the adsorbent micropores [26,27]. COFs have
received considerable interest due to their appealing porous
structural features and properties. The versatility of the
structures and the high surface areas make them suitable in
the preconcentration of radionuclides [28]. NZVI has been
used successfully to treat various radionuclides in aqueous
solutions via its controllable particle size, high reactivity and
abundant reactive surface sites [29,30]. CsN, has aroused
considerable interests since C;N, was estimated to be super-
hard and comparable with diamond [31]. The functional
groups (-NH,/-NH—/=N-) in g-C;N, give the basic sites to
selectively remove radionuclides. These groups also show a
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superior sorption capacity for radionuclides through com-
plexation or redox reactions [32]. The MXenes are com-
monly prepared through selectively etching of the A element
layers using appropriate etching agents from the MAX
phases at room temperature. Due to their good structural and
chemical stabilities, hydrophilic surfaces, and environment-
friendly nature, MXenes are considered as an excellent ma-
terial for solidification of radionuclides [33]. CNF and CNTs
are carbon-based nanomaterials that have studied extensively
for the elimination of radionuclides owning to their high
stability, high sorption capacity and selectivity after surface
modification [34,35].

Although novel nanomaterials have been intensively stu-
died and reported in removing radionuclides, the systematic
reviews of radionuclides removal by novel nanomaterials are
relatively lacking. In this work, we give a comprehensive
review on the related research and progress of several novel
nanomaterials synthesis and their applications for eliminat-
ing radionuclides from aqueous solutions. We believe that
offering a focused review to summarize the emerging ap-
plications of novel nanomaterials to radionuclides removal is
of great importance for the future development of radio-
nuclides decontamination. This review also highlights the
application of novel nanomaterials in environmental pollu-
tion management as the physicochemical properties of
radioactive nuclides are same to the stable metal ions.

2 Synthesis of novel nanomaterials

2.1 Metal-organic frameworks

Metal-organic frameworks (MOFs) are regarded as state of
art crystalline nano-porous materials, which are constructed
by the coordination interactions between organic linkers and
metal ions/cluster nodes [36]. Since the first development
made by Yaghi et al. in 1995 [37], MOFs have exhibited
superior performances in many different fields such as gas
separation/storage, organic catalysis, pollutants removal, and
drug delivery. Due to the characteristics of tunable pore size,
high specific surface areas, and easy post-synthesis, the
utilization of MOFs for radionuclide trapping is attractive
and flourishing [38]. Herein, we highlight the research pro-
gress of functional MOFs in sequestering various kinds of
radionuclides from radioactive wastes, including Cs-137, Sr-
90, U-238, Th-232, Tc-99, Se-79, 1-129, Xe-133, and Kr-85.
The design philosophies of MOFs for radionuclides removal,
the separation properties and the uptake mechanisms are also
briefly discussed.

2.2 MXene

Two-dimensional transition metal carbide/nitride (MXene) is
a new class of layered nanomaterials that has emerged in the
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energy and environmental fields [39—43]. MXenes are typi-
cally produced by selective etching the A layer (Figure 1)
from the layered ternary carbides or nitrides (MAX phases)
with a general formula of M,,;AX,, where M represents
early transition metals (e.g. Ti, V, Cr, Mo, Nb, Zr, Sc, Hf, and
Ta), A is mostly group 13 and 14 elements (such as Al and
Si), X stands for carbon and/or nitrogen, and n=1, 2, or 3
[44,45]. Since the A layer is replaced by surface terminations
(T, during the etching process, the proper chemical de-
scription of MXenes is M,,,; X, T,. To date, a wet-chemical
etching method using fluoride-containing acidic solutions as
etchants (HF, LiF+HCI, and NH,HF,) is predominant for the
synthesis of MXenes [46—48]. Upon stability of MAX pha-
ses, the etching conditions may vary widely. For instance,
using Ti;AIC, as a precursor, Ti;C,T, (herein T, represents
surface terminations such as —OH, —O, —F and —CI groups)
can be easily obtained by HF etching at room temperature for
2 h [43,49]; however, the isolation of Ti;C,T, with higher
oxidation resistance from Ti;SiC, requires an oxidant-as-
sisted etchant (H,O,+HF) at 40 °C for at least 45 h [50]. For
MAX materials which have high n and cohesive energies (e.
g. Ti4;AlIN;), molten fluoride salt is used to effectively etch
the A layer at a high temperature [51]. Recently, a alkali-
assisted hydrothermal method (27.5 M NaOH, 270 °C) has
been reported to prepare fluorine-free Ti;C,T, [52], which
may be promising for the application of water purification
due to the fully surface functionalization by —OH and —O
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Figure 1 (a) Structure of MAX phases and the corresponding MXenes
[44]; (b—d) SEM and high resolution transmission electron microscope
(HR-TEM) images of M;AC, structures (b), multilayered M;C,T, (c) and
M;C,T, nanosheets (d) [43]; (e) timeline of MXenes: from discovery to
controllable synthesis [55] (color online).
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groups. It is noteworthy that some MXenes can be produced
by etching laminated non-MAX phase precursors. Selec-
tively etching aluminumy/silicon carbide layers (Al;C; and
[AL(S1)]4C,) from Zr;Al;Cs and Hf5[Al(S1)],Cg results in the
successful synthesis of Zr;C,T, and Hf;C,T, MXenes, re-
spectively [53,54]. It can be seen that MXenes are usually
prepared under harsh conditions of strong corrosion, con-
centrated acid and alkali, or high temperature. Thus the de-
velopment of novel MXene synthesis strategies which are
safe, cost-effective and eco-friendly is a necessity for large-
scale practical applications.

MXene are frequently terminated with a mixture of —OH,
—O, —F and/or —Cl groups [56], which provides a large
amount of adsorption sites and impart the hydrophilicity to
their surfaces. In general, a hydrophilic surface is beneficial
for the adsorption of polar or ionic species [57]. Because
MXenes are inherently negatively charged (e.g. a pH,,, of
~2.4 for Ti;C,T,) [58], spontaneous intercalation of cations
between MXenes’ layers makes each layer accessible for ion
adsorption [44]. Analogous to clay materials, fresh MXene
has a flexible and swellable nature, and therefore can be
readily intercalated by small organic molecules such as urea,
alkylamines, dimethyl sulfoxide (DMSO) and N,H,*H,O
[59]. The intercalation of guest cations or molecules not only
regulates the c¢ lattice parameters of MXenes but also
weakens the hydrogen and van der Waals forces between the
interlayers, which may lead to the delamination of multi-
layered stacked MXenes into single or a few layers [59-61].
The exfoliated MXene nanoflakes usually have larger spe-
cific surface areas than the multilayered structures [62,63],
which increases the number of active sites for ion adsorption.

Benefiting from their intriguing physicochemical proper-
ties such as large specific surface areas, abundant active
adsorption sites, high ion-exchange capacities, good hydro-
philicity and controllable interlayer spaces, MXenes are
being explored as promising candidates for radionuclide
sequestration. In particular, this kind of inorganic materials
also exhibits high radiation resistance and good thermal
conductivity, and thus can be used for radionuclide separation
even under very harsh condition. These superb properties
may allow MXenes to act as potentially versatile candidates
to process troublesome radioactive nuclear wastes [64].

2.3 nZVIl

Nanoscale zero-valent iron (nZVI) has aroused a worldwide
attention in the elimination of radionuclides because of its
unique size-dependent properties (e.g., increased specific
surface area and more reactive sites) [29,65]. nZVI offers
several advantages for groundwater treatment and waste-
water remediation, including: (1) faster degradation kinetics,
(2) a decrease in the dosage of reductant, (3) broader con-
taminant treatment range, (4) better mobility in porous
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media, and (5) controllable risk of release of toxic inter-
mediates [66,67]. However, there still exist several adverse
effects, which hinder the practical application of nZVI. The
bare nZ VI particles tend to agglomerate, which would lead to
a decrease of the surface area, and result in a decrease of the
reactivity and mobility, hence hindering the effectiveness of
nZVI in field applications [66]. To solve this problem, stu-
dies on nZVI modification is gaining prominence to enhance
the adsorption efficiency of nZVI particles. Furthermore,
compared to individual counterparts, nZVI combined with
other functional materials which act as “delivery vehicles” to
promote the mobility and dispersibility of nZVI has also
received considerable attention [68]. The performances of
nZVI particles can be enhanced by using various “delivery
vehicles”. Some of the recent success includes polymer
material supported nZVI (e.g., covalent organic polymers
[69], resin [70], cellulose [71]), inorganic clay mineral sup-
ported nZVI (e.g., bentonite [72], montmorillonite [73],
kaolinite [74], zeolite [75], and layered double hydroxide
[76]), and porous carbon materials supported nZVI (e.g.,
graphene oxide [77], carbon nanofiber [78], and carbon
[79]), which have shown remarkable properties for heavy
metal and radionuclides adsorption.

24 CNTs

Carbon nanotubes (CNTs), including single walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs), as a new member of carbon material family,
were first discovered in 1991 and have attracted much at-
tention in various fields due to their unique physicochemical
properties. CNTs form a hollow cylinder structure by curling
the graphite sheets, in which the carbon atoms link each other
with the sp2 hybrid bonds as well as the delocalized © bonds.
These bonding characteristics make the CNTs have out-
standing mechanical, electrical, thermal, and chemical
properties. In recent years, CNTs have been widely con-
cerned and applied in multidisciplinary areas, and especially
displayed great potential on pollutants remediation in en-
vironmental media [80].

Although CNTs display amazing characters due to the
special structure, the artificial chemical modification by
linking numerous functional groups endows CNTs unique
properties, and then provides superior application in both
research and practical fields. A commonly used modification
method is to reflux CNTs in strong acidic condition, where
the carbon atoms in the port and the defect position are
converted from sp2 hybridization to sp3 hybridization,
thereby introducing reactive oxygen-containing groups such
as carboxyl or hydroxyl groups on CNTs surface. Then
specific groups with intended functions are further grafted on
CNTs with the covalent bonds. The solubility of CNTs in
organic and aqueous solvents was obviously improved by
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introducing hydrophobic and hydrophilic groups [81]. The
covalent modification usually destroys the complete struc-
ture of CNTs, and shows certain influences on their physical
and chemical properties. Because of the highly delocalized
and stable © bond on CNTs, the aromatic compounds con-
taining © bond readily attaches on CNTs surface to form a
stable composite by m-m coupling interaction, which provides
a non-destructive modification method for CNTs. Many
molecules, such as surfactant [82], natural compound [83],
polymer [84], cyclodextrin [85], and biomacromolecules
[86], can be used as the non-covalent modifiers.

To achieve specific purpose, special approaches are uti-
lized in modification process, such as microwave technol-
ogy, gamma radiation, and plasma treatment. The
modification efficiency was promoted with the aid of mi-
crowave [87]. Most chemical modification is carried out in
aqueous solution, and therefore, the modification under
gamma irradiation involves the basic principles of radiation
chemistry, in which the radiation-induced grafting poly-
merization via active radicals is the main way to achieve
functional modification. The modification degree increased
with the increasing gamma irradiation dose, and the con-
centration of modification groups on CNTs varied the water
solubility and biological behavior of CNTs [88]. The treat-
ment by low temperature plasma could enable the activation
and modification of CNTs under relative mild condition
without destroying the structure of CNTs [89]. All these
methods could improve the dispersion of CNTs and graft
functional groups on CNT surfaces, which are beneficial for
the binding of radionuclides.

2.5 COFs

Covalent organic frameworks (COFs) are a class of recently
burgeoning crystalline polymers, which are fabricated
through the principles of dynamic covalent chemistry
[90,91]. COFs are composed of light elements including C,
H, O, N, S, and P, and constructed by strong covalent bonds,
thus owning several outstanding merits such as high che-
mostability even under rigorous environment. More im-
portantly, the nature, density and spatial arrangement of the
active centers in COF's can be precisely adjusted by choosing
special organic building units or via the well-known post-
synthetic modification approach. In light of this, COFs have
attracted extensive interest in many fields, such as separa-
tions, gas storage, environmental remediation, and catalysis
[92-94]. Among them, efficiently capturing radioactive and
toxic metal ions is highly desired and meaningful (Figure 2).

COFs can be synthesized by different methods such as
solvothermal synthesis, ionothermal synthesis, microwave
synthesis, template surface synthesis, single-crystal synth-
esis strategy, and mechanochemical synthesis. Up to now,
none of the above methods could be simply applied for the
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Figure 2 Application of COFs in different areas (color online).

synthesis of COFs in large scale and at low price. However,
because of the advantages of COFs in the elimination of
radionuclides, the COFs may be a promising material in
nuclear waste management in near future with the develop-
ment of technology in the synthesis of COFs at low price in
large scale.

2.6 Polymer brushes

Polymer brushes are long-chain polymer molecules tethered
by one end to a solid surface, with a density of tether points
high enough such that the chains can stretch away from the
surface and into the surrounding medium [95]. Polymer
brushes generally exhibit excellent adsorption performance
because they possess a myriad of functional groups in every
grafted chain, permitting facile capture of large amounts of
metal ions [96,97]. Polymer brushes can be prepared via
either grafting to or grafting from strategies (as shown in
Figure 3(a)) [98]. The grafting to strategy refers to direct
tether of polymer chains to the solid surface via physical
adsorption or chemical reaction. Grafting from strategy is a
more efficient approach in which polymer brushes are di-
rectly grown via surface-initiated polymerization from in-
itiator-functionalized surfaces, and it is possible to create
polymer brushes with high grafting densities and large
thicknesses. Surface-initiated atom transfer radical poly-
merization is of particular interest in the synthesis of polymer
brushes following the grafting from strategy because it al-
lows for accurate control over polymer composition, mole-
cular weight, architecture and eventually brush density and
thickness, offering a versatile route to functionalize a wide
range of materials with functional polymer brushes [99].
Surface-initiated atom transfer radical polymerization has
been used to grow polymer brushes on a wide range of
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Figure 3 (a) Schematic for the preparation of polymer brushes from the
grafting to and the grafting from strategies [103]; (b) schematic of growing
polymer brushes on nanoscale materials via surface-initiated atom transfer
radical polymerization for adsorption of metal ions (color online).

nanoscale materials, including silica nanomaterials [100],
carbon nanomaterials [101], and polymer matrixes [97].
Grafting of polymer brushes on nanomaterials can be
achieved via two steps: (1) functionalization of nanoparticles
with initiators, and (2) surface-initiated atom transfer radical
polymerization of polymer brushes from the initiators, as
illustrated in Figure 3(b). Among these nanomaterials, silica
nanomaterials have been most extensively utilized to grow
polymer brushes. Silica nanomaterials can be synthesized
based on a modified Stober method [102]. For the functio-
nalization of silica nanomaterials with initiators, two ap-
proaches can be followed. The first approach is based on
covalent attachment that can be achieved via either chemical
reaction or chemical adsorption. This approach is most fre-
quently applied because of the high stability of initiators on
the silica nanoparticles. The second approach is based on
physical adsorption of polyelectrolyte macroinitiators [103].
For covalent attachment of initiators on silica nanoparticles,
organosilane reagents are most frequently utilized [100]. The
organosilane reagents include two parts: one part is to react
with silica nanoparticles for attachment, and the other part
has functional groups that initiate atom transfer radical
polymerization. During the functionalization of silica nano-
particles with initiators, silanol groups (Si—~OH) on the silica
nanoparticles react with organosilane reagents such as
R-SiR,Cl;_, or R-SiR,(O(CH,),CHj;);_, via a condensation
reaction to form Si—O-Si chemical bonds.

2.7 Carbon nanofibers

In recent years, carbon nanofibers (CNFs) with diameter of
3—100 nm and length of 0.1-1,000 um, have attracted more
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and more attention as adsorbents due to their unique one-
dimensional nanostructures, robust physicochemical stabi-
lity, good hydrophilic properties, high porosity, and huge
specific surface area, which derive from the exposed edges
and unsaturated bonds on their graphene layers [104,105]. To
date, various methods have been applied to prepare CNFs,
mainly containing chemical vapor deposition (CVD), elec-
trospinning and template method. The production of CNFs
through CVD process is widely used. As a typical example,
CNF's were synthesized by the catalyzing (using Fe, Co, Ni,
etc.) of gaseous hydrocarbon precursors (methane, benzene,
acetylene, ecthylene, etc.) under high temperature
(500-1,500 °C) [106]. The small particles may trend to
hinder the nucleation of graphite and induce the growth of
CNFs owing to the lager interfacial free energy between
metal and support. Chen et al. [107] used CH, as carbon
source to prepare CNFs on Cu/SiO, substrate. The as-pre-
pared CNFs possess the virtues of suitable diameter and
uniform distribution, favouring to grow multilayer compo-
sites. Electrospinning is the other common technique with
low cost, vast material selection, versatility and high speed.
In this method, polymer solutions (polyacrylonitrile, poly
(vinyl alcohol), poly(ethylene oxide), poly(vinylpyrroli-
done), etc.) are first squirted out from the syringe in a high-
voltage electric field and solid nanofibers are deposited onto
the collector. Then CNFs are prepared through the carboni-
zation of polymer nanofibers in an inert atmosphere, which
have the advantages of uniform diameter and continuous
growth. Typically, Zhang et al. [108] prepared electrospin-
ning carbon fibers with the surface area of 715.89 m’/ g using
PAA as the carbon precursor, showing a good performance
for the removal of 2,4-dichlorophenol (2,4-DCP), methylene
blue (MB) and tetracycline (TC). Template method is also an
effective approach to obtain CNFs by pyrolysis or sacrificing
template, which is inexpensive, renewable, and abundant.
For instance, Shi et al. [109] have proposed a three-dimen-
sional nitrogen-doped CNFs networks derived from bacterial
cellulose as the carrier to support amorphous Fe,O;. The
synergistic interaction of metal oxides and 3D inter-
connected CNFs network endows the hybrid with superior
structure features.

2.8 Graphene oxides

Graphene oxides (GOs, as the most important derivatives of
graphene) have been attracted great attention on environ-
mental remediation due to the huge specific surface area,
strong chemical stability, abundant oxygenated functional
groups and easy modification [110]. Although the precise
atomic structure of GOs is still uncertain due to the different
nonstoichiometric composition derived from the different
synthesis protocol and oxidation extent [111], a variety of
oxygen-containing functional groups such as epoxy and
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hydroxyl groups on their basal planes and carboxyl, hydroxyl
and carbonyl groups on their edges were determined. The
introduction of these oxygenated functional groups increased
the dispersibility of GOs in aqueous solutions [112].
Therefore, GOs can be used as promising adsorbents for
removal of environmental contaminants from aqueous so-
lutions. Currently, modified Hummers method is regarded as
the most common method used for preparing GOs [12].
Briefly, the flake graphite and NaNO; were added into
concentrate H,SO,, then KMnO, was slowly added under
vigorous stirring condition. GOs were obtained by washing
the aforementioned mixtures and then treating under ultra-
sonic conditions.

3 Removal of radionuclides by novel
nanomaterials

3.1 Radionuclides sequestration by MOFs

The radionuclides in the nuclear fuel cycle could be distri-
buted into three classes: (1) cationic radionuclides, including
238U022+, 232Th4+, P7cs” and 9OSr2+; (2) anionic radio-
nuclides, including T, “Tc0, ", ”’Se0,”, and ’Se0,”; (3)
gaseous radionuclides, including 12912, xe, and YKr.
Strong affinities between host frameworks and guest radio-
nuclides are highly necessary to acquire effective removal
performance for the targeted radionuclides. The noncovalent
interactions to enhance the binding affinity involve hydrogen
bond, electrostatic interaction, coordination interaction, hy-
drophobic interaction, etc. For a certain radionuclide se-
paration, multiple noncovalent interactions often exist in the
whole system. The design strategy of functional MOFs can
be flexibly changed according to the various kinds of
radioactive elements. For the effectively uptaking cationic
radionuclides, there are two different strategies to construct
functionalized MOFs. The first one is to establish a robust
framework with negative charge, in which the cationic
radionuclides can be adsorbed by the highly efficient ex-
change of the dissociative cations in the channels (Figure 4).
The second one is to intentionally graft organic chelating
groups into the frameworks, such as amidoxime, carboxyl
group and hydroxyl group, to increase the binding ability
according to the Lewis’ theory of acids and bases. Similarly,
anionic radionuclides can be removed efficiently through
ion-exchange by the MOFs with positive net charge. In ad-
dition to the strong electrostatic interaction, the hydrogen
atoms in the organic ligands will form multiple hydrogen
bonds with the radioactive oxyanions, which contribute
much to stabilize the framework and the anions. As for the
gaseous radionuclides, the pore size of the MOFs plays an
important role in the separation performance, particularly for

the inert gases, including Xe, *¥Kr and **’Rn. In addition,
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Figure 4 Design philosophies of MOFs for removing cationic (a) and
anionic (b) radionuclides (color online).

the modification of polarizable groups and open metal sites
can largely increase the separation factors or sequestration
ability.

3.1.1 Cesium and strontium sorption

Cesium-137 and strontium-90 are highly radiotoxic and
physically hot. Both of them can decay through emitting high
energy P ray. Therefore, to minimize the volume of radio-
active waste and decrease the long-term radiological hazard,
they should be separated in advance before the high-level
liquid waste processing. However, 7Cs and *°Sr hold strong
solvation energy, resulting in the great challenge to selective
removal of them after desolvation. As a result, 7Cs and 7St
are generally removed by ion-exchange materials [113].
MOFs with high specific surface area and rich pores endow
them as excellent candidates for the removal of "*’Cs and

*’Sr. However, up to now, rare MOF materials are taken up to
extract 'Cs or °Sr, probably due to the great hurdles to
prepare anionic MOFs incorporating non- or weak-co-
ordinated charge-balancing cations in the channels.

One feasible strategy to synthesize anionic MOFs is to
employ [NH,(CH;),]" or [NH,(CH,CH;),]" acting as the
charge-balancing species in anionic MOFs, which forms in
the in-situ chemical decomposition of the reaction solvents,
such as N,N-dimethylformamide (DMF) and N,N-diethyl-
formamide (DEF), during the solvothermal synthetic pro-
cess. Recently, we prepared a 3D anionic uranyl organic
framework (UOF) material by using UO,(NO;),*6H,0 and
3,5-di(4'-carboxylphenyl) benzoic acid as the initial materi-
als (Figure 5(a)) [114]. In the UOF, three sets of graphene-
like layers interlocked with disordered [NH,(CH3),] in the
channels which could be used as the scavenger of Cs'. The
UOF material showed excellent radiation tolerances and
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Figure 5 (a) Structure of an anionic uranyl organic framework material [114]; (b) sorption uranium mechanism by SZ-2 proposed by molecular dynamics
(MD) simulations [127]; (c) schematic sorption by carboxyl functionalized UiO-66 MOFs [131]; (d) synthesis route of Salen functionalized MOF [133]; (e)
schematic of sorption mechanism of ReO, by SCU-100 [140]; (f) comparison of the sorption isotherms of CH;I for functionalized MIL-101-Cr with other
traditional materials [153]; (g) comparison of various porous materials for Xe/Kr separation [161] (color online).

could keep the crystal structure after large dosages of 3 or y
irradiation. For the Cs™ removal experiment, this UOF ma-
terial only took 20 min to reach the adsorption equilibrium,
exhibiting fast sorption kinetics. The adsorption capacity for
Cs" was 145 mg/g, among one of the highest values for re-
ported cesium-sorbents.

Aguila et al. [115] prepared sulfonic acid group functio-
nalized MIL-101 (MIL=Materials of Institut Lavoisier),
which was used as an effective cation exchange material for
the capture of Cs" and St*". The modified MIL-101 can ad-
sorb Cs” and Sr™" in a wide pH range. The extraction per-
centage for Cs™ and St™* could reach 99.99% and 98.92%,
respectively. In addition, the distribution coefficients (K,) are
extremely high. However, this material needed at least 24 h
to reach the adsorption equilibrium, exhibiting slow ion ex-
change rate towards Cs and Sr*". Naeimi et al. [116] syn-
thesized a new efficient Cs’ ion-exchanger by infiltrating
potassium nickel hexacyanoferrate into HKUST-1 (HKUST=
Hong Kong University of Science and Technology), which

showed fast sorption kinetics, moderate distribution coeffi-
cient and high uptake capacity.

3.1.2  Uranium sorption

Due to the combination of chemotoxicity and radiotoxicity,
uranium should be separated from natural water systems,
which generally exists as U022+ in radioactive waste. In the
meanwhile, the extraction of uranium from seawater also
stimulates the development of uranium sorbents [117,118].
Carboni et al. [119] reported the first example on using
MOFs to extract uranium from aqueous solution. UiO-68
(UiO=Universitetet i Oslo) modified with phosphorylurea
groups exhibits the sorption capacity of 217 mg/g to U022+.
The sorption mechanisms indicated that UOZ2+ coordinated
with two phosphorylurea ligands. Similarly, MIL-101 was
post-modified with carboxyl (carboxyl-derived MIL-101)
and CMPO (CMPO-MIL-101, CMPO=carbamoylmethyl-
phosphine oxides) groups for selectively removing uranium
[120]. Recently, we grafted amidoxime groups into UiO-66
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(Ui0-66-A0, AO=amidoxime) for enrichment of uranium
from natural seawater [121]. The adsorption capacity of
U022+ reached 2.68 mg/g when testing in Bohai seawater,
which was comparable to most inorganic and polymer ur-
anium sorbent materials from seawater. The extended X-ray
adsorption fine structure (EXAFS) spectra revealed that
multiple amidoxime motifs binded with UO,"".

Another modification strategy is to use open metal sites to
attach organic groups for trapping U022+. Making use of
open Cr sites, various organic groups could be facilely at-
tached onto MIL-101. Compared with the original MIL-101,
the modified one had a remarkable increase in the sorption
capacity [122,123]. The adsorption capacities for MIL-101-
NH,, MIL-101-ED (ED=ethanediamine), and MIL-101-
DETA (DETA=diethylenetriamine) were 90, 200, and
350 mg/g, respectively, much higher than that of the original
MIL-101 (20 mg/g) [124]. In addition, Zn-MOF-74 mod-
ification with coumarin groups achieves a sorption capacity
of 360 mg/g for UO,”" [125].

Interestingly, some bare MOFs still exhibit good sorption
capability towards uranium, which probably originated from
the defects of MOFs, leading to expose non-complexing
carboxyl groups for the complexation with U022+. By taking
advantage of defect engineering rationally to create active
binding sites for uranium, Shi et al. [126] introduced defects
in UiO-66 by adjusting the amounts of benzoic acid, which
was removed by adding HCI and the resulting active Zr—OH
and carboxylic groups are beneficial for capture of uranium.

One of the fatal defects for most MOFs is their limited
stability in water or acidic solution. Due to the high acidity of
radioactive waste containing uranium, it is very desirable but
challenging to develop MOF sorbents to remove uranium
from highly acidic solutions. To solve this problem, several
hydrolytically-stable zirconium phosphonate MOFs were
synthesized by ionothermal method with tetrakis[4-(dihyr-
oxyphosphoryl)phenyl]methane or 1,3,5,7-tetrakis(4-phos-
phonophenyl)adamantine and ZrCl, as initial materials
[127]. It is noteworthy that zirconium(IV) phosphonate
MOFs showed ultra-high hydrolytic stabilities in acidic
conditions even in aqua regia. On account of the protonation
and structure collapse, most adsorbents could not separate
uranium in low pH solutions. However, zirconium(IV)
phosphonate MOF SZ-2 (Soochow University Zirconium
Phosphonate No. 2) could extract almost 62.4% of uo,”
from pH 1.0 solution. The sorption mechanism was revealed
by the combined EXAFS data and molecular dynamics si-
mulations, in which the strong electrostatic forces were the
driving force to pulled U022+ into SZ-2 and the adsorbed
UOZ2+ was tightly fixed by multiple hydrogen bonds (Figure
5(b)).

Lanthanide-based MOFs are an outstanding class chemo-
sensors for U022+ due to their high sorption capacity and
strong fluorescence intensity. MOF-76 was the first case for
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removing and detecting uranium together, although the de-
tection limit for uranium was not very satisfying. Recently,
Wang et al. [128] reported a fluorescent Tb-based MOF with
mesoporous was applied to detect uranium. The MOF could
selectively sorbs UOz2+ for the presence of abundant open
nitrogen sites, which leads to the quench of the lumines-
cence. In addition, the detection limit for the Tb-MOF was
0.9 pg/L, which was far below the maximum concentration
(30 pg/L) in drinking water (EPA). Ye et al. [129] reported
another Tb-MOF (DUT-101, DUT=Dalian University of
Technology) with the detection limit of 8.34 pg/L. Besides,
Sun et al. [130] prepared a robust fluorescent cobalt MOF
with lowest response concentration of 13.2 uM U022+.

3.1.3  Thorium sorption

The investigation on the removal of thorium by absorbent
materials receives less attention compared with uranium,
which may be due to the nuclear fuel for most atomic piles is
uranium rather than thorium. Zhang ef al. [131] reported the
first example of Th(IV) separation from an acidic solution by
MOFs. Their results indicated that the graft of carboxyl
groups onto UiO-66 would significantly decrease the spe-
cific surface areas and pore volumes, while the sorption
performance to Th(IV) was remarkably improved. The ad-
sorption capacity of UiO-66-(COOH), to Th(IV) was
350 mg/g, which was much higher than those of UiO-66 and
UiO-66-COOH (Figure 5(c)). In addition, UiO-66-(COOH),
displayed fast sorption rate and excellent selectivity to
Th(IV). The sorption mechanism was revealed by the strong
coordination interaction of carboxyl groups to Th(IV). Liu et
al. [132] recently reported the first example of a luminescent
metal organic framework based probe (ThP-1) for sensitive
and selective self-calibrated detection of Th(IV) in natural
water systems, where the superior sensing capability par-
tially originates from the Th(IV) pre-enrichment property
into the structure of ThP-1.

In addition, thorium usually co-exists with rare earth ele-
ments in the minerals. Therefore, it is necessary to remove
thorium from rare earth elements during ore extraction. Guo
et al. [133] prepared an analogue of MnSO-MOF, whose
sorption capacity to thorium was 46.3 mg/g. The separation
factors of Th*" to La3+, Eu3+, and Lu’" were 10.7, 16.4, and
10.3, respectively (Figure 5(d)). The characterization of en-
ergy dispersive spectroscopy (EDS) and electrospray ioni-
zation-mass spectroscopy (ESI-MS) indicated that Th*
coordinated to the oxygen and nitrogen atoms of salen
fragments.

3.1.4 Selenium and technetium sorption

Anionic ’Se0;”, ’Se0,”” and “TcO, species have high
solubility and mobility and it is of great challenge to remove
these anions from radioactive wastes. Inorganic adsorbents
with cationic frameworks can trap anionic contaminants
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effectively, but their sorption capacity is limited and seldom
reported [10]. Ion-exchange resins display many advantages,
such as excellent distribution coefficients and high sorption
capacity, while they exhibit slow sorption kinetics and in-
stability in high radiation conditions.

Up to now, very rare MOFs have been reported to separate

"Se from aqueous solution [134]. Howarth et al. [135] gave
the example of adsorbing SeO;” and SeO,” by Zr-based
MOFs, including the analogues of UiO-66 and NU-1000
(NU= Northwestern University). The results showed that
NU-1000 was the best adsorption material among all of the
MOFs selected with fast sorption kinetics and high sorption
capacity, by which the saturated sorption capacities of SeO327
and SeOff were 95 and 85 mg/g, respectively. In addition,
the sorption mechanism was illuminated by the pair dis-
tribution function spectra, in which one SeO;> or SeO,”
anion coordinated towards two Zr metal centres in a m,u,
fashion. Similarly, Li et al. [136] and Wei et al. [137] in-
vestigated the SeO,’ /Se0,” removal by zirconium-based
MOFs combining the theoretical and experimental study.

Although many cationic MOFs have been used to extract
anionic pollutants, few MOFs were investigated in the re-
moval of radioactive 99TcO47 [10]. Due to the radioactivity of
99Tc047, the non-radioactive analogue ReO, often used as a
surrogate during sorption experiment. Fei et al. [138] re-
ported that a cationic 2D layered MOF (SLUG-21, Uni-
versity of California, Santa Cruz No. 21) had an very high
sorption capacity of 602 mg/g for ReO, . However, the hy-
drolytic stability of SLUG-21 was not good and the ex-
changed anions, ethanedisulfonate, could be disadvanta-
geous to the vitrification process. Banerjee et al. [139] in-
vestigated an amine-functionalized Zr-based MOF for cap-
turing ReO, , for which the sorption selectivity was not so
good since higher-charged anions, such as SO427, would
compete with ReO, .

Recently, Sheng ef al. [140] reported a hydrolytically-
stable 3D cationic MOF, SCU-100 (SCU=Soochow Uni-
versity) filled with disordered NO; in the pores. It should be
noticed that SCU-100 was the first MOF for sorption prop-
erty tests towards radioactive 99TCO{. The adsorption ex-
periments indicated that it could thoroughly separate TcO,
within 30 min. The saturated uptake capacity for ReO, was
553 mg/g. Impressively, SCU-100 has good sorption se-
lectivity even in the presence of large amounts of competing
ions, such as SO,>", NO, and CO;>". SCU-100 could remove
nearly 87% of TcO, from the simulated Hanford low-level
waste. The sorption mechanism was found to be a single-
crystal-to-single-crystal transformation process, in which the
8-fold interpenetrated framework was transformed to a 4-
fold one and the weak coordinating NO; anions were ex-
changed by ReO, completely (Figure 5(¢)).

However, SCU-100 was not suitable for column chroma-

Sci China Chem  August (2019) Vol.62 No.8

tographic separation due to the generation of small crystal-
lines after ion exchange. Another robust 3D nickel-based
MOF, SCU-101 [141] could remove TcO, without frame-
work structure transformation. Like SCU-100, disordered
NO; filled in the pores as the counter ions and could be
exchanged facilely. The sorption equilibrium reached in
10 min, much faster than the commercial resins and other
scavengers. The distribution coefficient and the adsorption
capacity for ReO, were 7.5x10° mL/g and 217 mg/g, re-
spectively. In addition, SCU-101 could selectively extract
TcO, from aqueous solution containing excess amounts of
NO; and SO,”. Even in presence of 6,000 times of SO,”, it
did not remarkably influence the sequestration of TcO, . The
single crystal structure of SCU-101 sorbing TcO, revealed
that TcO, was captured by multiple hydrogen bonds from
the H atoms in phenyl and imidazolyl groups. Besides this,
the density functional theory (DFT) calculation suggested
the binding energy of —20.42 kcal/mol, which was thermo-
dynamically favourable.

In addition to SCU-100 and SCU-101, Wang et al. [142]
also reported Ag(4,4'-bipyridine)NO; (SBN) holding sig-
nificant removal performance to ReO, . SBN has the capa-
city of 786 mg/g, the maximum value among all of the
reported cationic MOFs. Once being trapped, ReO, was
immobilized and no ReO, could be exchanged out even in
the presence of 1,000 times excess of NO; . From this per-
spective, SBN could be regarded as a potential material for
directly immobilizing TcO, .

Additionally, the design of cationic MOFs for TcO, se-
paration has been extended to actinide-MOFs, including
SCU-6, SCU-7, and SCU-8 series [143,144]. Recently, Drout
et al. [145] reported the capture of ReO, /TcO, by NU-
1000. Even though NU-1000 was not a cationic framework,
it still displayed a high adsorption capacity of 210 mg/g for
ReO, and only needed 5 min to reach the sorption equili-
brium. The —OH and —OH, groups in the Zr nodes were
exchanged by ReO, by a chelating mode and another -OH
group was replaced by ReO, via a non-chelating manner.

3.1.5 lodine sorption

Iodine (I,) should be trapped in the reprocessing of nuclear
fuel mainly due to its long-lived isotope 2 (ti=
1.57x10’ years) [146]. Although MOFs exhibited superior
sorption performance towards I, over activated carbon and
silver-based sorbents [147], most of the experiments were
carried out in organic solvents rather than gaseous condi-
tions, which is not suitable for real applications [148,149]. A
zinc saccharate MOF was pioneered for gaseous I, seques-
tration, while the uptake capacity was only 16.6 wt% I,
[150]. Sava et al. [151] studied the uptake properties of
MOFs for gaseous I, systematically. It was found that ZIF-8
could capture 125 wt% I,. In addition, HKUST-1 broke the
record of the maximum I, sorption capacity to 175 wt% I,,
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which could trap I, from water vapour selectively [152].

Except for I, radioactive organic iodides, such as methyl
iodide and ethyl iodide, are also produced during the spent
fuel reprocessing and should be captured selectively. Li et al.
[153] investigated MOF-based scavengers for organic io-
dides removal. To synthesize the functionalized sorbents,
they attached triethylenediamine (TED) and hexamethyle-
netetramine (HMTA) onto MIL-101 by utilizing the inter-
action between open metal sites and nitrogen atoms.
Impressively, 120 wt% and 136 wt% CHj;l could be sorbed
quickly onto MIL-101-Cr-TED and MIL-101-Cr-HMTA in
the initial 10 min. When reaching the equilibrium in
120 min, the removal amounts were 160 wt% and 174 wt%
for MIL-101-Cr-TED and MIL-101-Cr-HMTA, respectively,
showing an obvious advance over activated carbon ad-
sorbents and silver functionalized porous materials (Figure 5
(f)). The strong sorption ability was attributed to the gen-
eration of ionic species (R;N-CH;)'T  between amines
groups and CH;l. After that, the same group found the
diamine having long chain length could block the pores of
MIL-101-Cr, leading to a decrease of CH;I uptake amount
[141].

3.1.6 Krypton and Xeon sorption

YKr (t,,=10.76 a) and PxXe (t,,=5.25 d) are known as the
volatile fission products of U and *’Pu. Xe/Kr separation
selectivity and adsorption capacity are both significance for
sorbent materials due to minimize the storage scale and the
large volume for them [154]. Compared with traditional
activated carbon and zeolites, MOFs have tuneable pore size,
high specific surface areas, and easy to post-modification,
which showed them a promising material in Xe/Kr separa-
tion [155-157].

Banerjee et al. [158] reported the Xe/Kr separation by
MOFs, which directs the path on how to design an ideal
MOF for this application. It was summarized that it was
highly favourable to have unsaturated metal centres, narrow
uniform pores with slightly larger diameters than Xe or Kr,
as well as additional polarized alien species. After the
comparison in the same conditions, Co;(HCOO), shows the
best Xe/Kr selectivity (~11) and Ag@Ni-DOBDC exhibits
the highest Xe sorption capacity (1.5-2.0 mol/kg).

To get better sorption performance, several MOFs were
carefully designed and tested for Xe/Kr separation. Xiong
et al. [159] synthesized a zinc tetrazolate framework
([Zn(mtz),]) (Hmtz=methyl-1H-tetrazole) that exhibited
high sorption capacity of Xe (2.7 mol/kg) and excellent Xe/
Kr selectivity (15.5). In addition, two hybrid ultra-micro-
porous MOF materials, CROFOUR-1-Ni and CROFOUR-2-
Ni [160], constructed by saturated metal centres with Cr0427
anions and functionalized organic linkers were reported to
show higher Xe/Kr separation factors of 22 and 15.5. Re-
cently, after screening of ~125,000 MOF structures using
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high-throughput computational simulations, Nanerjee et al.
[161] successfully obtained an SBMOF-1 (CaSDB,
SDB=4,4-sulfonyldibenzoate) MOF that exhibited the
highest xenon capture capacity and a strong affinity towards
xenon when tested in a similar condition of nuclear fuel
reprocessing (Figure 5(g)). Furthermore, with the help of the
single-crystal X-ray diffraction technique and molecular
models, the structures after uptake of Xe and Kr in SBMOF-
1 were disclosed. Xe occupied the sites close to the midpoint
of the channel of SBMOF-1, strongly interacting with the
aromatic rings in the channel wall through van der Waals
forces. The exactly matching size of SBMOF-1 (4.2 A) with
Xe (4.1 A) was responsible for the excellent selectivity to-
wards Xe.

On the whole, MOFs are easy to synthesize and modify for
certain radionuclide. The sorption performance of MOFs is
comparable with other kinds of nanomaterials due to the
large surface area and high density of chelating groups. More
importantly, the adsorption mechanism can be revealed
clearly thanks to the crystal structure of MOFs. However, the
stability of MOFs is not satisfied especially in extreme
conditions, such as high acidity, high salinity and strong
radiation. In addition, the synthesis of organic ligands is
generally time-consuming.

3.2 Radionuclides’ removal by COFs

COFs present another crystalline porous platform, which
possess both the nature of crystallization and high molecular
polymer. This unique character endows such class with high
specific surface area, regular pore, and facile-to-design
character. Especially, the pore within the COFs can be de-
liberately anchored by various functionalized organic units,
aimming at enhancing the affinity towards guest molecules
such as radioactive element, or the skeleton of COFs can be
rationally endowed with positive or negative charge through
suitable synthetic chemistry, thus expanding their application
as ion-exchange material. On the other hand, COFs often
show high chemostability, making such class be one of the
promising adsorbents for radioactive element, especially
under rigorous conditions.

3.2.1 Uranium sorption

As discussed above, both decontamination of uranium and
recovery of uranium during the overall nuclear industry are
highly important. In 2014, Bai et al. [162] reported that ul-
tramicroporous carbonaceous covalent organic frameworks
(CCOFs) were skillfully synthesized using pre-synthesized
N-containing COFs as precursor by “segregated” microwave
irradiation. Compared to the samples prepared by conven-
tional heating, the as-prepared carbons possess higher sur-
face area and nitrogen content. The result of batch
experiment toward U(VI) adsorption revealed that CCOF-
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SCU1 achieved the uranium sorption capacity of 50 mg/g
even at pH 1.0 from a simulated nuclear effluent composed
of 12 different cations. However, the origin of uranium
sorption ability in CCOF-SCU1 was not elaborated.

In another P-containing COF material (MPCOF) reported
by Zhang et al. [163] even under strong acidic medium (1 M
HNO;), this adsorbent exhibits high sorption capacity
(>50 mg/g) and selectivity (>60%) toward uranium in a so-
Iution including 11 undesired cations. This is very exciting.
As shown by the author, the reason is unlike the general
sorption mechanism such as binding interaction between
functional group and uranium, but just from the size sieving
effect. Thereby, this work provides us an alternative ap-
proach to design high-performance adsorbent for extraction
of uranium under strong acidic medium to meet the actual
demand.

To enhance the acid resistance, anchoring phosphazene
into COFs was employed, and two microporous covalent
phosphazene-based COFs, namely CPF-D and CPF-T, were
prepared based on different monomers [164]. The batch
adsorption tests revealed that the adsorption capacity toward
uranium in CPF-T is much larger than that in CPF-D under a
pure uranium system, with a uranium adsorption amount of
140 mg/g at pH 1 for CPF-T. Moreover, even under other
acidity ranging from pH 4 to 3 M HNO; and 12 coexisting
cations system, CPF-T still can deliver excellent uranium
adsorption capability. It is noticed that the difference of ur-
anium adsorption amounts at pH 4 and 3 M HNO; is less
than 30%, which is significantly superior to the traditional
solid-phase extractant materials. The higher uranium ad-
sorption capacity in CPF-T relative to CPF-D is ascribed to
the smaller pore of the hexagonal rings in it, which can match
well with the diameter of hydrated uranyl ion and thus pro-
vide a geometrical channel for the intimate contact of uranyl
hydrate and donor atoms (O and N) in the hexagonal pores,
leading to the formation of hydrogen bond. Again, size effect
is also an important factor for selective adsorption of ur-
anium.

Similar size effect was also observed in a modified COF
adsorbent, which was prepared by grafting 2-(2,4-dihy-
droxyphenyl)-benzimidazole (HBI) onto the surface of COF-
COOH by esterification reaction [165]. Batch sorption ex-
periment tested in simulated nuclear industrial effluent
consisting of 11 other interferential ions and U022+ indicated
that the sorption selectivity of COF-HBI to U022+ was much
higher than that in COF-COOH. Importantly, COF-HBI
showed high irradiation stabilities and thermostabilities,
exhibiting huge potential for separating and enriching ur-
anium from sea water.

On the other hand, the chemical sorption based on unique
affinity towards uranium is our general method. Considering
that amidoxime has been proved to be an excellent chelating
group to capture uranium, recently, amidoxime-functiona-
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lized COF material (COF-TpDb-AO) was synthesized by
two stepwise procedures [166]. The resultant 2D COF-
TpDb-AO has highly ordered 1D channel, in which the
amidoxime groups decorated on it envision to enhance the
affinity toward uranium and utilization efficiency. As ex-
pected, COF-TpDb-AO can extract mine uranium from
spiked seawater with an exceptionally high uptake capacity
of 127 mg/g, which is higher than amorphous porous organic
polymer (POP) with the similar amidoxime-binding site
content. The authors proposed that the chelating groups
aligned in periodic arrays on the walls proximate with each
other can enhance their cooperation, thus leading to higher
affinities toward uranyl ions compared to that of amorphous
POP.

Similar trends were observed in a porous aromatic fra-
mework that was functionalized by an amidoxime group
[167]. The resulting PAF-1 (PAF-1-CH,AOQ) exhibits high
uranium uptake capacity of 300 mg/g and excellent dis-
tribution coefficient value of 1.05%10° mg/L, thus efficiently
reducing the uranyl concentration from 4.1 ppm to less than
1.0 ppb in aqueous solutions within 90 min, which is much
lower than the acceptable criterion of drinking water
(30 ppb) polished by US Environmental Protection Agency.
Moreover, the PAF-1-CH,AOQ also can adsorb uranium from
simulated seawater with a moderately high adsorption ca-
pacity of about 40 mg/g. The authors proposed that the
outstanding uranium adsorption ability in PAF-1-CH,AOQ is
due to the cooperative binding of U022+ with adjacent ami-
doxime species.

In order to further enhance the adsorption ability of che-
lating groups to uranyl ions, Ma et al. [168] found that an
amino substituent in different positions relative to amidox-
ime can significantly affect its adsorption ability. The amino
group can modulate the electron density of the complex, thus
lowering the overall charge on uranyl, and provides an ad-
ditional site allowing a hydrogen bond to align uranyl species
in a favorable coordination mode. Adsorption results showed
that the porous POP-0-NH,-AO synthesized using 2-ami-
nobenzamidoxime monomer can efficiently capture uranium
from polluted water and selectively extract it from seawater.
The uranium adsorption capacity of as high as 530 mg/g in
the aqueous solutions was achieved in POP-0-NH,-AO.
Moreover, the POP-0-NH,-AO also shows fabulous rapid
capture capabilities, with about 95% of the equilibrium ca-
pacity within 20 min. To further disclose the adsorption
mechanism, small molecular ligands, benzamidoxime (AO),
4-aminobenzamidoxime (p-NH,-AO), and 2-aminobenza-
midoxime (0-NH,-AQO) were prepared and tested to com-
plexed with uranyl. X-ray structures of the UO,(AO),
(MeOH), and UO,(0-NH,-AO),(MeOH), complexes in-
dicate nz(O, N) binding of the amidoxime moiety to uranyl
(Figure 6(a, b)), well in accordance with the coordination
motif observed in DFT calculations (Figure 6(c, d)). Fur-
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Figure 6 Single crystal structures of UO,(AO),(MeOH), (a) and UO,(0-NH,-A0),(MeOH), (b); (c) DFT optimized structure of UO,(AO),(MeOH), with
dative U-O and U-N o-bonds in UO,(AO),(MeOH),; (d) DFT optimized structure of UO,(0-NH,-AO),(MeOH), with dative U-O and U-N c-bonds along
with second sphere hydrogen bonding interactions, characterized by overlap of the p-type amino lone pair and the methanol O-H o* orbital [168]; (e)
synthesis of SCU-COF-1; (f) the expanded R3 symmetric unit cell matching with the ABC-staggered stacking model (red for layer A, green for layer B, and
blue for layer C); (g) electrostatic potential distribution mapping of SCU-COF-1; (h) top view and side view of SCU-COF-1 (the chloride ions and hydrogen
atoms are omitted for clarity); (i) experimental PXRD pattern of SCU-COF-1 (red line), Pawley refined pattern (black dots), difference curve between
experimental and refined pattern (green line), AA-eclipsed pattern (orange line), AB-staggered pattern (purple line), and ABC-staggered pattern (blue line)

[183] (color online).

thermore, the corresponding U-O and U-N bond lengths in
UO,(0-NH,-A0),(MeOH), were found to be 0.01 and
0.02 A shorter than those of UO,(AQ),(MeOH),, proving the
stronger bonding between o-NH,-AO ligand and uranyl,
which results in most excellent activity in POP-0-NH,-AO.
Different from the common used method for preparation of
amidoxime-based COFs, a distinct approach of microwave
irradiation method was recently developed to prepared the
counterpart [169]. Accordingly, the C=C bonds of TCD were
modified by cyano, amidoxime and hydroxyl groups to ob-
tain TCD-CN, TCD-AO and TCD-OH, respectively. The
three functional TCD exhibits higher uranium adsorption and
separation ability compared to pristine TCD. As revealed by
the batch adsorption experiments, among different functio-
nalized TCD, TCD-AO exhibits the highest separation effi-
ciency under simulated industrial effluent involving 12-
conexistent cations, with the adsorption capacity of 68 mg/g
and the selectivity of 62% toward uranium. The authors
proposed that the excellent performance in TCD-AO is at-
tributed to the chelating group (amidoxime) in it, which can
provide N and O atoms to coordinate with metal ions, giving
rise to high adsorption capacity and selectivity to uranium.

Construction of COF-based composite was also explored.
Polyacrylonitrile fibers covalently modified by lysine (PAN-
Lys) were successfully synthesized, as proved by a series of
characterization such as Fourier transform infrared spectro-
scopy (FTIR), scanning electron microscope (SEM), ele-
mental analysis (EA) and X-ray photoelectron spectroscopy
(XPS) [170]. The influence factor toward U(VI) adsorption
including initial pH, contact time, concentration and tem-
perature was systematically explored. The results disclose
that the solution pH plays a key role in the U(VI) adsorption.
PAN-Lys can afford the maximum uptake of 405 mg/g.
Moreover, at low concentrations under artificial seawater
condition, the removal rate of U(VI) can reach more than
80%, exhibiting huge application potential.

The combination of graphene and 2D covalent organic
framework (COF) was developed to fabricate a new o-GS-
COF composite [171]. The adsorption ability of 0-GS-COF
to uranium reaches 88.8 mg/g at pH 4.5 in simulated nuclear
industry effluent composed of UO,”" and other undesired
ions, higher than those in single GO and o-TDCOF, un-
doubtedly demonstrating that the high adsorption perfor-
mance of composite o0-GS-COF originates from the
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synergistic effect of GO and o-TDCOF. Moreover, o-GS-
COF exhibits more excellent acid and irradiation stability
compared to GO and o-TDCOF, which is ascribed to the
interaction of m systems between the two 2D materials that
can enhance the stability of active functional groups located
in interlayer and intralayer of the lamellar structure. The
authors proposed that the adsorption mechanism of uranium
on 0-GS-COF follows the chemical monolayer adsorption
model. The above-mentioned COF-based materials reported
for U(VI) adsorption are summarized in Table 1.

Seem from the above results, it is shown that COFs
functionalized by special organic units are good candidate
for both decontamination of uranium and recovery of ur-
anium, because of their high chemostability even under
strong acid and irradiation, big adsorption capacity, out-
standing adsorption selectivity. However, there still lacks
general and available technology to disclose the adsorption
mechanism in detail in the structure aspect.

3.2.2  lodine sorption

Generally speaking, the adsorption of iodine including in
inorganic iodine (I,) and oranic iodine (CH;l, C,Hsl) is
mainly driven by physical adsorption via the van der Waals
interaction. Accordingly, COFs should be a good choice, due
to its low density, big and regular aperture, as well as
abundant and regularly arranged atom within the pore sur-
face. Yin et al. [172] reported a new heteropore COF (SIOC-
COF-7) composed of two different kinds of micropores,
which exhibited a particularly high capture capacity for vo-
latile iodine. The experimental results revealed that the ad-
sorption capacity of iodine can reach 481 wt%. The authors
think that the extremely high uptake capacity toward iodine
is mainly attributed to the structural merits of highly ordered
channels on the shells and the inner cavities of the hollow
microspheres. This work provides an alternative to tradi-
tional adsorbent based on COF-based micro/nanospheres.

Table 1 Uranium adsorption data for reported COF-based materials

Sci China Chem  August (2019) Vol.62 No.8

Wang et al. [173] reported a new 3D COF featured by dia-
mond net structure, which processes ordered one-dimen-
sional pores and high porosity. The formed COF-DL229
showed a prominent adsorption capacity for iodine vapor
even under open ambient air, with a capacity of as high as
70 wt% at 25 °C. The authors proposed that the charge
transfer complex interactions between iodine vapor and pore
walls of COF-DL229 is responsible for the exceptional ca-
pacity. Another novel feature of this work was the char-
acteristic of flexible skeleton in 3D COF, which results in
high stability of COF-DL229.

Redox-responsive covalent organic nanosheets were syn-
thesized through diazo coupling by Skorjanc et al. [174]. The
as-synthesized two cationic covalent organic polymers
(COPs) are potent iodine sorbents capable of adsorbing up to
200% of their weight in iodine vapor. These studies indicated
that the backbone rigidity and redox state have significant
effect on the uptake capacities of viologen-based polymers.

2D covalent organic frameworks were constructed by
Jiang et al. [175], which consists of 1D open channel and has
not interpenetration and binding sites to capture iodine. All
the 1D channels shaping from hexagonal to tetragonal and
trigonal and ranging from micropores to mesopores can en-
able a full access to iodine. This work proposed that specific
functionalization of the porous skeletons is not required to
capture iodine. And the robust chemical and redox stabilities,
1D open channels and large pore volume are key structural
parameters to achieve the capture of iodine, which is benefit
for the further understanding of vapor capture. Noticeably,
this new finding is suitable not only to iodine but also to all
coagulative vapors. Su ef al. [176] reported an azo-bridged
calix[4]resorcinarene-based porous organic frameworks
(CalPOFs) synthesized through diazocoupling reaction of
4,4-biphenyldiamine and  C-alkylcalix[4]resorcinarenes
(RsC,s) under mild reaction conditions, which possesses a
number of effective adsorption sites toward iodine vapor,

COF-based materials Adsorption capacity Selectivity Equilibrium time Advantage Disadvantage Ref.
MPCOF 0.52 mmol/g vs. various cations S5h High selectivity under strong Low adsorption [163]
acidic conditions capacity
. . Excellent uranium adsorption cap- Low selectivity at
CPF-T 140 mg/g vs. various cations 12h ability over a wide range of acidity low pH [164]
. . Great thermostabilities and .
COF-HBI 211 mg/g vs. various cations 2h irradiation stabilities Low selectivity [165]
. - High adsorption capacity and Only tested under high
COF-TpDb-AO 408 mg/g vs. various cations 3h g rg?lsabilit}}/) Y y PH (g.O) g [166]
PAF-1-CH,AO 300 mg/g vs. various cations 12h Excellent reusable and Without the adsorption test [167]
adsorption capacity under multi-competitive ions
TCD-AO 158.23 mg/g vs. various cations 3h Fast reaction rate Low adsorption [169]
capacity at low pH
. . High adsorption capacity and e
POP-oNH2-AO 530 mg/g vs. various cations 12h extraction rate Low stability at low pH [170]
0-GS-COF 144.2 mg/g vs. various cations oh Excellent acid and irradiation Low removal rate at [171]
stability low pH
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such as azo (—N=N-) groups, macrocyclic n-rich cavities
and phenolic units. Importantly, the porous properties can be
conveniently modulated by varying the alkyl chain lengths of
RsC,s. It was found that the BET surface area of CalPOFs
gradually increases with the decrease of alkyl chain lengths.
The resulting CalPOF-1 exhibits the highest capacities for
removing iodine vapor (477 wt%), which is ascribed to the
largest BET surface area and highest densities of the azo and
RsC, units in it.

A covalent triazine-based framework (CTF-CTTD) was
synthesized via the nitrile trimerization [177]. The as-pre-
pared CTF-CTTD possesses high BET surface area
(1,684 mz/g), large pore volume (1.44 cms/g) and hier-
archically porous structure. The uptake capacity of 387 wt%
toward iodine was achieved because of the abundant por-
osity, triazine units, as well as n-m conjugated structures.
Moreover, CTF-CTTD shows extremely high stability with a
little loss of iodine adsorption capacity after four continuous
cycles. The efficient removal of RhB is also achieved in
CTF-CTTD, with the adsorption capacity of as high as
684.9 mg/g. This work provides guidance for further de-
signing CTFs to capture radioactive iodine and remove
pollutants from wastewater. Porous organic polymers (POPs)
with extended =-conjugated backbones (MelPOP-2 and
TatPOP-2) was prepared by one-pot polymerization pro-
cesses based on hexachlorocyclotriphosphazene, melamine
and 4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline and used for
the uptake of iodine [178]. The results indicate that TatPOP-
2 can exhibit an adsorption capacity of as high as 450 wt%.
The excellent performance of TatPOP-2 is ascribed to the
synergistic effect of rich heteroatom and large p-m con-
jugated units in the frameworks, which can enhance the in-
teraction of I, and POPs and provide accessible pathway to
interact with iodine, respectively, thus improving the ad-
sorption capacity of I,. Lin et al. [179] reported a pharma-
ceutical hydrogen-bonded covalent organic polymer (pha-
HCOP-1), which was prepared using isoniazid as difunc-
tional linker. The pha-HCOP-1 achieves a high uptake value
of 131 wt% toward vapor iodine and also exhibits an ex-
cellent iodine adsorption in solution with the adsorption
capacity of as high as 833.33 mg/g determined by Langmuir
model. The prominent ability of pha-HCOP-1 is ascribed to
the abundant porosity, p-conjugated phenyl rings, as well as
functional -CO-NH-building units in pha-HCOP-1. A novel
nitrogen-rich covalent organic framework (TPT-BD COF)
based on flexible modules was constructed [180]. The
TPT-BD COF shows excellent and reversible adsorption
performance for volatile iodine with capacity up to 543 wt%.
Moreover, TPT-BD COF is proved to possess good irradia-
tion stability and can withstand 105 Gy y-ray irradiation,

suggesting its potential to capture radioactive iodine, such as

129 131

I or 7T in specific circumstance.
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3.2.3  Other radionuclides sorption

In addition, COFs were also applied for adsorption of other
radionuclides. Lu et al. [181] fabricated a 3D carboxyl-
functionalized COF by postsynthetic modification of a hy-
droxyl COF, which has excellent properties such as high
crystallinity and chemical stability, as well as large specific
surface area. The carboxyl-functionalized 3DCOOH-COF
exhibits high selectivity and adsorption capacity for Nd**
over Sr°" and Fe’', demonstrated by the Langmuir adsorption
isotherms and ideal adsorbed solution theory (IAST) calcu-
lations. This prominent performance should be attributed to
the strong special interaction between Nd** and carboxyl
groups in the 3D-COOHCOF. Moreover, 3D-COOH-COF
shows high stability with minimal decrease of adsorption
capacity for Nd** after multiple adsorption/stripping cycles.
This work provides a general strategy to efficiently fabricate
functional 3D COF used for the environmental related fields.
A new azine-linked covalent organic framework (COF-
JLU3) with robust chemical and thermal stability, as well as
high crystallinity and porosity, was successfully developed
[182]. Recently, a two-dimensional conjugated cationic
covalent organic framework material, SCU-COF-1, was
synthesized based on an aminated viologen and commer-
cially available 2,4,6-triformylphloroglucinol (Tp) (Figure 6
(e, 1)) [183]. The electrostatic potential (ESP) distribution of
the cationic layer is shown in Figure 6(g) and the features of
stacking are shown in the top view and the side view of SCU-
COF-1 (Figure 6(h)). The powder X-ray diffraction (PXRD)
pattern of SCU-COF-1 (Figure 6(i)) identifies an ordered
structure, in accordance with the ABC-staggered pattern.
Then, the as-fabricated SCU-COF-1 was firstly used for

99TcO47 removal under extreme conditions. Noticeably,
SCU-COF-1 shows ultrahigh acid stability and great re-
sistance towards both large-dose B and vy irradiations. The
unprecedented 99Tc04_ uptake capabilities including ex-
tremely fast sorption kinetics, ultrahigh uptake capacity of
702.4 mg/g for the surrogate ReO, at a slightly elevated
temperature, and good anion-exchange selectivity towards

*TcO,” under other anions (CO;", SO,”, and PO,”") were
also achieved. Given these merits are now integrated into a
single material, the possibility for solving the “technetium
issue” in the nuclear fuel cycle become visible.

Although significant progress has been made for the
synthesis and application of COF materials, there are still
some issues needed to be addressed. Firstly, the further
synthesis of COFs with high stability and performance at low
pH value to capture different radionuclides should be per-
formed based on the variety of organic building units and
covalent bonds. Secondly, the true structure and layer
stacking sequence of COFs are still equivocal. So far, the
crystalline structure is generally proved only by simulated
PXRD data. Finally, the chemical stability of most COFs is
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still not enough to meet the practical demand because the
inherent driven force for COFs is the reversible reaction.
Thereby, exploiting COFs driven by means of irreversible
reaction for removal of radioactive nuclide would be desir-
able. Finally, the COF-based techniques that can be used for
practical application in the removal of radioactive nuclide are
mainly determined by largely decreasing the cost of syn-
thesizing COFs. Therefore, it is necessary to synthesize
corresponding raw materials for COFs through industrial
production.

3.3 Radionuclide sequestration by MXenes

Many radionuclides are underlying environmental con-
taminants due to their chemical and radiological toxicity. The
remediation of radionuclides by novel and effective nano-
materials such as MXenes has been demonstrated recently.
Wang et al. [64] reported the first experimental case of
highly efficient removal of radionuclides by MXene through
the capture of uranium on 2D vanadium carbide (V,CT,) as a
demonstration. The multilayered V,CT, material synthesized
by HF etching of V,AlC was found to be highly efficient
uranium sorbent, evidenced by a high uptake capacity of
174 mg/g, fast sorption kinetics (4 h), and desirable se-
lectivity (selectivity coefficient >10). Fitting of the sorption
isotherm indicated that the sorption followed a hetero-
geneous adsorption model most probably due to the multi-
layered structures of MXene and the presence of
heterogeneous adsorption sites such as —OH and —F. The
local coordination environment of U(VI) sorbed onto V,CT,
was examined by EXAFS measurement. Two oxygen atoms
at ~2.32 A and three oxygen atoms at ~2.45 A were found to
comprise the first equatorial shell of the U(VI) ions. In ad-
dition, a Vatom at ~3.2 A was fitted as the second equatorial
shell. These results indicate that the uranyl ions prefer to
coordinate with hydroxyl groups bonded to the V-sites of the
nanosheets via forming bidentate inner-sphere complexes.
The equivalent valence of V in V,CT, and V,AIC samples
was estimated through analyzing XANES spectra of V K
edge. No obvious changes of oxidation state of V suggested
that V,CT, had an overall stability in U(VI) sorption process.

Density functional theory (DFT) has been employed to
calculate the interaction between U(VI) and V,CT, [184].
Among four proposed adsorption configurations, the bi-
dentate inner-sphere coordinated one is the most en-
ergetically favorable [64]. The coordination number and
bond distances obtained from DFT calculation are consistent
with EXAFS analyses. In an expanded study, Zhang et al.
[185] calculated the adsorption of more complicated U(VI)
species (UO,(L)(L,)s(L5),, L;, L, and L; represent H,O, OH
and CO;, respectively) on V,C nanosheets terminated with
OH and F functional groups. The results show that all uranyl
species can stably bond to hydroxylated V,C with binding
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energies in range of —3.34 to —4.61 eV, where the aquouranyl
[UOZ(H20),,]2+ complex has the highest adsorption energy.
Electron localization function (ELF) analysis shows greater
electron localization between U and O atoms than that be-
tween U and F atoms. The adsorption energy decreases with
the replacing of OH functional groups by F atoms, revealing
that F-terminated surface is less favorable for uranyl ad-
sorption.

Currently, Ti;C,T, is the most widely used MXene due to
its well-developed and cost-effective preparation. From this
point of view, Ti;C,T, is more attractive than V,CT, in the
actual applications of radionuclide elimination. The theore-
tical prediction of U(VI) adsorption on Ti;C,T, has been
assessed by DFT simulations in 2016 [186]. The results in-
dicate that U(VI) strongly interacts with Ti;C,(OH), na-
nosheets via chemical adsorption and formation of hydrogen
bonds; and the sorption is essentially independent of anionic
ligands such as OH, CI and NO; . However, the superb
abilities of Ti;C,T, always suffer from the narrow interlayer
space inside multilayered structures. To overcome this
challenge, a hydrated intercalation strategy of Ti;C,T, was
developed for enhanced removal U(VI) [187]. After the ac-
tivation with DMSO, the enlarged c lattice parameter of
Ti,C,T, was increased by up to 20.18 A, leading to a five-
fold adsorption capacity enhancement toward U(VI). The
enhanced adsorption of hydrated MXenes in water pur-
ification was also demonstrated through heavy metal ion and
dye molecule removal experiments. The maximum uptake
capacity of Ti;C,T,-DMSO-hydrated for U(VI) reaches
214 mg/g, which is roughly 54.5% of the theoretical value.
Further treatment of simulated uranium-contaminated water
indicates that 1 kg activated MXene can purify 5,000 kg
waste water, and the effluent U(VI) contents are below
drinking water interim standard recommended by WHO
(15 pg/L). More importantly, a fast calcination strategy was
developed in this work to minimize the interlayer space of
U(VI)-sorbed MXene for solidification application (Figure 7
(a)). The leaching percentage of U(VI) was very low (<1% in
water and <6% in 0.5 M HNO;), indicating the successful
imprisonment of actinides inside the nano-confined space of
MXene matrix. The rational control of the interlayer space of
multilayered Ti;C,T, enables the MXene to exhibit an ex-
ceptional radionuclide sorption and encapsulation perfor-
mance, rendering Ti;C,T, a potential candidate for
geological disposal of nuclear wastes.

Surface modification is another effective method to reg-
ulate functional groups and improve the adsorption of
MXene-based materials. Gu et al. [33] synthesized a PANI/
Ti;C,T, organic-inorganic hybrid material by in situ poly-
merization of polyaniline on multilayered Ti;C,T, MXene.
PANI/Ti;C,T, has a maximum adsorption capacity of
102.8 mg/g for U(VI), which is superior than that of pristine
Ti;C,T, (36.6 mg/g). The sorption of U(VI) by PANI/T;C,T,
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Figure 7 (a) Hydrated intercalation activation and fast calcination stra-
tegies of Ti;C,T, MXene for efficient U(VI) uptake and encapsulation
[187]; (b, ¢) U L; edge XANES spectra and non-phase shift corrected
Fourier transforms of k3—weighted EXAFS spectra of U-loaded MXene
samples [189] (color online).

renders a spontaneous and endothermic process, and can be
greatly affected by the ion strength. Spectroscopy char-
acterizations reveal that U(VI) interact with the oxygen-
containing groups and amino groups on PANI/T;C,T, by
forming strong surface complexes. Fan et al. [188] reported
the preparation of a modified Ti;C,T,/GCE electrode for
electrochemical detection of U(VI) from aqueous solution.
Pretreatment of Ti;C, T, by KOH (an alkalization intercalant)
was essential to increase the surface content of —OH func-
tional groups and eliminate the capacitive effect of pristine
Ti;C,T,, which facilitated the following electrochemical
detection. Cyclic voltammetry (CV) scanning indicated that
the electrochemical response of K-Ti;C,T,/GCE electrode to
U(V]) increased significantly, resulting in a low detection
limit of 0.083 mg/L at pH 4.0. The electrode also presented a
good linear detection relationship in the uranium con-
centration range of 0.5-10 mg/L, with excellent stability and
repeatability.

Alternatively, reduction of highly mobile U(VI) to less
soluble U(IV) has been long considered an effective ap-
proach to in situ environmental remediation of uranium. In
2018, a highly reactive Ti-based MXene, Ti,CT,, has been
utilized to efficiently remove U(VI) by an adsorption-re-
duction strategy for the first time [189]. TiC,T, exhibits
excellent U(VI) removal over a wide pH range. For instance,
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almost 100% of U(VI) can be eliminated when the initial
concentration of uranium <160 mg/L, and the saturation re-
moval capacity reaches 470 mg/g at pH 3.0. Batch sorption
experiments suggest that the removal of U(VI) is in-
dependent of the counterions such as NO; , Cl , and CI1O, .
XANES spectra indicates the reduction of U(VI) to U(IV) by
Ti,CT, in the pH range of at least 3.0 to 8.0 (Figure 7(b)). As
a comparison, the non-reductive sorption of U(VI) was
confirmed on Ti;C,T,, which has similar surface groups but
different atomic layers with Ti,CT,. It is very fascinating to
clarify a pH-dependent reduction mechanism according to
the following EXAFS spectral analysis (Figure 7(c)). The
uranium reduced species are mononuclear U(IV) complexes
anchored to =TiO sites of amorphous TiO, (U(IV)-A-TiO,)
at low pH. The observation of U(IV)-A-TiO, provides new
insights into the immobilization pathway, and the inhibition
of migration of U(IV) under acidic condition. At near-neutral
pH, nanoparticles of UO,,, phase are found to adsorb to the
substrate. Subsequent study also suggests that Ti,CT, may be
a potential candidate of permeable reactive barrier materials
for the treatment of radioactive wastewater from uranium
mining. Following the above study, a surface-modified
Ti,CT, MXene nanocomposite (TCNS-P) has been synthe-
sized recently for effective removal and reduction of per-
rhenate (a simulant of pertechnetate) [190]. The introduction
of poly(diallyldimethylammonium chloride) regulates the
surface charge and improves the stability of Ti,CT, na-
nosheet, thus leading to an enhanced removal of Re(VII).
Further EXAFS and XPS analyses indicate a pH-dependent
Re(VII) reduction mechanism by TCNS-P. Optimization of
conditions where Re(IV) dominates could guide the devel-
opment of applications of Ti,CT,-based materials for re-
duction and immobilization of Tc(VII).

'Ba and '*Ba are important fission products that com-
monly found in liquid nuclear waste. In addition, Ba™ is
chemically similar to radioactive Ra”™" to serve as a surrogate.
Mu et al. [191] synthesized an Alk-Ti;C,T, to improve Ba™
adsorption due to large interlayer space and abundant active
adsorption sites. The maximum adsorption capacity of Ba®
by Alk-Ti;C,T, reaches 46.46 mg/g, which is three times
higher than that of unmodified Ti;C,T,. An ion-exchange
mechanism is involved to explain the sorption behavior,
namely, the intercalated Na' ions in Alk-Ti;C,T, exchange
fast with Ba’" ions when sorbent is immersed in barium
aqueous solution. An ordered distribution of sorbed Ba™
ions is observed inside the interlayers of Ti;C,T,, evidenced
by the shift of MXene (002) peak to a lower angle range. Mu
et al. [192] also reported the removal of radioactive pd**
from HNO; solution by Ti;C,T, samples which were syn-
thesized under different etching temperatures. MXene-45
(prepared at 45 °C) exhibits a highest maximum adsorption
capacity of 184.56 mg/g for Pd”, mainly due to the largest
specific surface area (76.42 mz/g). MXene-45 retains good
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selectivity even in the treatment of simulated nuclear was-
tewater, which may be ascribed to low hydration energy of
Pd’" ions and easy incorporation with active groups on
MZXene surface. Further control experiments and spectral
analyses indicate that the uptake of Pd*" on Ti;C,T, is
dominated by surface chemical adsorption rather than ion-
exchange.

In summary, MXenes have been demonstrated as compe-
titive inorganic adsorbents for environmental radionuclide
capture and immobilization. MXenes can remove radio-
nuclides through versatile interaction pathways including
coordination, ion exchange and reduction immobilization.
The corresponding mechanisms are not only dependent on
solution conditions but also in close relationship with the
layer structures, bond strengths and surface properties of
MXene-based materials. However, the selectivity of MXene
for radionuclide adsorption in some complicated conditions
may be lower than other functionalized nanomaterials. More
investigation about the synthesis of covalently grafted and
multifunctional MXene composites is needed in future for
selective radionuclide separation application. Besides, most
of the reported studies have focused on the removal of
radionuclide cations, primarily due to negatively charged
surface of MXenes. Further investigations should aim to the
cleanup of radioactive anion species such as 99TCO{,
7Se0,”, 10, by surface-modified MXene materials.

3.4 Radionuclide elimination by polymer brushes

Recently, it is found that polymer brushes are capable of
accommodating myriads of functional groups. The polymer
brushes can stretch their polymer chains in aqueous solution,
allowing for the functional groups accessible to adsorbates
[97,193]. For this reason, polymer brush-based adsorbents
exhibit surprisingly excellent adsorption performance and
therefore attract increasingly research interest. The adsorp-
tion mechanism for polymer brush-based adsorbents is illu-
strated in Figure 3(b). The polymer brushes contain myriads
of functional groups, which are accessible to adsorbates
when the polymer chains stretch in aqueous solution. Myr-
iads of adsorption sites result in high adsorption capacity for
the polymer brush-based adsorbents. By contrast, the small
molecule functionalized adsorbents show relatively poor
adsorption capacity due to the small amounts of adsorption
sites.

Silica nanomaterials have attracted most research interest
because of the convenience of surface functionalization and
high tunability of their physical structures, such as size,
morphologies, surface areas, and pore diameter. Several
groups have explored the use of polymer brush grafted silica
nanomaterials as adsorbents for radionuclides’ removal from
wastewater. Chanda er al. [194] developed poly-
ethyleneimine brush grafted silica gel for uranium adsorp-
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tion. They found that the introduction of N-CH(OH)— groups
enhanced the uranium adsorption. Additionally, the polymer
brush grafted silica gel exhibited a largely faster adsorption
rate than the conventional silica gels, with adsorption ki-
netics being diffusion-controlled with a high value of
8.4x10° cm/s for the product of distribution coefficient and
effective diffusivity. The uranium adsorbed can be eluted
from the brush grafted silica gel with 2M H,SO, in-
stantaneously. Jung et al. [195] examined three types of
polymer brush grafted nanoporous silica for the extraction of
uranyl ions: olyethyleneimine brush grafted silica (denoted
as PEI/MSU-H), polyacrylic acid brush grafted silica (de-
noted as PAA/MSU-H), and carboxymethylated poly-
ethyleneimine brush grafted silica (denoted as CMPEI/MSU-
H). The uranyl ions can be nearly completely removed by the
CMPEI/MSU-H in diluted U022+ solution (ca. 0.05 mM),
with significantly high distribution coefficient (K=
2.3OX106). In concentrated U022+ solution (ca. 1 mM), the
CMPEI/MSU-H demonstrated the largest uranium uptake
capacity (124 mg-U/g-adsorbent), followed by the PAA/
MSU-H, and then by PEI/MSU-H. Bayramoglu et al. [196]
prepared polyacrylonitrile brush grafted MCM-41 silica
particles and then modified the polyacrylonitrile into ami-
doxime and carboxyl groups respectively for enhanced ur-
anium removal from aqueous medium. For this purpose, the
uranium adsorption on the pristine MCM-41, amidoxime
(AMD) and carboxyl (CA) groups modified particles was
investigated, and the results showed that the amounts of
U(V]) ions on the pristine MCM-41, CA and AMD modified
MCM-41 particles were 58.9, 296.7 and 442.3 mg/g, re-
spectively.

Carbon nanomaterials have been evaluated as adsorbents
for extraction of radionuclides from aqueous solutions. It is
found that carbon materials can be grafted with polymer
brushes, which can enhance the adsorption capacity. Song et
al. [197] grafted polyacrylamide on graphene oxide (denoted
as PAM/GO) via the plasma-induced polymerization tech-
nique and then used the PAM/GO as an adsorbent for si-
multaneous removal of radionuclides (i.e., U(VI), Eu(Ill)
and Co(Il)) from radioactive wastewater. The maximum
adsorption capacities of PAM/GO towards U(VI), Eu(Ill)
and Co(II) were 0.698, 1.245 and 1.621 mmol/g, respec-
tively, at pH 5.0 and 7=295 K, which were much larger than
those for pristine GO and other adsorbents. Chen et al. [198]
prepared poly(amidoxime) brush grafted reduced graphene
oxide (denoted as PAO-g-rGO) via an in-situ polymerization
and then applied the PAO-g-rGO for the removal of radio-
nuclides from aqueous solution. The PAO-g-rGO demon-
strated maximum adsorption capacities of 99.4, 296.4 and
177.6 mg/g for Sr(I), Eu(Ill) and Co(II), respectively. Yue et
al. [117] grafted polyamidoxime brushes on mesoporous
copolymer to generate a uranium adsorbent with a high up-
take rate and capacity. Polymer brushes used as adsorbents
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have several advantages, such as: (1) numerous adsorption
sites resulting from myriads of functional groups; (2) facilely
accessibility of the adsorption sites due to stretching of
polymer brushes in aqueous solution. Various polymer bru-
shes with specific functional groups have been created
mainly by radiation-induced graft polymerization, atom-
transfer radical polymerization, and photoirradiation-in-
duced graft polymerization. Grafting various acid monomers
significantly increased U(VI) adsorption in simulated sea-
water in the following order: acrylic acid < vinyl sulfonic
acid < methacrylic acid < itaconic acid < vinyl phosphonic
acid. Recently, atom-transfer radical polymerization has
been developed to graft polymer brushes on fibers, with
much higher grafting efficiency [199]. The prepared poly-
amidoxime brushes exhibited a relatively high performance
(141-179 mg/g of U(VI)) in laboratory tests with a uranium
concentration of 6 ppm. Chi et al. [96] created functional
polymer brushes via atom-transfer radical polymerization for
highly efficient extraction of U(VI) from seawater. They
found the uranium adsorption capacity is independent of its
surface area but largely dependent on its grafting degree. The
uranium adsorption capacity increased from 79 to 370 mg/g

Table 2 Various polymer brushes for removal of actinide ions

with increasing grafting degree from 665% to 3,749%. Table
2 summarizes various polymer brushes for adsorption of
actinide ions. The polymer brushes exhibited excellent ad-
sorption performance, which is strongly dependent on the
amounts and types of functional groups. It is noted that the
polymer brushes on different matrixes showed similar high
adsorption capacity, regardless of the type and surface area of
the matrixes, suggesting that matrixes have negligible effects
on the adsorption capacity.

3.5 Elimination of radionuclides by GOs

Although many reviews concerning the synthesis, properties
and application of GOs are available nowadays [210-215], a
review of removal of radionuclides on GOs is still lacking
[216]. In this section, we mainly discussed the removal of
U(VI), Th(IV), Eu(Ill), Sr(Il) and Cs(I) on GOs by batch,
EXAFS spectroscopy and DFT.

3.5.1 Uranium sorption
Uranium currently exists in two oxidized states such as
dissoluble U(VI) and sparingly dissoluble U(IV) species.

Matrix Polymer brush Grafting method Adsorbate Sorption capacity (mg/g)  Ref.
Silica PARTICLE Polyethyleneimine Grafting through U022+ 952 [194]
Nanoporous silica Polyethyleneimine Grafting through UOZ2+ 34 [195]
Nanoporous silica Polyacrylic acid Grafting through UOZ2+ 29 [195]
. Carb. thylated .
Nanoporous silica p?)rlygi(}?}gfnegn{aife Grafting through UOZ2+ 124 [195]
- Carboxymethylated . 2+
Nanoporous silica polyethylencimine Grafting through U0, 153 [200]
MCM-41 silica particles Polyamidoxime ATRP UOZ2+ 296.7 [196]
MCM-41 silica particles Poly(carboxyl acid) ATRP U022+ 442.3 [196]
Graphene oxide nanosheets Polyacrylamide Plasma induced U(VI), and Eu(III) 166.1 and 189.2 [197]
polymerization
Reduced graphene oxide Poly (amidoxime) In-situ polymerization Sr(IT), and Eu(III) 99.4 and 296.4 [198]
. Thermally initiated
Mesoporous carbon CMK-5 Polyoxime diavotization UVl 65.18 [201]
Graphene oxide Chitosan Grafting through UVl 779.44 [202]
Graphene oxide Chitosan Grafting through U(VI) 50.51 [203]
Mesoporous copolymer Polyamidoxime ATRP Ul 79 [118]
Poly(vinyl chloride)-co-chlorinated P
poly(vinyl chloride) fiber Polyamidoxime ATRP U(vI) 174.7 [204]
Chlorinated Polyethylene fiber Polyamidoxime ATRP UV 146.6 [205]
Hollow-gear-shaped polyethylene fiber Polyamidoxime ATRP u(vI) 179.0 [199]
Polypropylene fiber Polyamidoxime R"‘diagﬁrgrflt'i;n;““d vo,> 600 [206]
High surface-area fiber Polyamidoxime Radiation-induced U0, 168 [207]
grafting

Ultrahigh Molecular Weight A Radiation-induced 2+ -
Polyethylene Fiber Polyamidoxime grafting U0, 4.54 (in seawater) [208]

P Photoirradiation-induced 2+ .
Polypropylene Polyamidoxime Uuo, 0.2 (in seawater) [209]

graft polymerization
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U(VI]) is present in the divalent uranyl ion (UO22+) in aerobic
environments, which has a variety of complexes such as
uranyl hydroxides and uranyl carbonate at circumneutral and
high pH, respectively [217]. Therefore, the fate and trans-
formation of U(VI) in subsurface environments is eventually
affected by its speciation at different environmental condi-
tions. Recently, removal of U(VI) on GOs has been widely
investigated under different environmental conditions
[20,218-220]. Liu et al. [221] found that the removal of
U(VI) on GOs significantly enhanced at pH 1-6, while U
(VI) removal decreased at pH>8 (Figure 8(a)). Hu et al.
[219] further demonstrated that the removal of U(VI) on GOs
was independent of ionic strength, revealing that inner-
sphere surface complexation dominated U(VI) removal on
GOs. Duster et al. [222] used diffuse layer model to simulate
the removal of U(VI) on GOs and yielded equally good fits to
the experimental data under a wide range of pH and ionic
strength. Theoretical calculations have been received con-
siderable attention in the exploration of removal mechanism.
Density functional theory (DFT) can provide considerable
insight into sorption energy and bonding distance of en-
ergetically favorable atomic configurations [223]. Ai et al.
[224] used theoretical calculations to determine the binding
energy of [GO—COOH'”UOZ]H (12.10 kcal/mol), which
was significantly lower than those of [GO-COO---UO,]"
(50.50 kcal/mol), suggesting that GO had a stronger binding
capacity for U(VI) in aqueous solutions at high pH value
(Figure 8(b)). Such high binding energy of [GO-
COO---U0,]" (50.50 kcal/mol) revealed the strong chemical
affinity of U(VI) with —-COOH groups.

3.5.2  Thorium sorption
Th(IV) has been regarded as an chemical analogue for the
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Figure 8 (a) Effect of pH on U(VI) sorption onto OGO in the presence of
0.001, 0.01 and 0.1 mol/L NaNO; solutions [221]; (b) the optimized
structures of GO(—COOH)/uranyl at different pH levels [224]; (c) Th Ly;-
edge ks—weighted EXAFS spectra and (d) corresponding Fourier transforms
of the selected sorption samples [227] (color online).
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other tetravalent actinides. Generally, Th(VI) produces
Th(OH), precipitates at pH>4.0 when its concentration is
more than 10" mol/L [225]. Recently, the removal of Th(IV)
on GOs was extensively investigated under different condi-
tions [226-229]. Bai et al. [227] found the equilibrium time
of Th(IV) on GOs was only 10 min. Jiang ef al. [229] also
found that GOs exhibited great selectivity for Th(IV) com-
pared to U(VI). Moreover, sulfate strongly influenced the
separation factor of Th(IV)/U(VI) by GOs. In these studies, it
is demonstrated that inner-sphere surface complexation
dominated the Th(IV) removal at low pH. The difference of
inner/outer-sphere surface complexation can be dis-
tinguished from surface co-precipitation using EXAFS
technique [217,230,231]. The results of EXAFS (Figure 8(c,
d)) indicated that Th(IV) was bonded to ~8 or 9 oxygen
atoms and the average bond length of Th—O was estimated to
be ~2.45 A in the first coordination shell. The presence of a
Th—C shell indicated inner-sphere surface complexation of
Th(IV) removal by GO [227].

3.5.3 Europium sorption

Song et al. [197] found that Eu(IIl) removal increased with
increasing pH from 2.0 to 9.0, and then kept the high-level
removal of Eu(IIl) on GOs at pH 10.0-11.0. The maximum
sorption capacity of Eu(IIl) on GOs at pH 6.5 was approxi-
mately 175 mg/g. In these studies, it is demonstrated that the
removal of Eu(Ill) on GOs was independent of ionic
strength, indicating that inner-sphere surface complexation
dominated Eu(IIT) removal on GOs. The further evidence
was provided by EXAFS and surface complexation model-
ing. Sun et al. [232] found the presence of Eu—C shell using
EXAFS analysis, indicating the formation of inner-sphere
surface complexation of Eu(Ill) on GOs. Surface com-
plexation modeling as a powerful tool has been employed to
predict the removal behavior at different conditions. The
removal of Eu(Ill) on GO can be satisfactorily fitted by a
double diffuse layer model (DDLM), and the GO surface was
approximated using carboxylic [=COOH] and total sulfur
[=SOH] sites which deprotonated based on pK, values of 4
and —1.7. Xie et al. [233] demonstrated the Eu(Ill) removal
on GOs can be satisfactorily fitted by surface complexation
modeling with two inner-sphere surface complexes such as
=SO3Eu2+ at low pH and =COOEu"" species at high pH.

3.5.4 Strontium sorption

Radioactive strontium (i.e., 3, T,,=28.79 a) is the most
ubiquitous radionuclide at reprocessing plants, which is the
third most frequently occurring radionuclide in groundwater
at DOE facilities. *’Sr was more easily desorbed from con-

taminated soils compared to other radionuclides such as
2395, 137
Pu,

Excessive ingestion of radioactive strontium by human body

Cs, and *"'Am, indicating the fast migration rate.
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will lead to the various cancer due to the incorporation of Sr
(IT) onto bone structure. Recently, removal of Sr(II) on GOs
has been widely investigated under different environmental
conditions [234-236]. Romanchuk et al. [235] also found
that the maximum removal capacity of Sr(II) on GOs was
calculated to be 26.90 mg/g. The theoretical calculations
demonstrated that the binding energy of in- and ex-Sr(H,0),
with GOs were calculated to be —16.44 and —19.50 kcal/mol,
respectively [237]. Yang et al. [238] also found that Sr(II)
was preferred to comparably interact with COH and COC
group of GOs by DFT calculations. The results of DFT cal-
culations indicated the inner-sphere surface complexation of
Sr(IT) on GOs.

3.5.5 Cesium sorption

Cs(]) is a volatile element that can be released to the atmo-
sphere. P (T,,=30.17 a) and Pics (T,,=2.07 a) are main
released radioactive contaminants after Fukushima Nuclear
accident. For example, seawater samples collected from
Fukushima Dai-ichi nuclear power plant in September 2013
included ~124 and 54 Bq/m3 for *’Cs and "*'Cs, respectively
[239]. Recently, relative investigations regarding the re-
moval of Cs(I) on GOs were also carried out [240,241].
Wang et al. [241] found that removal of Cs(I) on GOs in-
creased with decreased ionic strength. Tan et al. [242] de-
monstrated that removal kinetics and isotherms of Cs(I) on
GOs can be satisfactorily fitted by pseudo-second-order ki-
netic model and Langmuir model, respectively. The authors
based on surface complexation modeling demonstrated that
the removal of Cs(I) on GOs was outer- and inner-sphere
surface complexation at pH<4.0 and pH>5.0, respectively.
The outer- and inner-sphere surface complexation of Cs can
be further demonstrated by EXAFS analysis. Generally, the
shorter bonding distance of Cs—O shell was typical of hy-
drated Cs(I) ions, belonging to outer-sphere surface com-
plexation, whereas the longer Cs—O bonds belonged to inner-
sphere surface complexation [243].

These observations demonstrated that GO presented the
high efficient removal capacity for various radionuclides due
to its huge surface area, abundant oxygenated functional
groups and excellent compatibility. Owing to the advanta-
geous physicochemical and structural property, GO can be
regarded as a promising adsorbent for the pre-concentration
and immobilization of radionuclides in environmental
cleanup. Therefore, the potential application of GO in en-
vironmental remediation undoubtedly exists very exciting
and bright perspective in the future. Nonetheless, it is diffi-
cult to separate GO from aqueous solution after reaction due
to its excellent water-solubility. To improve removal capa-
city and separation efficiency, functionalization of GO-based
composites has been extensively investigated in recent years,
which is still in the infancy. Therefore, much work was
needed to broaden the actual applications of these GO-based
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composites. Specific attention should be focused on the in-
teraction mechanism of radionuclides on GO-based compo-
sites using advanced spectroscopic techniques and
theoretical calculations.

3.6 Radionuclide sequestration by CNTs

3.6.1 Cesium and strontium sorption

Both cesium-137 with half-life of 30.17 a and strontium-90
with half-live of 28.8 a are two very important fission by-
products of uranium and plutonium. Since the last century,
large amounts of radioactive cesium and strontium have been
introduced into the environment due to the nuclear weapon
tests and accidental release. CNTs can be good candidates as
adsorbents or matrix materials to remediate the water and
soil contaminated with radioactive strontium and/or cesium.
In order to improve the sorption capacity, CNTs can be
oxidized by nitric acids resulting in the high amount of the
functional groups such as carboxylic, lactone and phenol,
which could provide hydrophilic sites on a hydrophobic
surface, and then the as-produced CNTs disperse more easily
in water [244,245]. Yavari et al. [245] found that the specific
surface area, pore volume, and diameter of MWCNTs ob-
viously increased after oxidation, and the sorption of Cs” was
strongly dependent on both pH and ionic strength. Moreover,
the selectivity of the oxidized MWCNTSs to Cs was higher in
comparison to activated carbon as an adsorbent, titanium
molybdophosphate and ammonium molybdophosphate as
inorganic ion exchangers under alkaline conditions, and B 15
Crown 5 and 15 Crown 5 as organic solvent for Cs' ex-
traction. ’Cs nuclear magnetic resonance analysis has
confirmed two different types of Cs cations directly related
to the insertion level when Cs’ intercalated SWCNTs [246].
At low Cs" concentration, the Cs“" species were fully io-
nized, i.e. a equal to ca. 1, whilst at higher Cs" concentration
a second paramagnetically shifted line appeared, indicating
the formation of Cs®" ions with p<o—+1. At low con-
centration and temperature, Cs”" ions exhibited a weak
hyperfine coupling to SWCNT conduction electrons; whilst
at higher temperature, a thermally activated slow-motion
diffusion process of the Cs“" ions occurred along the in-
terstitial channels, which presented within the carbon nano-
tube bundles. At high concentrations, Cs®" ions preferred
occupying the defined positions relative to the carbon lattice
[246].

In the case of Sr°*, the sorption of Sr*" on MWCNTS in-
creased with the increasing pH, and decreased with the in-
creasing ionic strength, which suggested that the outer-
sphere complexes were possibly dominant at low pH range,
whereas the inner-sphere complexes were predominant at
high pH range [244,247]. In comparison with Eu”’, the
sorption affinity of Sr*" on MWCNTs was much lower
possibly related to their different ionic potentials and charge
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densities. Both Eu’" and S sorption on MWCNTs could be
fitted by the diffuse layer model with the aid of FITEQL 3.2,
and the results showed that the sorption of Eu’" and Sr** were
on the strong site (>SOSr+/Eu2+) under low pH conditions
and weak site (>WOSr+/Eu2+) under high pH conditions,
respectively [244].

The sorption capacities of Cs(I) and Sr(Il) on oxidized
MWCNTs were approximate 12.6 and 6.62 mg/g, respec-
tively, which were much higher than that on raw MWCNTs
(1.63 mg/g for Cs(I) and 1.68 mg/g for Sr(II), respectively)
[245,247]. The increasing sorption capacities for Sr(IT) and
Cs(I) mainly benefit from the increasing functional groups
on MWCNTs surface after oxidization. The sorption of Cs(I)
and Sr(I) on MWCNTSs mainly attributed to the weak elec-
trostatic attractions, therefore the increasing groups contents
on MWCNTs cannot achieve a satisfactory sorption capacity
and selectivity for Cs(I) and Sr(II). Although the sorption
capacity and selectivity of MWCNTSs to Cs(I) and Sr(II) in-
creased to some extent, it was still unsatisfactory for the real
applications. Sparingly soluble metal ferrocyanide is an ex-
cellent scavenger of Cs(I), and often used to remove radio-
active cesium and strontium from nuclear waste solutions.
Vipin et al. [248] synthesized the sodium cobalt hex-
acyanoferrate (CoFC)-encapsulating alginate beads re-
inforced with dispersed MWCNTs for the removal of Cs(I)
and Sr(II) from water. The presence of CNTs could increase
the surface area, encapsulation ability and sorption capacity
of the as-prepared beads to some extent. The beads could be
used to efficiently treat Cs(I) and Sr(II) contaminated water
at a large scale. The sorption capacities were approximate
133 mg/g for Cs™ and 72 mg/g for St respectively, on the
beads modified with CNTs, which were much higher than
that of MWCNTs [244,247,248]. Chitosan surface-decorated
CNTs, which contained Prussian blue analog (PBA/CS/
CNTs), was prepared to remove Cs(I) and Sr(II) from aqu-
eous solutions. The sorption capacities of PBA/CS/CNTs
were approximately 220 mg/g for Cs(I) and 205 mg/g for
Sr(I), respectively [249]. A new solid substrate for the
sorption of Cs(I) from liquid outflows could be synthesized
from the SWCNTs functionalized with copper hex-
acyanoferrate (CuHCF) nanoparticles [250]. It was found
that the sorption capacity of SWCNTs functionalized with
CuHCF nanoparticles was about 230 mg/g, and that almost
one third of the adsorbed Cs" (80 mg/g) was selectively ac-
cumulating at the CuHCF nanoparticles grafted SWCNTs.
Further, a novel electrochemical separation system was de-
veloped basing on copper hexacyanoferrate-MWCNT
(CuHCF-MWCNT) hybrids for the selective sorption of Cs
(D) from wastewater [251]. Both uptake and release of Cs'in
CuHCF-MWCNT hybrids could be shifted mutually by
switching the applied potentials between anode and cathode.
Basing on the above idea, Zheng et al. [251] developed this
electrochemical sorption system, and found that the uptake

capacity of Cs™ for CuUHBCF-MWCNT hybrids reached up to
310 mg/g. It is noticed that CuHCF-MWCNT hybrids could
be regenerated electrochemically and maintain good stability
with 85% sorption capacity even after 100 cycles of sorption
and regeneration.

Yang et al. [252] designed a chitosan-grafted CNTs (CS-g-
CNTs) via plasma-induced grafting method. The interactions
of Cs(I) with CNTs and CS-g-CNTs showed that Cs(I)
sorption was majorly controlled by the so-called strong ca-
tion exchange in the monovalent Group I and divalent Group
II. However, the sorption capacity of Cs(I) could not be
improved by merely increasing the amount of hydroxyl
groups. Amino-functionalized MWCNTs can be achieved
through a simple and cost-effective method using 3-amino-
propyltriethoxysilane [253]. The sorption capacity of Cs(I)
on the as-prepared amino-functionalized MWCNTs was
136.3 mg/g, reaching 95% of the ultimate sorption capacity
within 30 min. It was very interesting that the sorption ca-
pacity for Cs(I) was not significantly affected by the pre-
sence of competing ions, which suggested a selective
sorption for Cs(I) on the amino-functionalized MWCNTs.

In order to improve the cross-flow filtration performance
of GO nanosheets, MWCNTs interlinked GO membranes
through covalent bonds were successfully fabricated on the
modified polyacrylonitrile (PAN) supports [254]. The results
showed a high flux of 210.7 L/(m2 h) at 0.4 MPa, which was
much higher than that of commercial nanofiltration mem-
branes. Moreover, the hybrid membrane exhibited a high
rejection of 93.4% for EDTA-chelated St in an alkaline
solution, and could also be used to separate Na'/Sr*" mix-
tures.

3.6.2  Selenium sorption

Compared to cationic radionuclides, radioactive Se shows
the higher mobility, and bioavailability due to the primary
occurrence states of anions (selenite: HSeO; and Se0327,
and selenate: SeO427) [255]. Although the specific surface
area is usually up to ~400 mz/g [256], CNTs indicate poor
removal for Se(IV) and Se(VI) due to the lack of efficient
binding sites [257]. To increase the binding sites and achieve
effective removal for Se(IV) and Se(VI), the modification of
amino compounds is a feasible solution (Table 3). Naee-
mullah et al. [258] synthesized tetraethylenepentamine
modified MWCNTs (MWCNTs-TEPA) and employed it as
an adsorbent in the solid-liquid microextraction of selenium.
Based on the hydrophilic-hydrophobic transition with the
increasing pH values, MWCNTs-TEPA showed a switchable
dispersion-aggregation transformation through importing
CO,. Beneficial from the additional electrostatic affinity
from TEPA and the controllable morphology transition,
MWCNTs-TEPA revealed 45.0 mg/g of the enrichment ca-
pacity for inorganic selenium. After functionalized with 3-
(2-aminoethylamino) propyltrimethoxysilane (AAPTS),
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Table 3 Sorption capacities and main parameters of Se interacted with CNTs-based composites

Adsorbent pH Temperature (K) Capacity (mg/g) Equilibrium time (min) Ref.
MWCNTs 7.0 298 1.04 [255]
MWCNTs 7.0 303 Se(VID): 1.865 40 [257]
MWCNTs-TEPA 7.0 298 45.0 [258]
MWCNTs-AAPTS 2.2 Se(V): 7.02 [259]
MWCNTs-Fe,0, 4.0 303 2:8(3 ?'31? Sseé(‘{%:f;oo [260]
CNTs-Fe,0, 6.0 298 111 [261]
MWCNTs-NZVI 7.0 298 2.52 [263]

MWCNTs demonstrated an improved Se(VI) sorption ca-
pacity up to 7.02 mg/g [259]. Considering the different in-
herent affinities on polyamine, Se(VI) usually illuminated
higher sorption capacities than Se(IV). The effective removal
of Se(IV) and Se(VI) from the waste water was obtained
using MWCNTs-Fe;0, by Lee et al. [260]. Thermodynamic
experiments indicated the exothermic procedures of Se(IV)
and Se(VI). Because of the corner-/edge-sharing inner-
sphere surface complexes between Se(IV)/Se(VI) and Fe,O;,
the modification of iron oxide nanoparticles could also im-
prove Se decontamination on OCNTs efficiently. The en-
richment of Se(IV) and Se(VI) on MWCNTs-Fe;0,
increased gradually with the increasing pH values. The
competition analyses suggested that HPO,” and HCO;
significantly intefered the sorption of selenium because of
similar tetrahedral configurations, and NO; showed slight
influence. Bakather et al. [261] prepared a series of iron
oxide impregnated CNTs (CNTs-Fe,0;) and evaluated their
sorption capacities for selenium. The comparison tests de-
termined that 20 wt% mixture of Fe,O; nanoparticles rea-
lized the maximum sorption of selenium (111 mg/g).

The reduction of Se(VI/IV) to Se(0) is a promising method
to remove selenium from aqueous solution. Analyses at the
atomic scale revealed an effective reduction of soluble se-
lenium anions on zerovalent iron (ZVI) [262]. The reduced
selenium accumulated on the ZVI as the formations of ad-
sorbed Se(IV), Fe,SeO,, Se(0), and iron selenides over the
reaction time. Depending on these findings, Vilardi et al.
[263] and Bakather et al. [261] fabricated CNTs and NZVI
hybrid as a nano-adsorbent for Se removal. Under optimized
conditions, CNTs-NZVI showed the enhanced enrichment
and precipitation for selenium anions based on the synergic
sorption and reduction effects.

Both Tc and Re are very mobile in the environment be-
cause of its existence primarily as the anionic species, TcO,
and ReQ, . To date, several types of sorbents have been
prepared for the immobility of TcO, and ReO, , such as
resins, supramolecular complexes, layered double hydro-
xide, and pure inorganic/organic materials [264—266]. Un-
fortunately, the study about the removal of TcO, and ReO,
with CNTs has barely reported.

3.6.3 Lanthanides sorption

During the nuclear fuel cycle process, a variety of lantha-
nides and actinides are usually contained in the radioactive
waste. Liang et al. [267] applied MWCNTs to adsorb the
lanthanides (Eu, Gd, Ho, La, Sm, Tb, and YD), and found that
more than 95% lanthanides were adsorbed above pH 3.0 and
slight discrepancy was observed among the lanthanides.
Turanov et al. [268] reported that the bis(dioctylpho-
sphinylmethyl)phosphinic acid modified CNTs exhibited
high extraction ability for lanthanides (La, Ce, Pr, Nd, Sm,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y) from nitric acid
solutions. The effectiveness of the extraction of lanthanides
decreased along the series of lanthanides as the atomic
number of the element in the Periodic Table increases.
Amide functionalized MWCNTSs were taken as a solid phase
sorbent for the removal of trivalent lanthanides (La, Nd, Gd,
Er and Lu) by Gupta et al. [269]. The distribution coeffi-
cients (Ky) were following the trend: Lu*">La’ ~Gd*
>Nd3+>Er3+, which could be attributed to the combination of
the water exchange mechanism and the hydration number of
the lanthanides. The sorption process was found to be phy-
sisorption and cooperative via the analysis of sorption iso-
therm. The adsorption of trivalent lanthanides followed
Freundlich isotherm model and the sorption heat of trivalent
lanthanides onto CNTs ranged from 3.155 to 4.317 kJ/mol.
On the other hand, the sorbate-sorbent interaction was found
to happen through physical forces according to the mean free
energy calculated from Dubinin-Radushkevich isotherm.
The sorption of Eu(III) on CNTs is referring to two pathways
at least depending on interaction time: (1) the fast sorption on
the outer surfaces of CNTs, and (2) the slow sorption in the
inner channel of CNTs. Eu(IIl) in the inner channel of CNTs
is difficult to be desorbed, whereas the outer surfaces bonded
Eu(IIl) can be easily desorbed in acidic solution [80]. Sur-
face complexation mechanism is significantly different from
that of activated carbon, where van der Waals forces are
mainly responsible for the interaction with the adsorbed
atoms or molecules [270]. Chen et al. [271] found that the
sorption of Eu(III) on CNTs/iron oxide magnetic composites
increased with increasing pH and decreased with initial
Eu(IIl) concentration. Poly(acrylic acid) (PAA) sorption on
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the magnetic composite was not obviously affected by Eu
(III), while the presence of poly(acrylic acid) (PAA) strongly
enhanced the sorption of Eu(IIl) on CNTs/iron oxide mag-
netic composites under low pH conditions. However, above
pH 5, Eu(Ill) sorption on the magnetic composite was re-
stricted owing to the formation of insoluble Eu-PAA com-
plexes. These studies concluded that CNTs could be
promising candidates for the preconcentration and solidifi-
cation of lanthanides and actinides from large volumes of
aqueous solution, as required for remediation purposes.

3.6.4 Actinides sorption

The sorption of actinides (including Th, U, Np, Pu, Am) on
(modified) CNTs were thus widely concerned. Chen et al.
[272] found that the sorption of Th(IV) on the oxidized
MWCNTs was a reversible and endothermic process and the
sorption was strongly depended on the pH values of solu-
tions. Sengupta et al. [273] have estimated the sorption of
Th(IV) on the amide modified CNTs (CNTs-DHA). The
results showed that the sorption proceeded via monolayer
coverage of CNTs-DHA with capacity of 47 mg/g for Th*,
following a Langmuir isotherm, while the sorption kinetic
followed a pseudo second order reaction with rate constants
of 0.095 g/(mg min). In addition, the as-prepared CNTs-
DHA owned a very high radiolytic stability up to 1,000 kGy
gamma exposure. Further, after CNTs were modified with
bis(dioctylphosphinylmethyl)phosphinic acid, the modified
CNTs can efficiently pre-concentrate Th(IV) from nitric acid
solutions [268]. Deb et al. [274] have evaluated the free
energies of sorption of Th*" on pristine CNTs, oxidized
(CNTs-COOH), and diglycolamic acid functionalized CNTs
(CNTs-DGA) combining the density functional theory. The
sorption abilities for Th(IV) are following the order of CNTs-
COOH>CNT-DGA>pristine CNTs, which were comparable
with the experimentally obtained trend of sorption capacity
of Th(IV).

Fasfous et al. [275] have studied the sorption of U(VI) on
CNTs, and found that the sorption process was following the
pseudo-second-order model and the Langmuir isotherm
model. The sorption capacity of U(VI) on CNTs increased
from 24.9 to 39.1 mg/g with the increasing temperature from
298 to 318 K. According to the investigations by Sun ef al.
[276], U(VI) sorption on oxidized MWCNTs was strongly
dependent on both pH and ionic strength, which suggested
that the cation exchange and/or outer-sphere surface com-
plexation were dominant under acidic conditions. The pre-
sences of HA and FA could enhance the sorption of U(VI)
under low pH conditions, while an inhibition effect was
observed under high pH conditions. In acidic conditions, the
sorption of U(VI) on oxidized MWCNTs was assumed to be
ion exchange/outer-sphere surface complexation, while
precipitation formed under neutral conditions. Schierz et al.
[277] found that after the acid treatment, new functional
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groups (primarily carboxylic groups) were generated on
CNTs surface, and the colloidal stability of the CNTs was
also increased, enhancing the sorption capacity for U(VI).
Moreover, to promote the sorption performance of CNTs to
U(VI), some organic matters have been widely used to
modify the CNTs such as carboxymethyl cellulose [278], bis
(dioctylphosphinylmethyl)phosphinic acid [268], and ami-
doxime [217].

Neptunyl (NpO,") is the most stable species in the en-
vironmental conditions. Because of its stable pentavalent
state, neptunium is more mobile than other transuranic ele-
ments in the environment. Np(V) sorption on poly(amidoa-
mine) dendrimer and amidoamine functionalized CNTs were
chemisorption, and all these sorbents were found radi-
olytically stable [279,280]. The Np(V) sorption kinetics
followed pseudo-second-order kinetics and Langmuir iso-
therm model well. Besides Np02+, the sorption of Np022+
was studied for amidoamine functionalized CNTs, the ami-
doamine and all the nitrate anions are coordinated to the
neptunyl center in bidentate mode resulting to six-co-
ordinated and octa-coordinated complex for NpO, and
Np022+, respectively [280]. The value of AG of NpO22+
sorption is theoretically calculated to be higher than that of
NpO," which is in good congruence with the experimental
results that the sorption capacity for NpO22+ was higher in
relative to NpO,'.

Plutonium is an important component in spent nuclear fuel.
The long half-life makes it draw a great environmental
concern. The chemistry of plutonium is very complicated
owing to the simultaneous existence of different oxidation
states of plutonium (III, IV, V, and VI) under various en-
vironmental conditions. In the research by Zakharchenko et
al. [281], 95% of Pu(IV) could be removed from 3 M HNO;
by diphenyl(dibutylcarbamoylmethyl)phosphine  oxide
(CMPO) and tri-n-octylphosphine oxide (TOPO) modified
TCNTs. Kumar et al. [282] demonstrated that poly(ami-
doamine) dendrimer functionalized CNTs could be used as
an efficient sorbent for the removal of Pu*” from radioactive
waste solution, and the Langmuir isotherm fitted the sorption
data well with the sorption capacity of ~90 mg/g. However,
under an oxic condition, Pu(V) and Pu(VI)) existed in so-
lution as the formations of PuO, and Pu022+, which are
much more soluble than Pu(IV) and Pu(Ill). Perevalov et al.
[283] studied the sorption of Pu(IV), polymeric Pu(IV),
Pu(V), and Pu(VI) on CNTs, and found the polymeric Pu(IV)
had the highest sorption rate, while the sorption rate for
plutonium aqua-ions decreased in the order of Pu(VI)>
Pu(IV)>Pu(V). The sorption of ionic plutonium species
strongly depended on pH, while 99% of the polymeric spe-
cies was adsorbed in a wide pH range (pH 2-10). The
sorption of plutonium aqua-ions on CNTs was chemisorp-
tion, while the sorption of the polymeric plutonium species
was through intermolecular interaction [283].
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243Am(III) is widely concerned due to its significance in

spent fuel and analogy for other trivalent actinides. Wang et
al. [35] carried out the sorption of 243Am(III) on MWCNTs
from 0.1 M NaClO, solutions, and the sorption of Am(III)
was strong pH-dependence and weak ionic strength-depen-
dence. The results showed that chemisorption or chemi-
complexation was mainly contributing to the sorption of

243Am(III) on MWCNTs. Eu(IIl) is usually used as an ana-
logue to understand Am(III) and Cm(III) behaviors. How-
ever, it has been indisputably established that the Eu’’ ion is
preferentially extracted over Am’" ion on diglycolamic acid
functionalized CNTs (CNTs-DGA) [284] and CNTs [285].
Based on the results of density functional theory calculations
(Figure 9), Wang et al. [285] found that the binding energies
of Eu(IIT) on CNTs were much higher than those of Am(III)
on CNTs, indicating that Eu(Ill) could form stronger com-
plexes with the oxygen-containing functional groups of
CNTs than Am(II). This finding highlighted the different
sorption mechanism of CNTs with Eu(Ill) and Am(III),
which is helpful for the selective preconcentration of long-
lived radionuclides such as Am(III).

3.7 nZVI

3.7.1 Bare nZVI materials

To date, two well-established routes have been developed to
synthesize nZVI particles, known as “top-down” and “bot-
tom-up” approaches. For applications of radionuclides-con-
taminated wastewater remediation, the goal of these efforts is
to obtain nZVI particles with large specific surface area, high
reactivity and removal capacity [286].

Building on original work by Glavee et al. [287], Wang et
al. [288] conducted a contaminated water treatment test on
nZVI. Since then, nZVI has proved to be highly effective in
the removal/degradation of various chemical contaminants
as mentioned above. As for the radionuclides-contaminated
water, the removal of several typical radionuclides (e.g.,
UOZH, C02+, Se” and TcO, ) by nZVI have received much
attention. Since the presence of metallic iron core and sur-
face iron oxide layer of nZVI endows the adsorption and
reduction properties, most studies have focused on the un-
derlying interaction mechanisms between the target pollutant
and nZVI with the aid of various advanced analysis methods
such as XRD, XPS, X-ray absorption spectroscopy (XAS)
and scanning transmission electron microscopy and X-ray
energy dispersive spectroscopy (STEM-XEDS) [289-291].
Exemplarily, Ling et al. [289] performed the batch experi-
ments of selenite adsorption on nZVI. It was found that with
5 g/L nZVI, 1.3 mM selenite could be removed rapidly from
aqueous solution only within 3 min. They further studied the
chemical reactions between nZVI and selenite by STEM-
XEDS technique, which visualized the solid phase translo-
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Figure 9 The difference density between the oxidized CNTs_M(III)8W
and its two fragments (oxidized CNTs and M(III)8W). The violet color and
yellow color represent the increase and decease of electron density, re-
spectively. Both of the two colors indicated that the charge transfer inter-
action is exist. The significant increase electron density indicates the strong
charge transfer interaction [285] (color online).

cation and transformation of Se(IV) on nZVI. As exhibited in
Figure 10(A), the results confirmed that Se(IV) was reduced
to Se(—II) and Se(0), and a 0.5 nm selenium layer was
formed at the iron oxide-Fe(0) interface at a depth of 6 nm
from the surface. In addition, it was found that the seques-
tration capacity of nZVI for selenium and the diffusion of
selenium were significantly enhanced by the defects on the
shell of nZVI. Soon after, the same team reported their in-
vestigation on the interaction between uranium and nZVI
[292]. The rapid removal of uranium (within 2 min) from
water was achieved with 1 g/ nZVI by the reduction of its
electronic state from VI to IV. More importantly, the cap-
tured U(VI) could be further stabilized by converting the
surface iron oxides back to Fe’ via chemical reduction, which
indicated that nZVI possesses great advantages in removing
radioactive waste by reduction process.

3.7.2  Surface modified materials

Due to the high surface energy and weak van der Waals
force, the bare nZVI is prone to agglomerate in the en-
vironment, which seriously affects its application in en-
vironmental remediation. Therefore, studies on the surface
modification of nZVI are gaining prominence to restrain its
aggregation and improve its dispersion. The surface mod-
ifications of nZVI are usually achieved by coating chemical
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Figure 10 (A) XEDS-STEM elemental mappings of the Fe-Se reactions: (a) HAADF image with XEDS-STEM elemental line scans of the Fe (yellow), Se
(green), O (red) over a defect area (the red circle); (b) Fe; (c) O; (d) Se; (e) FetSe; (f) Fe+O+Se. Signals collected from nZVI after 48-h reactions with
1.3 mM selenite [289]. (B-D) Schematic diagrams of the mechanism of simultaneous adsorption and reduction of U(VI) by nZVI/rGO (B) [77], Co(1I)
capture by GF (C) [307], Se(V) sequestrated by nZVI@CNT (D) [306] (color online).

stabilizers, such as carboxy-methyl cellulose [71], poly-
acrylic acid (PAA) [293], and poly(vinyl alcohol) [294].
Typically, Klimkova and co-workers [293] developed PAA-
coated nZVI particles for removing uranium from real acid
mine water. They found that the addition of PAA stabilizing
shell obviously promoted the reaction kinetics of uranium
removal, which was beneficial from the perspective of the
large scale practical applications. Furthermore, the reaction
mechanisms were identified, which involved the precipita-
tion of uranium in a lower oxidation state, precipitation due
to the pH increase and co-precipitation with the iron oxy-
hydroxides formed on nZVI surface. Introducing chemical
stabilizers to the bare nZVTI has considered to be a good idea
to prevent the aggregation of nZVI. However, it should be
noted that the modifications also form a “barrier” between
target contaminants and nZVI, which would reduce the re-
activity and the removal ability of nZVI. It is uncertain that
whether the performances of nZVI after the surface mod-
ification outperform than that of unmodified nZVI, since the
performances are related to the coat, modification conditions
and the characteristics of target contaminants [295].

3.7.3 Conjugation-supported materials

Compared to individual counterparts, the conjugation of
nZVI with other functional materials as the “delivery ve-
hicles” has also been extensively developed to facilitate the
mobility, dispersibility and the adsorption properties of nZVI
through the synergistic effects among the components with

rationally designed properties. The supported materials ty-
pically have large surface areas, flexible structure and unique
properties, which could prevent the oxidation and agglom-
eration of nZVI and provide abundant active sites for con-
taminants adsorption. Various materials have been tested as
the “delivery vehicles”, herein, these composites are divided
into three categories for specific discussions.

(1) nZVI/clay materials. The properties of clay minerals
such as small particle size, low permeability, and high ion
sorption/exchange capacity make them an effective sup-
porting material to combine with nZVI [296]. Common clay
minerals including bentonite, kaolinite, hydrotalcite, illite,
diatomite and montmorillonite have been employed to con-
struct the nZVI-based composites for the elimination of
contaminates from water environment. Typically, Li at al.
[72] designed two kinds of bentonite-supported NZVIs
(NZVI/Na-bent and NZVI/Al-bent) and utilized them to re-
move Se(VI) from aqueous solutions. It was interesting that
the cooperative effects on Se(VI) capture by the as-prepared
NZVI/Al-bent were found, while NZVI/Na-bent showed a
decreased removal efficiency for Se(VI) compared to bare
NZVI. The authors explained that the positively-charged
NZVI/Al-bent can facilitate the mass transfer of Se(VI) from
solution to iron surface, leading to the acceleration of surface
reaction, while the negatively-charged NZVI/Na-bent was
unfavorable for the adsorption of anionic Se(VI). Further-
more, according to EXAFS studies, Al-bent could easily
transfer the insoluble products Se(-II) away from the Fe(0)
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surface, which was crucial for the improved stability and
reactivity of NZVI by using Al-bent as the support. In an-
other study reported by Uziim et al. [74], the kaolinite-
supported nZVI (nZVI-kaol) was synthesized and tested for
removing Co”" ions from aqueous solutions. XPS tests in-
dicated that the chemical complexation of Co™" with the
exposed hydroxyl groups on nZVI-kaol and precipitation at
high metal ion concentrations were the main reaction me-
chanism. In the work of Sheng ef al. [297], a novel composite
that nZVI was immobilized onto diatomite (NZVI-D) was
developed for the elimination of U(VI) from water. The in-
troduction of diatomite was beneficial to enhance the dis-
persibility of nZVI. Besides, the synergism between NZVI
reduction and diatomite adsorption for U(VI) was identified
by batch experiment, which was in accordance with the
findings observed in the other reports [76,298,299]. Al-
though clay is an abundant and inexpensive natural resource,
it is inefficient to be taken as the support materials for nZVI
to improve the adsorption performance due to its poor ad-
sorption capacities.

(2) nZVIl/porous carbon materials. The ample oxygen-
containing functional groups, high specific surface area, and
rich channels in porous carbon materials could provide suf-
ficient loading points for nZVI particles. Various porous
carbon materials such as activated carbon [300], graphene
[301-305], and carbon nanotube (CNT) [78,306] have been
utilized to support nZVI to hinder the aggregation of nZVI
and used the resulted composites to capture radionuclides
from aqueous solutions. Among these materials, the use of
graphene as the support for nZVI has aroused considerable
research interests owing to its remarkable physicochemical
properties [301-305]. For instance, our group [301] has
constructed a novel composite (NZVI/rGOs) that GOs were
introduced onto the nZVI via a plasma technique and em-
ployed it to remove Re(VII) from water. The obtained NZVI/
rGOs showed a maximum adsorption capacity of 85.77 mg/g
at pH 3.0, which was obviously higher than that of bare
NZVI or rGOs. The enhanced adsorption capacity of the
NZVI/rGOs system was ascribed to the reduction of ReO,
to ReO, by NZVI and the adsorption by rGOs. We also
explored the performance of nZVI particles for uranium re-
moval in the absence/presence of GO [77]. As exhibited in
Figure 10(B), the enhanced adsorption of U(VI) was mainly
ascribed to the adsorption of oxygen-containing (—OH)
groups on rGO and the reduction of U(VI) caused by the
large amount of Fe* ions on rGO surfaces.

Xing et al. [307] performed a study on the research of
nZVl/graphene (GF) composite for Co™” adsorption. Good
conformation of the experimental data into Freundlich iso-
therm model suggested a multilayer adsorption of Co”" on
the surface of GF, with a maximum uptake capacity of
101.6 mg/g at pH 5.7 and 293 K. In the authors’ later re-
search, the adsorption mechanism of Co’" on GF was at-
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tributed to inner-sphere complexation and dissolution/re-
precipitation of the substituted metal oxides (Figure 10(C))
[307]. In addition to GO, CNT was also employed as the
support of nZVI particles. Exemplarily, nZVI immobilized
on CNT (NZVI/CNT) composite was fabricated by Sheng et
al. [306] and used for Se(IV) sequestration from water.
Compared to the pristine NZVI (~58.8%), the NZVI/CNT
displayed much higher removal rate (~95.7%) for Se(IV)
because of the synergistic effect from NZVI reduction and
CNT adsorption. Based on the XAFS analysis, it was de-
monstrated that Se(IV) can be nearly completely reduced
into Se(0)/Se(—1I) with nZVI/CNT (Figure 10(D)). It was
assumed that the primary role of CNT herein was as a dis-
perser and stabilizer as well as scavenger for corrosion
products in the improvement of Se(IV) capture. Compared
with clay materials supported nZVI, the porous carbon ma-
terials supported nZVI seem to possess better adsorption
performance for radionuclides. Among these porous carbon
materials, the carbon nanostructured materials such as CNTs
and GO supported nZVI have aroused the most research
interest due to the large surface area and abundant functional
groups. Nevertheless, while promising performance has been
observed in these systems, it is vital important to carrie out
studies that will consider not only the toxicity of these na-
nomaterials before the adsorption process, but also address
the consequences deriving from the use of these nanoma-
terials. Unlike traditional or other emerging pollutants, na-
nomaterials are the new identities to the environment and
pose new challenges for scientists. It is a big challenge to use
the nanomaterials in a controlled way to avoid environmental
hazards.

(3) nZVI-supported other materials. The combination of
nZVI and other functional materials has also proven to be a
good way to prevent the agglomeration and improve the
adsorption efficiency and the interaction activity of nZVI
[307-311]. For example, Li and co-workers [308] developed
an attractive adsorbent (nZVI@Zn-MOF-74) in which nZVI
was anchored on Zn-MOF-74 surface through a spraying
approach. Uranium removal was investigated in aqueous
solution at pH 2-9, with a maximum adsorption capacity of
348 mg/g of the nZVI@Zn-MOF-74 obtained at pH 3 and
298 K, which was higher than that of both bare nZVI
(157.2 mg/g) and Zn-MOF-74 (266.7 mg/g). Like other
material discussed above [306], the improved adsorption of
uranium by nZVI@Zn-MOF-74 was attributable to the re-
duction of U(VI) to U(IV) by nZVI and the adsorption of U
(VI) from Zn-MOF-74.

In terms of above discussion, a large number of nZVI-
based composites have displayed great potential for remov-
ing radionuclides from water, and the main adsorption per-
formances of these materials were summarized in Table 4.
Due to the properties of low cost, large specific surface area,
high reducibility and mobility in porous media, nZVI has
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been regarded as an important scavenger for removing
radionuclides from aqueous solutions over the past 20 a.
Most of the published literatures to date have confirmed the
adsorption behaviors and reduction mechanisms of radio-
nuclides on nZVI particles. However, as discussed in this
section, the bare nZVI particles have the disadvantages of
easy oxidation and aggregation, low stability, poor dis-
persibility and limited adsorption capacity which greatly
limited their application in practice. To overcome this issue,
considerable efforts have been made to the development of
surface modifications and the “delivery vehicles” to prevent
the aggregation and improve the performance of nZVI. The
nZVI-based composites could exert synergistic effects
through the reduction of radionuclides by nZVI and the ad-
sorption of radionuclides by the support materials simulta-
neously. The reported nZVI-based composites have
demonstrated enormous potential for the elimination of
radionuclides such as U(VI), Co(Il), Te(VII) and Se(VI).
Despite the great efforts that have been made, little research
on the selectivity, reproducibility and reusability of nZVI-
based materials have been found. Since the selectivity and
reusability of the adsorbent play a crucial role in the real
applications, more related researches are encouraged. In
addition, most of the available literatures are focused on the
study of U(VI) removal, with less research on other radio-

Sci China Chem  August (2019) Vol.62 No.8

nuclides. Future research should seek to establish a research
system for the adsorption behavior of various radionuclides
on nZVI-based materials. More importantly, the reaction
mechanisms of nZVI-based materials vary with different
radionuclides and are rather complex since adsorption, re-
duction, oxidation and other special interaction may be in-
volved. These interaction processes could be existed among
various materials and radionuclides. Therefore, further stu-
dies focusing on the elucidation of the reaction mechanisms
between nZVI-based adsorbents and radionuclides are de-
sirable. Finally, the studies on the adsorption by nZVI are
mostly carried out at the lab scale. However, conclusions
drawn from laboratory experiments may not reflect the
performance of real contaminated sites because the con-
centration of contaminants used in the experiments tends to
be higher. It is necessary to conduct experiments on nZVI in
real conditions and explore the ability of nZVI to work in
practical applications.

3.8 Carbon nanofibers

3.8.1 Uranium sorption

Similarly to CNTs, CNFs as adsorbents have attracted con-
siderable attention in the removal of radionuclides, espe-
cially for uranium sorption from the radioactive wastewater

Table 4 Adsorption capacities and main parameters of various radionuclides interacted with nZVI-based composites

Adsorbents Radionuclides  pH Temp. (K) ca}/;iil:si?;p(tlir(l)gj]/g) Equtiilrirl;;ium Kinetic model Isotherm model Ref.
nZVl/clays
Ca-Mg-Al-LDH/nZVI1 UVl 5 298 216.1 4h PSO Langmuir [76]
NZVI-D U - 293 - 1.5h PFO - [297]
I-nZVI U(VI) - 298 1.79 2h - - [298]
NZVI/Na-Mont UvI) - 293 - 100 min PFO - [299]
NZVI/Al-Mont Se(1V) - 293 - 100 min PFO - [299]
NZVI/Al-bent Se(VI) 6 298 - - - Langmuir-Hinshelwood  [72]
nZVI-kaol Co(Il) - R.T. 25 2-3h - - [74]
nZVI/porous carbon
nZVI/CNF U(VI) 35 298 54.95 24h PSO Langmuir [78]
Fe-PANI-GA U1 5.5 298 350.47 20 min PSO Langmuir [303]
nZVI1xGO Ui 5 298 - - PSO Freundlich [77]
Fe/RGO U1 5 298 4174 40 min - - [302]
nZVI/AC U(vI 5 308 492.6 1h PSO Freundlich [300]
NZVI/CNT Se(1V) 6 298 - 2h - - [306]
nZVIxAGO Se(1V) 8 298 46.51 1h PSO Langmuir [305]
nZVI/graphene Co(II) 5.7 293 101.6 4h PSO Freundlich [304]
NZVI/rGOs Re(VII) 3 293 85.77 15h PFO Langmuir [301]
nZVl1/others
nZVI@Zn-MOF-74 U 3 298 348 2h PFO/PSO Freundlich [308]
NZVI/F U(VI) 6.5 298 - 0.5h - - [309]
NZVI-cement U1 12.5 R.T. - 3d - - [310]
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or seawater. Zhang et al. [312] reported the CNFs for the
removal of U(VI) from wastewater, which were prepared by
a hydrothermal carbonization (HTC) procedure, using tell-
urium nanowires and glucose as template and carbon source,
respectively (Figure 11(a)). FTIR, XPS and acid-base titra-
tion analysis demonstrated that the U(VI) adsorption on
CNFs was accomplished by surface complexation, forming
SO=UO,0H, SO=U0,", XOUO,OH and XOUO, (SOH=
and XOH= represent strong and weak acidic groups). The
recycle measurements encourage CNFs as the promising
alternative to deal with wastewater. Similarly, Sun et al.
[313] found that the adsorption of U(VI) and Eu(IIl) on
CNFs prepared by template-directed HTC was attributed to
the surface functional groups, such as —OH and —-COOH
groups (Figure 11(b)). The maximum adsorption capacity for
U(VI) on CNFs was 125 mg/g at pH 4.5 and 298 K, which
was higher than that of Eu(Ill) (91 mg/g), due to the stronger
chemical affinity between U(VI) and oxygen-containing
functional groups. Moreover, the superficial R—-CH,OH
groups acted as efficient reducing agents for the responsible
anchoring of U(VI) on the CNFs. Hu et al. [314] further
revealed the adsorption mechanism of U(VI) on CNFs by
EXAFS spectroscopy and surface complexation modeling
(Figure 11(c)). The result showed that the adsorption was
ascribed to outer-sphere and inner-sphere surface com-
plexation at pH<4.0 and pH 4.0-7.0, respectively. To im-
prove the adsorption property of CNFs, Hu et al. [78]
combined CNFs derived from bacterial cellulose (BC) with
nanoscale zero-valent iron (nZVI/CNFs) by borohydride
reduction of ferrous salts in the CNFs suspension for the
removal of U(VI). The removal mechanism was proved as
reduction and adsorption, which provided a comprehensive
understanding to the interaction mechanism of adsorbent and
U(VI) at water-solid interface.

3.8.2 Strontium sorption

Besides uranium, CNFs also exhibit good adsorption beha-
vior for Sr(I). As a typical example, Ye et al. [315] syn-
thesized CNFs directly by the pyrolysis of BC under
N, atmosphere, which is a facile, eco-friendly and low-cost
method. Moreover, the CNFs with a variety of oxygen-
containing functional groups on the surface are also re-
sponsible to the high adsorption of radionuclides from aqu-
eous solutions. As a result, CNFs presented great adsorption
toward Sr(II) with the maximum adsorption capacity of
58.72 mg/g at pH 4.5 and 293 K. The thermodynamic para-
meters demonstrated that Sr(II) adsorption was an en-
dothermic and spontaneous process. Furthermore, Sun ef al.
[316] investigated the CNFs for the attenuation and im-
mobilization of Sr(II) and Cs(I) from aqueous solutions.
Surface complexation modeling revealed that Sr(Il) and
Cs(I) adsorbed on the CNFs by forming outer-sphere
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Figure 11 (a) Preparation of CNFs by HTC and sacrificing template
method for sorption of UOZ2+ from aqueous solutions [312]; (b) the ad-
sorption of U(VI) and Eu(IIl) on carbonaceous nanofibers [313]; (c) the K-
weighted U LIII-edge EXAFS spectra of U(VI) sorption on the CNFs [314]
(color online).

(SOHSr%/ SOHCs") and inner-sphere (SOSr/SOCs) com-
plexes.

3.8.3  Other radionuclides sorption

CNFs with excellent adsorption properties have also been
widely used as the adsorbent for the removal and solidifi-
cation of radionuclides from aqueous solutions. For example,
Jin et al. [317] reported CNFs synthesized by HTC method
for the adsorption of Eu(Ill). The maximum adsorption ca-
pacity was calculated to be 62.6 mg/g at pH 4.5 and 288 K.
The adsorption process was spontaneous and endothermic.
Zhao et al. [318] used CNFs obtained by pyrolyzing BC for
the competitive adsorption of Co(II) and Th(IV). The max-
imum adsorption capacity at pH 3.5 and 293 K was 66.23
and 37.17 mg/g for Co(II) and Th(IV), respectively, which
could be attributed to the abundant oxygen-containing
functional groups such as —OH and —COOH. Surface com-
plexation modeling revealed that the CNFs displayed the
stronger chemical affinity for Co(Il) compared to Th(IV).
Lots of efforts have been made to capture radionuclides from
aqueous solution upon CNFs and their hybrids, however,
there is still much work needed to be addressed for the
potential application of CNFs, such as the low-cost and
convenient preparation, the functionalization of CNFs to
obtain high adsorption capacity and good selectivity, the
improvement of mechanical and antifouling properties
for the long-term process, and the deep adsorption mechan-
ism analysis.
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4 Conclusions and perspective

In this review, several kinds of novel nanomaterials are
summarized from their synthesis, structure control and sur-
face modification to graft special functional groups to im-
prove the selectivity of radionuclides elimination from
aqueous solutions under complicated conditions. The con-
centration of radionuclides is relatively low as compared to
other metal ions in the natural environment. Thereby, the
high selectivity of radionuclides to nanomaterials is crucial
for the preconcentration and solidification of radionuclides
from large volume of aqueous solutions. The knowledge of
interaction mechanism of radionuclides with nanomaterials
is also crucial for the application of nanomaterials in radio-
nuclide sequestration. The batch experiments from macro-
molecular level, and advanced spectroscopy analysis from
molecular level with the help of theoretical calculation such
as molecular dynamics or density functionary theory are
important methods to understand the interaction mechanism.
Nanomaterials have the advantages of high sorption capacity
for the solidification of radionuclides because of their high
specific surface areas, abundant functional groups and active
binding sites. However, the poor selectivity of nanomaterials

Table 5 Summary of advantages and disadvantages of different nanomaterials

Sci China Chem  August (2019) Vol.62 No.8

restricted the application in the sequestration of radio-
nuclides from solutions. The surface modification of nano-
materials to graft special functional groups for the highly
binding of radionuclides, the pore size adjust and pore
structure control for special radionuclides are best methods
for the high selective removal of special radionuclides to
nanomaterials. The difficulty in the separation of nanoma-
terials from aqueous solutions is also a critical problem,
which restricts the real applications of nanomaterials in the
efficient elimination of radionuclides from solutions. One
method is to put the nanomaterials onto fibers, which does
not affect the sorption capacity of nanomaterials and is not
necessary to separate the nanomaterials from large volume of
aqueous solutions. Another method is to apply granulation
technology to make the nanomaterials into relative big par-
ticles, which can be easily separated from solutions although
the sorption capacity can be decreased a little in this process.
Nowadays, most kinds of nanomaterial cannot be synthe-
sized in large scale at low price, which also limits the real
application of nanomaterials in radionuclide pollution man-
agement. The advantages/disadvantages of different kinds of
nanomaterials are summarized in Table 5. With the devel-
opment of technology in the synthesis of novel nanomater-

Nanomaterials Advantages Disadvantages
Ee'lsy to sy.nthesme and modification; Low hydrolytic stability:
MOFs High specific surface area; .
; . High cost.
Adjustable pore size.
H¥gh specific surface area, o The true structure and layer stacking sequence are still equivocal;
High thermal and chemical stability; . : . . Lo .
> High cost for the synthesis owing to the precious organic building units;
COFs Uniform pore structure; . .. . .
. . . The harsh reaction conditions of high temperature and long reaction
Designable pore wall that can be precisely modified by .
. . . . h time are generally necessary.
various functionalized organic units.
High removal capacity; Difficult to separate;
GOs Huge surface area; High cost;
Strong chemical affinity; Time-consuming and secondary pollution of synthesis;
Excellent compatibility. Poor selectivity.
Low cost; Easy oxidation;
Large specific surface area; Easy aggregation;
nZVI High reducibility; Low stability;
High mobility in porous media; Poor dispersibility;
Without secondary pollution. Limited adsorption capacity.
Aabundant active adsorption sites;
High ion-exchange capacities; High cost and unsafe preparation;
MXene Good hydrophilicity; Low yield of MXene nanoflakes;
Controllable layered structures; Poor selectivity.
High radiation resistance and good thermal conductivity.
Easy synthesis and modification;
Large external surface area and well-developed mesoporous; Relatively high cost;
CNTs Adjustable length/diameter ratio; Low sorption selectivity;
High sorption capacity; Certain ecotoxicity.
High stability and reuse.
CNFs Easy to synthesize and modification; Low adsorption capacity;

Low cost.

Easy to aggregate.

Easiness of synthesize and modification;

Polymer brush Myriads of accessible adsorption sites.

Relatively low controllability in pore structures;
Low selectivity.




Wang et al.

ials, it is possible to synthesize different kinds of novel na-
nomaterials in large scale at low price, which will make the
possible of nanomaterials in environmental radionuclide
pollution cleanup.
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