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Abstract: This paper discusses the promising candidate of excellent materials, graphene
oxide (GO) and polyoxometalates (POMs), for radionuclide adsorbent. In this
perspective, the unique properties of GO and POMs make them ideal candidates for
developing new composites having the ability to adsorb radionuclides, and several
essential things are reviewed. First, the anchoring mechanism to deposit POM on the GO
surface area by (i) carboxylation method, (ii) covalent bonding, and (iii) impregnation
method. Second, the radionuclides removal mechanism is described in several systems: (i)
coagulation, (ii) electrostatic interaction, (iii) ion trapping, and (iv) H*-exchange. Third,
the experimental condition that employed to enlarge the sorption capacity such as (i) pH
adjustment, (ii) employing multiple oxidations, and (iii) cation charge. A thorough
understanding of the POM-anchored GO material can pave the way for future research
on similar materials. It can also help in understanding the nature of the interactive
collaboration present between GO and POM.

Keywords: adsorbent; Fukushima disaster; graphene oxide; polyoxometalates;
radionuclides

m INTRODUCTION

The Fukushima Daiichi nuclear power plant
(FDNPP) disaster (March 2011) affected the biotic and
abiotic environment. FDNPP accident released
radioactive elements that possess long half-lives (30 years
for cesium ('*Cs)), p-decay to barium ('*’Ba), and emit y-
radiation. It has been reported that the soil present around
FDNPP and the soil in the neighboring prefectures were
contaminated with approximately 100,000 MBq/km* and

10,000 MBg/km* of "“Cs, respectively [1]. The soil
surface area was the most contaminated [2]. It has been
predicted that several radionuclides, such as cesium
(¥7Cs, 13%Cs, 13*Cs), strontium (*°Sr, ¥Sr), uranium
(UO*), iodine ('), thorium (*°Th), barium ('*°Ba),
lanthanum ('*La), and tritium (*H) are present. An
analysis by Tokyo Electric Power Company (TEPCO),
an electric power company, revealed that the major part
of the fuel (in unit 1 nuclear reactor) was present in its
molten state [3]. The radioactive isotopes released
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during the Fukushima accident and predominantly
responsible for the observed radioactivity were the
radioactive isotopes of Sr and Cs. It has been reported that
Sr exhibits a faster rate of migration compared to other
elements [4]. It has been observed that Cs (**’Cs, **Cs,
34Cs) and *'T become the more radioactive elements that
were released from the fuel if compared with Sr (*°Sr, **Sr)
[5-6].

It is necessary to estimate the quantity of
radionuclides and chemicals released during the accident
to determine the immediate and long-term effects of
radioactivity on the environment and health of
organisms. Researchers have studied the mobility of
radioactivity, especially the uptake of radioactive nuclides
by plants [7]. The uptake of radioactive nuclides by plants
can potentially lead to food contamination that can
eventually lead to genome damage or cancer in human
beings. Further investigation also reported that slightly
high levels of radioactive cesium were detected in some
rice varieties grown in areas approximately 60 km
northwest of the nuclear reactor plant, a few years after
the accident in Fukushima City [8]. Researchers have
reported that the transfer factor (from the soil to the rice)
of radioactive cesium depended on the oxidizing or
reducing soil atmosphere [9]. The penetration depth (in
soil) of radiocesium is influenced by soil characteristics
(such as the particle size, organic carbon content, and clay
contents) [10]. One of the key factors influencing the
penetration depth of radiocesium in the soil is the amount
of medium-sized sand particles present in the soil [11].
Moreover, an investigation was carried out with soil
samples collected from the area around the Hibara Lake
(Yama gun, Fukushima prefecture), situated 100 km away
from FDNPP, revealing that radionuclides (originating
from the Fukushima prefecture) were present in the
sediments deposited in the shallow areas of the lake. '**Cs
and ""Cs isotopes were detected (4.5 and 5.2 Bq/kg,
respectively) in the soil of these areas. The results revealed
the long-distance migration of radioactive cesium. The
high solubility of radiocesium in water assists soil
penetration. Compared to the process of direct deposition
of the nuclides (originating from the exhaust of the
accident), the process of nuclide transport by rivers into
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lakes (and its subsequent sedimentation) is more likely
to occur [12]. Shizuma et al. investigated the quality of
drinking water in the Haramachi district (Minamisoma
City). The authors detected dissolved '¥’Cs in tap water
and groundwater. The maximum concentration of '’Cs
was approximately 300 mBq/L in August 2013 and 27
mBq/L in September 2014 [13]. The degree of
contamination was not solely dependent on the distance
of the place under observation from the area of the
nuclear accident. Other factors,
conditions (such as wind direction and precipitation),
also affected the degree of soil contamination [14].
These that
contamination, which can potentially impact human

such as weather

results revealed radionuclide

lives, is a severe environmental problem. The
contamination had spread far and wide, away from the
Fukushima nuclear power plant. Therefore, it is
necessary to decontaminate the environment effectively.
A few decontamination strategies, such as removing the
litter layer and superficial soil layer in the forests, have
already been implemented [15-16]. Decontamination
has also been attempted by scraping off the topsoil and
cleaning tree barks. The reverse plowing technique has
also been used for the same aim [17]. Recently,
researchers have attempted to synthesize high-quality
adsorbent nanomaterials that can potentially remove
radionuclides from the environment. Graphene oxide
(GO) and polyoxometalate (POM) derivatives are the
two classes of materials that have recently attracted
immense attention. GO has been the focus of research as
it has its application in various fields, such as
biomedicine [18-19] and environmental protection [20-
22]. It has also been used to develop energy storage
devices [23], polymer composites [24], and gas sensors
[25]. The properties of GO can be tuned by
systematically functionalizing the material. This can lead
to improved performance of the materials [26]. Similar
to GO, the POM derivatives are high-performance
adsorbent nanomaterials. The synthesis of materials that
can function as radionuclide adsorbents, such as
H-titanate nanotubes [27] and phlogopite [28], has been
reported. However, not all the reported materials are
excellent adsorbents. Therefore, a potential material that
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can function as a highly efficient radionuclide adsorbent
should be identified. This paper aims to highlight the
potential of GO and POMs as radionuclide adsorbents to
restore environmental conditions.

m  GRAPHENE OXIDE (GO)

GO is a promising candidate that can be potentially
used for adsorbing radionuclides. The epoxide and
hydroxyl groups are the two major functional groups
present on both sides of the basal plane of the GO sheets
[26]. GO contains numerous structural defects. Other
functional groups, such as carbonyl groups, phenol-like
groups, and carboxyl groups, are present at the rims of
these defects. The particle size of GO plays an important
role in determining the functional group composition of
the material [29-30]. Therefore, the adsorption capacity of
GO is dictated by the accessible surface area. Thus, it is
important to understand the structural characteristics of
GO to gain insight into the adsorption process.

Recently, researchers have followed the combined
method proposed by Grote et al. and attempted the

Fig 1. Synthesis of GO using
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fabrication of GO. The oxo-functionalized graphene
bears an almost intact hexagonal carbon lattice (unlike
the conventional GO material fabricated following
[31]. The fabrication method
involves a three-step process (the cold, medium, and hot

Hummer’s method)

stages). The transition from one stage to the other is
accompanied by a change in color of the reaction
mixture, which indicates the successful completion of
each stage (Fig. 1(a), (b), and (c)) [32]. The fabrication
of a single (or a few) layers of GO can be achieved
through the processes of chemical oxidation and
exfoliation [33]. The transmission electron microscopy
(TEM) and scanning electron microscopy (SEM)
techniques were used to visualize the surface morphology
of GO (Fig. 1(d) and (e)). The SEM and TEM images
revealed the presence of wrinkled and overlapping GO
sheets. These properties were a result of the hydrogen-
bonding interactions present between the surface
functional groups. The wrinkled and overlapped samples
exhibit different optical and electrical properties [34].
Guerrero-Contreras and Caballero-Briones reported that

kish green), (b) Medium stage

(Brown), (c) Hot stage (Golden yellow particles of GO), (d) Transmission electron microscopy (TEM) image of GO,
and (e) Scanning electron microscopy (SEM) image of GO. Image is taken from personal data based on an

experimental study
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the degree of GO oxidation dictates this particular
characteristic, especially the surface chemistry of the
sheets. These properties can be exploited by decorating
GO [35].

The characteristic peaks of different functional
groups were observed in the Fourier transform infrared
(FTIR) spectral profiles (Fig. 2). The peaks observed at
1057, 1230, 1730, and 3424 cm™ corresponded to the
stretching vibrations of C-O, C-OH, C=0, and -OH
groups, respectively. The peak corresponding to the
unoxidized graphitic area was observed at 1618 cm™ [36].

The Fukushima disaster of 2011 led researchers to
focus on developing new materials capable of adsorbing
radioactive elements. Experiments were conducted to
investigate the effectiveness of GO as radionuclide
(especially actinide) adsorbents. The results revealed that
the process of coagulation contributed significantly to the
adsorption process. Cation-induced coagulation leads to
the quick precipitation of GO. The coagulation of GO (in
the presence of cations) is affected by pH. Cations with
different charges behave differently under the same pH
conditions. For example, sodium (Na*), calcium (Ca*),
and lanthanide (Eu’*), at the same pH, exhibited different
critical coagulation concentration (CCC). The changes
visible to the naked eye were observed. The interactions
present in the GO sheets impart the GO layers with
improved adsorption properties (compared to bentonite
clays and activated carbon) [37].

As commonly used for cationic radionuclides,
bentonite clays and activated carbon have different
physical characteristics. Bentonite consists mostly of
montmorillonite (a three-layered mineral) having
octahedral and tetrahedral sheets [38]. Activated carbon
is a non-porous material possessing a large specific
surface area. However, functional groups are absent.
Therefore, researchers have attempted to functionalize
the surface of activated carbon to improve its adsorption
ability [39]. Kaewmee et al. reported that the cesium
sorption capacity of pristine GO was comparable to the
cesium sorption capacity of Prussian blue. It was
that the
adsorption capacity was approximately 528 mg Cs/g of

experimentally demonstrated maximum

GO. The sorption ability was tuned by adjusting the pH of
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Fig 2. FTIR spectral profile of GO. Graphic took from
personal data based on an experimental study

the medium [40]. An interesting phenomenon was
observed when the experiments were carried out under
a broad range of pH. It experimentally found that the
sorption capacity of a magnetic GO nanocomposite, in
the pH range of 5 to 9, exceeded 90% (removal of
americium (Am) and plutonium (Pu) from solution) [41].

Yang et al. successfully developed a composite
consisting of Prussian blue, Fe;O, nanoparticles, and
GO. It was reported that GO is an efficient cesium
adsorbent. The cesium sorption capacity of the
PB/Fe;04/GO composite (55.56 mg/g) was higher than
that of the PB/FesO, composite (46.30 mg/g). The
successful removal of Cs (by H'-exchange or ion
trapping) can be attributed to the anchoring of Prussian
blue and Fe;Os nanoparticles on the surface of GO.
However, peaks corresponding to GO were not observed
in the PXRD pattern because of the low GO content of
the samples [42].

Bubenikova et al. reported that the adsorption
capacity of GO could be improved via the carboxylation
process (PS_25GO, PS_15GO-COOH, Table 1). The
results revealed that the uptake kinetics of strontium(II)
was fast. A simple method was used for carboxylation.
Multiple carboxylate groups were introduced on the GO
surface using a solution of chloroacetic acid in water.
Subsequently, a GO-polystyrene (GO-PS) nanocomposite
was fabricated to develop the desired material [43].

Recently, researchers have attempted to tune the
properties and control the degree of oxidation of the
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Table 1. Eu(III), Sr(II), and Cs* sorption capacity of GO and other materials

Maximum sorption capacity (mg/g)

Nanocomposite Eu(lD St Cs pHrange Ref
PS_25GO - 20.2 - 2.0-8.0 [43]
PS_15GO-COOH - 11.47 - 2.0-7.0 [43]
GO nanosheet 175.44 - 6.0 [21]
GOnanosheet 161.29 - 4.5 [21]
H-titanates nanotubes short 22.8 - - 4.2 [27]
GO - - 528 12 [40]
GO 465 7 [40]
Phlogopite 14.8 2 [28]
Ca-phlogopite - - 60.4 2 [28]
PANI@GO - 266.3 121.7 3 [22]

graphene-like materials by tailoring their oxygen content
(following specific methods) [44-45]. Novacek et al.
reported that a significant increase in the sorption
capacity could be achieved by oxidizing GO multiple
times. The multiple oxidation process is the key to achieve
high oxygen content and significantly increased
carboxylic acid content, leading to the significantly high
sorption capacity of the material [46]. Researchers have
also investigated the role of cation bridging in promoting
the formation of GO complexes. The Cs cations were
better transport inhibitors at higher concentrations than
other monovalent cations. The surface functional groups
played an important role in achieving transport
inhibition. GO can form inner-sphere complexes with Cs

cations [47].

m ANCHORING POLYOXOMETALATE (POM)
ON THE SURFACE OF GRAPHENE OXIDE

POMs are anionic metal oxide clusters consisting of
tungsten (W), vanadium (V), molybdenum (Mo), and

Keggin-type POMs

Dawson-type POMS

niobium (Nb) in their high oxidation states. POMs
possess interesting properties (such as redox, acidic,
photochemical, and magnetic properties) [48]. To date,
many families of POMs have been reported [49-50],
such as the phosphotungstate family, which is one of the
most popular families of POMs. The Keggin-type
[PW,0u0]> is a
phosphotungstate family consisting of one phosphate

compound member of the
unit surrounded by 12 tungstate units.

Other members of the family include the Dawson-
type compound [P;W150¢]° formed of two phosphate
and 18 tungstate units and the Preyssler-type compound
[PsW300110Na(H,O)]'"* consisting of five phosphates
surrounded by 30 tungstates (Fig. 3). Structurally diverse
POMs can find their applications in a wide range of
fields. In this mini-review, we have focused on the
removal of radionuclides using POM. Recently, it has
been investigated if POMs exhibiting the Dawson-type
structure can be used to extract thorium and actinium
[51]. This work has successfully exploited the coordination

Preyssler-type POMS
Fig 3. Members of the phosphotungstate family of POMs
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chemistry of thorium and actinium and has conducted
experiments under acidic conditions (using ion-exchange
resins) to extract nuclides using the Dawson-type POM.

The Keggin-type POM (Fig. 3) exhibits excellent
Bronsted acidity and interesting redox properties. They
can be potentially used for protecting the environment
[52]. Reduction-induced Cs* uptake was achieved by the
redox-active ionic crystal [a-SiM01,04] in the presence of
ascorbic acid [53]. In a strongly acidic solution, the central
sodium ion of the Preyssler anion [NaPs-W3O110]'* can
be replaced by Eu’* [54]. Therefore, the synergistic effect
between POMs and other molecules can assist the
efficient removal of nuclides (Fig. 4) [55]. Wang et al.
fabricated graphene/POM composites utilizing covalent
bonding. Fabrication of the composites exploiting the
concept of covalent bonding addressed the problem of
POM detachment from the carriers. The report revealed
that the surface area of the GO/POM composite was five
times larger than that of the POM-only [56]. Lu et al.
reported strong interlayer interactions could be produced
by POMs (on the GO sheets) when epoxy groups are
substituted by ethylenediamine groups (EN, weak
reductant). Abundant hopping sites are generated that
promote the rapid propagation of protons. It has been
reported that the anchoring of POM nanoparticles onto
the GO layers helps to generate mobile protons and
flexible routes for proton transport. Therefore, the
protons can exploit the hopping sites to change their
motion path and speed up the process of transportation
[57]. The TEM images reveal that the individual clusters
of POM appear as black spots on the surface area (when
POM is anchored onto the GO layer). It can be concluded
that the oxygen functional group on the graphene sheet
and the corner shared metal-oxygen site of POMs in an
aqueous solution, interacting with each other via
electrostatic interactions [58].

To date, many researchers have attempted to
synthesize POM composites that can potentially serve as
adsorbents. Herrmann et al. investigated the effects of
chemisorption and physisorption of POM-ionic liquid
(POM-IL) [59]. Liu et al. investigated these effects in more
detail. They GO-based
nanocomposite by impregnating POM on the GO layer

successfully fabricated a
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Fig 4. Plausible interactions between Keggin-type POMs
and GO

(following the impregnation method), exhibiting an
improved loading ability of GO. The fabrication process
can potentially lead to the strong electrostatic attraction
between the adsorbate and the absorbent [60].

Sures and Nyman carried out their experiments
with As[NbsO1s]-nH,O (A = Li, K, Rb, Cs), ([Nb;W,O01]*,
and [NbsW,0y]*. They concluded that Cs exhibits a
strong tendency to form complexes with anionic surfaces.
The formation of the complexes can also be mediated by
a mediation sphere [61]. Hitose and Uchida studied
compounds I and II (Wells-Dawson-type POMs, [a-
P:M;50¢,]) that exhibit fast adsorption kinetics (1 h to
reach equilibrium). They reported that the compounds
exhibited an increased cesium uptake capacity [62].

to deal
solid
Radionuclides, such as Cs* that utilize their unusually

with
surfaces).

However, it is challenging

radionuclides (in solution and
high coordination number to form complexes, exhibit
abnormal behavior (ion-pairing) [61]. The radiation
emitted from a radioactive material can potentially lead
to the generation of another variable in adsorption
materials that can potentially affect their structural
stability [63]. Therefore, a better understanding of the
mechanism of action of POMs is required to tune and
improve the functions of POM-based materials. POM,
which has different arrangements, sizes, charges, and
structures, can form several types of crystalline
structures [58,64]. Their unique structures make them
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important to stabilize ligands for redox-active high-
valance metallic fragments [65]. The interaction between
electrons and alkali metals (during their migration) in
POM-based porous crystals can be explained by the redox
ion-exchange phenomenon [66]. Thus, the unique
characteristics of POMs eventually lead to improved
properties of the material formed by the interaction
between POM and the support materials.

m CONCLUSION

It is imperative to gain insight into the mechanism
of the formation of POM-integrated GO. The Fukushima
accident of 2011 has led to numerous environmental
problems. Radionuclides have become one of the
significant concerns of many researchers. It is important
to design a nanocomposite that can be potentially used to
address the issues of radionuclide contamination. A few
effective methods that can be followed to achieve these
goals are summarized below. (i) Carboxylation, (ii)
(iii) method.
Furthermore, the sorption capacity of the adsorbent can

Covalent  bonding, Impregnation
be increased by exploiting the concepts of ion trapping,
coagulation, electrostatic interaction, and H*-exchange.
These methods and radionuclides removal concept offers
a bridge between GO and POMs. In addition, through a
better understanding of the specific characteristics of its
POM-type (Keggin-type, Dawson-type, Preyssler-type)
and the structural diversity of GO having different O/C
ratio, the optimization of the POM and GO properties can
potentially generate a new advanced nanocomposite.
Specifically, by considering the dynamic nature of the
surface area of GO, it can be used as an entry point to
design the structure and the function system. For
example, researchers have utilized the multiple oxidation
method to increase the sorption ability of the adsorbent.
Finally, it can help the remediation of contaminated soil
by radionuclides.
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