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Abstract: Prussian blue (PB) and PB analogues (PBA) are coordination network materials that present
important similarities with zeolites concretely with their ability of adsorbing cations. Depending
on the conditions of preparation, which is cheap and easy, PB can be classified into soluble PB and
insoluble PB. The zeolitic-like properties are mainly inherent to insoluble form. This form presents
some defects in its cubic lattice resulting in an open structure. The vacancies make PB capable of
taking up and trapping ions or molecules into the lattice. Important adsorption characteristics of PB
are a high specific area (370 m2 g−1 determined according the BET theory), uniform pore diameter,
and large pore width. PB has numerous applications in many scientific and technological fields.
PB are assembled into nanoparticles that, due to their biosafety and biocompatibility, can be used
for biomedical applications. PB and PBA have been shown to be excellent sorbents of radioactive
cesium and radioactive and nonradioactive thallium. Other cations adsorbed by PB are K+, Na+,
NH4

+, and some divalent cations. PB can also capture gaseous molecules, hydrocarbons, and even
luminescent molecules such as 2-aminoanthracene. As the main adsorptive application of PB is the
selective removal of cations from the environment, it is important to easily separate the sorbent of the
purified solution. To facilitate this, PB is encapsulated into a polymer or coats a support, sometimes
magnetic particles. Finally, is remarkable to point out that PB can be recycled and the adsorbed
material can be recovered.

Keywords: mesoporous adsorbents; cesium removal; thallium removal; isotherm models; kinetics

1. Introduction

A zeolite is a crystalline, microporous, hydrated aluminosilicate mineral having an
infinite, open, three-dimensional structure. They have a framework structure that encloses
interconnected cavities occupied by large metal cations (Na+, K+, Ca2+, Mg2+, and others)
and water molecules. These positive ions are rather loosely held and can readily be ex-
changed for others in a contact solution. Zeolites are further able to lose and gain water
reversibly without change of crystal structure. The large structural cavities and the entry
channels leading into them contain water molecules, which form hydration spheres around
exchangeable cations. On removal of water by heating at 350–400 ◦C, small molecules can
pass through entry channels, but larger molecules are excluded—the so-called “molecular
sieve” property of crystalline zeolites [1]. In the last 60 years, the study and characteriza-
tion of zeolites has been an important factor for industrial progress, given their catalytic
properties and their high adsorption and desiccant capabilities, permitting oil refining,
industrial gasses treatments, industrial ovens, and industrial waste treatments. Another
application is water remediation, consisting of the removal of cationic pollutants such
as ammonium as adsorbents in pollution control or the handling and storage of nuclear
wastes [2].

Prussian blue (PB) and their analogues (PBA) present important similarities with zeo-
lites in relation its adsorption ability of cations. PB and PBA are widely recognized as the
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first coordination network materials in which transition metal ions are assembled through
cyano-bridges, generating a 3D cubic structure. PB is a mixed-valence system exhibiting
the general formula A1−xFeIII[FeII(CN)6]1−x/4�x/4, in which A is a ion (K+, Na+ or NH4

+)
and � denotes the hexacyanoferrate vacancies [3]. PBA are coordination polymers with
the general formula AxMy[M’(CN6)]z, where A is an alkaline metal cation and M and M’
cations in oxidation state +2 or +3 [4]. Depending on the exact stoichiometry and conditions
of preparation, PB can be divided into insoluble PB and soluble PB [5]. The zeolitic-like
properties of PB are inherent to insoluble form. Some defects exist in insoluble PB due to
the interstitial water molecules, which could be divided into two types according to their
coordination: the water molecules coordinated to Fe (II) sites (coordinative water) and
the ones inside cavities which do not coordinate to metal sites (zeolitic or crystallized wa-
ter) [6]. Both kinds of water can be distinguished by IR: the absorption peak at 3630 cm−1 is
characteristic of O-H group of coordinated water, whereas the peak at 3400 cm−1 is derived
of O-H group of crystallized water [3]. Throughout the decades, PB has been recognized
by scientists to be an inorganic coordination complex with great application potential in
many fields, such as electrochromic displays, electrocatalysts, secondary batteries, ion- and
biosensors, photomagnets, and hydrogen storage [7]. PB are assembled into nano-sized
architectures through cyanobridged ligands, the PB nanoparticles. Currently, the synthesis
of PB at the nanoscale has a great interest due to several properties arising from their
molecule-based nature: solubility, stability, flexible molecular structure, porosity, low den-
sity (~1.8 g cm−3), and adjustable physical and chemical properties [8]. The development
of PB nanoparticles has involved an upturn of their use in a myriad of biomedical appli-
cations [9]. Such nanoparticles benefit from an excellent biocompatibility and biosafety
since the insoluble form of PB was approved by the Food and Drug Administration (FDA)
as material with good safety for human use. Moreover, it is found in the List of Essential
Medicines of the World Health Organization [10].

In this review, we will focus on the zeolitic-like properties of PB and analogues.
We will highlight the applications of PB and PBA as adsorbents of cations: antidotes and
binders of cations, among others.

2. Synthesis of Insoluble Prussian Blue

The insoluble PB can be prepared by precipitation from aqueous solution at moderate
temperatures. Two methods can be used: the direct method and the indirect one [11].
In the direct method, PB is prepared by either combining at room temperature and a
rate of 1–10 mL·h−1 an aqueous solution of iron (III) salt, such as FeCl3·6H2O, with an
aqueous solution of a ferrocyanide salt, such as Na4[Fe(CN)6]·10H2O or K4[Fe(CN)6]·3H2O,
or combining an aqueous solution of iron(II) salt, such as FeCl2·4H20, with an aqueous
solution of a ferricyanide salt, such as Na3[Fe(CN)6] or K3[Fe(CN)6]. In the indirect
method, Berlin white, Fe2[Fe(CN)6], is first prepared by combining an aqueous solution of
an iron (II) salt such as FeCl2·4H20, with an aqueous solution of a ferrocyanide salt, such as
Na4[Fe(CN)6]·10H2O or K4[Fe(CN)6]·3H2O. Berlin white is subsequently oxidized to form
the final insoluble PB. In both methods, after addition, the mixture was stirred 1 h before
being centrifuged for 15 min. The supernatant was removed and the nanoparticles of PB
were washed successively with water and ethanol and dried under vacuum to obtain a
dark blue powder.

The direct method is the most conventional. A modification of the direct method,
so-called single-precursor method, is based on the use of [Fe(CN)6]4− or [Fe(CN)6]3−,
which can slowly release ferric or ferrous ions that are reduced or oxidized into ferrous
or ferric ions, respectively, in acidic conditions, and that then react with the unreacted
ions. When the coprecipitation is carried out at high temperature and pressure, the variant
constitutes a hydrothermal method.

A detailed description of other ways for preparing PB nanoparticles is found in the
review of Da Carro et al. [12].
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3. Characteristics of Prussian Blue
3.1. Structural Characteristics

The ideal formulation of insoluble PB is FeIII
4[FeII(CN)6]3·xH2O, where the extent

of hydration, x, can vary from 10 to 16 (the exact value can be easily determined by
thermogravimetric analysis (TGA)). PB is an aggregated form of ~10 nm nanoparticles [13].
The real crystal structure has been determined by X-ray [14,15] and neutron [16] diffraction
studies. PB has a cubic lattice with a face-centered cubic unit cell alternating Fe2+ and
Fe3+ cations bridged by cyanide. Fe3+ ions are connected to nitrogen atoms of cyanides,
and Fe2+ are linked by carbon atoms of cyanides, which alternately coordinate to form a
cubic unit cell. A quarter of the [Fe(CN)6]4− complexes must be absent and some N-sites
around Fe3+ are occupied by water molecules (Figure 1a). The Fe2+ cations are octahedrally
coordinated by six carbon atoms of the cyanide anion (CN−) that acts as a bridge with
Fe3+ cations that are octahedrally coordinated by 4.5 nitrogen atoms plus 1.5 oxygen atoms.
In the lattice, Fe2+ and Fe3+ have different spheres of coordination, and, in consequence,
they can adopt several oxidation states and magnetic configurations.
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Figure 1. (a) Cubic lattice of insoluble Prussian blue. Colors: Fe (II) yellow; Fe (III) violet; C gray;
N blue; O red; H white. (b) Visual aspect of powder of Prussian blue. Figure 1a reproduced with
permission from [5].

The X-ray diffraction pattern shows relatively strong peaks at 2θ values of 17.6◦,
24.8◦, 35,2◦, 39.6◦, and 43.5◦. These peaks are ascribed to the (200), (220), (400), (420),
and (422) planes of PB, which is generally claimed as the space group F3m3, although
really is Pm3m [3]. The dimension of the unit cell is 1.02 nm, corresponding to the length
of Fe3+-NC-Fe2+-CN-Fe3+, and the average bond lengths of Fe2+-, C-N, and Fe3+-N=C are
0.190, 0113, and 0.203 nm, respectively [15].

3.2. Physicochemical Characteristics

PB presents an intense blue color to which its success as a blue pigment used by
artists is attributable [14]. The color of PB is due to charge transfer (CT) transition of
one electron from the iron (II) centers to the iron (III) centers. The wavelength of the
absorption maximum of PB in water is around 700 nm. Although PB is insoluble, the mix-
ing of a little amount of powder with water and subsequent dispersion by ultrasound
bath afforded a blue suspension. Upon strong light exposure, or in basic conditions,
Fe(III) ions are reduced to Fe(II), the charge transfer does not take place, and the reduced
compound is colorless (this compound is known as Prussian white). The IR spectrum
of PB in KBr affords absorbance at the following wave numbers: ν (O-H) = 3630 cm−1

(coordination water), ν (O-H) = 3400 cm−1 (crystallized water), ν (C ≡ H) = 2082 cm−1

(Fe(III)-C ≡ N-Fe(II)), δ (O-H) = 1606 cm−1 (crystallized water), ν (Fe(II)-CN) = 602 cm−1,
δ (Fe(II)-CN) = 501 cm−1 [2]. PB shows a ferromagnetic behavior below the Curie tempera-
ture (TC = 5.5 ± 0.5 K) [17].

4. Adsorption Properties of PB

The open structure of the crystal lattice of PB makes it capable of taking up and
trapping other molecules or ions in the cavities of its lattice. The surface area analysis
using N2 adsorption and desorption measurements of PB samples at 77.350 K afford
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significant information about the porosity, BET (Brunauer–Emmett–Teller) specific surface
area, pore size, and pore volume. The size and morphology of PB nanoparticles influences
the adsorptive properties. The small- (~20 nm) and medium-sized particles (around
100 nm) exhibited much higher BET surfaces areas than the large ones (in excess of 200 nm),
probably due to the hindrance of removing water molecules during degassing caused by
the larger size of the particles and dense crystal structure. In addition, the medium-sized
particles showed the highest porosity [18]. The insoluble PB synthesized by us has a
specific surface area of 370 m2 g−1, and its pore volume is 0.537 cm3 g−1. The adsorption–
desorption isotherm is showed in Figure 2. This isotherm belongs to IV-type isotherm
(Figure 2a) according to the IUPAC classification [19], since a distinguishable hysteresis loop
appears at high relative pressure (P/Po > 0.8), which demonstrated that PB is essentially of
mesoporous structure. The pore diameter distribution is centered at 17.3 nm.
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Due to uniform pore diameter, large pore width, and good surface area, PB and PBA
are capable of hosting small molecules (water, gases, hydrocarbons) and ions (metal cations)
in their crystal lattice spaces. The adsorption ability of cations by PB is influenced by the
Stokes radium of the hydrated ion. Some Stokes radii are found to be smaller than the
corresponding crystal radii, contrary to expectation for hydrated ions [20]. For instance,
the Stokes radii of the alkali ions are Rb+ (0.118 nm), Cs+ (0.119 nm), K+ (0.125 nm), and Na+

(0.184 nm). The adsorption ability is quantified by the adsorption capacity defined as the
amount adsorbed expressed in mg by the amount of PB in g. Besides the adsorption
ability, the adsorbent capacity can be expressed in terms of the distribution coefficient (Kd).
The comparison among the different PB-composites is difficult since the obtained values are
variable. They depend on the different morphology of the PB-composites, the temperature
of mixing, the time of stirring of the solution with the sorbent (equilibrium time), the pH,
the ratio ion/sorbent, etc. Finally, it is necessary to perform a reusability test.

4.1. Adsorption of Cesium

First, the Chernobyl nuclear reactor disaster on 26 April 1986, and then the tsunami
that caused the Fukushima nuclear accident on 11 March 2011 triggered a massive release
of radioactive elements into the environment. The contamination by cesium isotopes, such
as 134Cs and 137Cs, was one of the major environmental concerns. Whereas the half-live of
the 134Cs isotope is 2 years, the radioisotope 137Cs has a long half-life (30.17 years). Cs is
a strong emitter of gamma rays, which is a serious threat to health since due to its high
solubility, high mobility, and easy incorporation into living organisms (it behaves similarly
to K+ and Na+ in the biological behavior profile). Cs+ may cause various human diseases.
To date, methods such as chemical precipitation, extraction, volatilization, adsorption,
and ion exchange have been proposed for cesium removal [21]. Adsorption and ion
exchange both seem to be the most simple, economical, and effective techniques. One of
the most important sorbents developed for the selective removal of Cs+ are the nano- and
microparticles formed by PB or PBA. As indicated previously, PB is an FDA-approved
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drug used in clinics for the treatment of radioactive exposure. The drug (trade name
Radiogardase) consists of 500 mg of PB in gelatin capsules. The dose for adults is 3 g
(six capsules) taken orally three times a day. The drug works by trapping Cs in the intestine,
so that they can be passed out of the body in the stool rather than be readsorbed [22].

The proton/cation exchange, surface adsorption, and mechanical trapping within
the crystal structure are the main mechanisms for decontamination of Cs by PB. For
soluble PB, it has been reported that Cs+ are adsorbed on PB via ion exchange with K+

that are present in the cubic lattice of PB [23]. However, the Cs+ sorption mechanism
by the insoluble PB-based sorbents is not still elucidated. It is likely that the mechanism
is composed by various independent phenomena: ion exchange, physical cesium ion
entrapment, and physical sorption. The physical adsorption would imply the physical
sorption of hydrated Cs+ into the regular lattice spaces surrounded by the Fe2+-CN-Fe3+

bonds. The ion-exchange mechanism needs the lattice to present defect sites, where Cs+

is chemically adsorbed by means of proton exchange with proton elimination from the
coordination water molecules [24]. The contribution of large defects in the adsorption of
Cs+ ions has also been demonstrated in PBA [25]. Takahashi et al. have deduced that the Cs
adsorption by KCu[Fe(CN6) was governed by three mechanisms: (a) mainly ion exchange
between Cs+ and K+, (b) percolation of Cs+ cations through vacancy sites from the surface,
and (c) proton exchange with Cs+ at the range of low K+ incorporation [26].

The pioneering employment of PBA for cesium decontamination was proposed around
twenty years ago by Harjula et al. using granular potassium cobalt hexacyanoferrate
(K2[CoFe(CN)6] [27]. Ishizaki et al. verified that the adsorption capacity of insoluble PB
was higher than that of soluble PB [24]. As indicated in the Introduction, the coordination
water molecules are common in the structure of insoluble PB, and this could be the reason
of this different adsorption ability between both types of PB. Ishizaki et al. observed that the
adsorbed Cs+ ions in PB were distributed homogenously along with the Fe ions throughout
the PB nanoparticles according to the EDS mapping obtained from scanning transmission
electron microscope images (STEM_HAADF images) using a high-angle annular dark field
(HAADF) detector. Moreover, the almost totality of performed kinetic studies showed that
the adsorption can be described by a pseudo-second-order kinetic model; this implies that
the chemical adsorption process is the rate-limiting step, and that Cs+ are adsorbed through
chemisorption rather than physical adsorption [24]. However, Fujita et al. proposed that
the external surface of PB crystal was the only bonding site for Cs+ because of the extremely
low intracrystalline diffusion coefficient (less than 3.3 × 10−22 m2 s−1) [28]. Due to this
slow adsorption rate, the Cs+ could penetrate only 1–2 nm (1–2 units of the crystalline
lattice) after 2 weeks at room temperature.

Fujita et al. also demonstrated the high selectivity of PB; even when molar concen-
tration of H3O+ was more than 200 times higher or molar concentration of K+ was more
than 50,000 times higher than that of Cs+ in the aqueous solution, the equilibrium adsorp-
tion amount was reduced by only approximately one-half to two-third of that the pure
system [28]. Despite the high selectivity of PB and PBA toward Cs+, when the sorbent is in
the form of fine powder, it can produce problems at the moment of separating the sorbent
from the purified solution, since fine particles can form a dense cake, which is difficult to
filter. Moreover, the colloidal character of a PB suspension prevent easy separation after
use. These shortcomings can be overcome by the synthesis of composites in which PB
is encapsulated into a polymer matrix or located coating a support. In this way, PB or
PBA were linked to a matrix formed by silica or glass [29]. The adsorbents were also
incorporated into a crosslinked, bead-type copolymer resin composed of polystyrene (PS)
and divinylbenzene (DVB) [30]. PB has also been immobilized by means of a linkage of
polydopamine (PD) on the surface of nanofibers fabricated by electrospinning of polyacry-
lonitrile (PAN) [31], on poly(vinyl alcohol) (PVA) sponge [32,33], caged in a gel of sodium
alginate [34], in the same colloid to develop an intestinal release delivery system [35],
in spongiform adsorbents [36], bonded to sepiolite (hydrated magnesium silicate) [37],
embedded into a binder matrix [38], in porous cellulose aerogel [39] or in microporous
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carboxymethyl cellulose nanofibrils membranes [40]. Hayashi et al. found that PB/PBA
precipitated spontaneously in agarose gels, and these materials were able to adsorb Cs+

ions effectively [41]. Zhang et al. prepared a clay-based composite hydrogel containing PBA
nanoparticles (potassium copper hexacyanoferrate). The hydrogel presented a maximum
adsorption capacity in water of ~173 mg/g [42].

A good strategy to separate the contaminate product from the water is to coat PB on
superparamagnetic nanoparticles. The magnetic characteristics of this core/shell nanocom-
posite make suitable the use of an external magnet to separate the contaminated nanopar-
ticles [43–47] In this way, Jang et al. prepared magnetic nanoparticles in the presence of
poly(diallyldimethylammonium chloride) (PDDA). Then, the hexacyanoferrate (II) ions re-
act with the ferric ions released from magnetic nanoparticles (single-precursor method) [48].
However, PDDA has no superparamagnetism and Cs affinity, and thus reduces the mag-
netic and adsorption ability of PB-coated magnetic adsorbents. Yang et al. have reported
the preparation of PB-functionalized magnetic nanoclusters. The magnetic nanoclusters
were synthesized using the hydrothermal method and were then coated with PB by the
single-precursor method [49]. With this method, Qian et al. prepared PB-coated magnetic
nanoparticles decorated with polyethylene glycol (PEG) to remove Cs from blood [50].
Wang et al. have prepared magnetic microparticles of PB. The microparticles coated an elec-
trode and were used as adsorption/desorption materials in the electrochemically switched
ion exchange (ESIX) technique [51]. This is an environmentally friendly, time-saving,
and efficient ion extraction technique that has been proposed for the extraction of target
ions in trace amounts electrochemically regulating the redox state of electroactive film to
control ion adsorption and desorption processes reversibly [52]. Table 1 summarizes the
most relevant adsorption properties of magnetic PB structures.

An original, although rather complex, way to adsorb Cs+ has been reported by Ko-
hiyama et al. [53]. They prepared extruded liposomes hydrating the lipid with a hexaciano-
ferrate (III) salt. Then, the liposomes were treated with the antifungal polyene antibiotic
amphotericin B (AmB) and with Mohr’s salt ((NH4)2Fe(SO4)2·6H2O). The salt entered
the aqueous inner of the liposome through the channels formed by AmB in the bilayer
and PB was formed inside the liposome. As main conclusion, the authors pointed out
that the liposomes showed higher Cs+ adsorption capacity than the PB nanoparticles in
aqueous media.

In order to enhance the adsorption properties of PB composites, usually formed by
nanoparticles with cubic morphology, a three-dimensional hierarchical PB constructed
by interconnected ultrathin nanosheets was prepared by Bu et al. [54]. Nitrogen sorption
analysis showed a drastic increase in the nitrogen adsorption–desorption isotherm of 3D
hierarchical structures in comparison to cubic PB microcrystals. These results may indicate
more exposed surface of nanosheets than cubic PB. The adsorption capacity of Cs+ was
about 200 mg/g.

PBA have been used to regenerate nuclear-waste-contaminated soil. Cesium can
interact with swelling 2:1 type clay. The oxygen atoms in the inner layer of 2:1 type
clay usually binds with potassium. Cesium can replace potassium and interact with clay
minerals, resulting in almost irreversible contamination of the soil [55]. First, is necessary
to release Cs+ from the clay, and then to adsorb the released Cs+. Qian et al. have used
ionized chitosan that, similar to other cationic polyelectrolytes, increases the interlayer
spacing of the clay, allowing desorption of Cs+. Then, they utilized PBA functionalized
magnetic microgels to adsorb Cs+ from the solution after the treatment [56]. The microgels
could be regenerated using NaOH (0.1 M) as desorb agent and recycled magnetically while
keeping the adsorption capacity constant (149.70 mg/g) after multiple times of use.
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Table 1. Comparison among the most relevant adsorption properties of hybrid structures of magnetic Prussian blue
nanoparticles.

Adsorbent Synthesis Adsorption
Capacity/mg g−1

Removal
Efficiency/%

Equilibrium
Time

Kinetic
Model Ref.

Nanoclusters Single-precursor 45.87 >99.7 6 h Langmuir [49]

Nanoparticles Single
precursor 96.00 24 h Langmuir [45]

Nanocomposites
with graphene

oxide

Anchoring the
magnetic PB onto

the graphene
surface

55.56 >90.0 12 h Langmuir [46]

Nanoparticles
with PDDA as

interlayer

Single
precursor 16.20 91.0 1 h Freundlich [43]

Co-precipitation 94.0 3 h [48]

Co-precipitation 84.7–86.7 [44]

Nanocomposites Co-precipitation 280.82 24 h Temkin [47]

Nanoparticles
with PEG Hydrothermal 274.70 64.8 1 h [50]

Microparticles Hydrothermal 16.30 97.0 10 min Freundlich [51]

Microgels
Ligand

substitution
reaction

149.70 83.7 24 h Langmuir [56]

The reported studies about the adsorption of Cs by PB or PBA coincide in that this
adsorption is a highly selective process that can be described by a pseudo-second-order
kinetic model; this implies that the Cs+ was chemisorbed and the adsorption rate of the
PB composite depended on the active sites rather than the concentration of Cs+ in the
solution [39]. The equilibrium adsorption isotherm process can be explained in most of the
cases by the Langmuir adsorption isotherm model [57]. However, a few studies pointed
out that either the Freundlich adsorption isotherm model [58] or the Temkin model [59]
agreed with the obtained isotherm [47,60]. Having in mind that the adsorption process
is depending on many factors (pH, adsorbent dose or equilibrium time, among others),
such discrepancies do not appear as strange.

The major weak point of PB is its instability in alkaline solutions, which causes
hazardous cyanide contamination [5,61]. The maximal concentration of total cyanide in
drinking water is 0.07 mg/L according the guidelines established by WHO. To convert PB
stable in alkaline solutions, Manabe et al. have added CuSO4 to PB so that divalent copper
ions act as a shielding element at a high concentration of hydroxide ions [62].

Lee et al. observed that the Cs+ were completely diffused onto the PB composite
(aerogel formed by cellulose) [39]. This is a prerequisite for a good absorbent material.
Figure 3 shows the elemental mapping of the composite after the adsorption of 0.1 ppm
Cs+ in distilled water for 8 h.

Concerning the PBA, Wang et al. reported on electroactive nanospheres composed of
magnetite nanosphere and electroactive cupric hexacyanoferrate coating [60]. The nanospheres
could be regenerated by simply switching the potential of the magnetic electrode in a novel
electromagnetic coupling regeneration system. The nanosystem showed relatively fast
kinetics (the equilibrium was reached in approximately 60 min) and high adsorption capac-
ities toward Cs+ (66–105 mg/g). This capacity is nearly unchanged after 20 adsorption–
regeneration cycles and a high regeneration efficiency greater than 97% was maintained in
each cycle.
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4.2. Adsorption of Thallium

Thallium (Tl) is a rare metal with high toxicity. Whereas the elemental form of thallium
has essentially no toxicity, its univalent (thallous, Tl+1) and trivalent (thallic, Tl3+) salts
are highly toxic. The human body does not discriminate the uptake of Tl+1 over K+ as
the ionic radius of Tl+ is similar to that of K+, which has fatal consequences because Tl
disrupts the proper functioning of the K+ involved in many biochemical reactions [63].
In this way, Tl could cause acute and chronic poisoning that would imply degenerative
changes in the heart, liver, and kidney. The poisoning with Tl could be caused by the
explosion of a “dirty bomb” prepared with radioactive isotopes including cesium and
thallium. The presence of nonradioactive Tl in the environment is due to the emission
of the metal by coal combustion, cement plants, and nonferrous metals metallurgy. The
predominant contamination source of Tl is wastewater from the mining, beneficiation, and
smelting of Tl-containing sulfide ores.

A great number of methods (precipitation, flotation, electrochemical deposition, and
solvent extraction) have been developed to remove Tl from industrial wastewater [64].
However, adsorption exhibits great potential due to the advantages of high purification
efficiency, low energy consumption, and environmental friendliness [65]. In this way,
adsorptive technologies based on the use of PB and PBA have been used. The medication
Radiogardasse, prescribed for the treatment of known or suspected internal contamination
with radioactive Cs+, is also indicated for the treatment of the poisoning by radioactive or
nonradioactive Tl.

Yang et al. determined the relationship between physicochemical properties of insolu-
ble PB and its binding capacity [66]. Meanwhile, by using solutions with different pH, they
evaluated the effect of pH and storage conditions on the binding to PB. The results indi-
cated that the hydration state of PB influenced the Tl uptake. The PB with 17 mol of water
had a binding rate constant of 0.52, which was reduced to 0.32 when PB was dehydrated to
2.5 mol of water. Later [67], the same group determined that insoluble and soluble PBA,
with similar quality attributes, had nearly identical binding capacities. Sangvanich et al.
evaluated the removal of Tl+1 by PB and Cu(II)ferrocyanide, a PBA, immobilized on meso-
porous silica in varied aqueous systems [68]. Compared to PB, the PBA showed higher
capacity of adsorbing Tl (28.3 mg/g for PBA and 5.82 mg/g for PB). According to the
results, the distribution coefficient of Tl on both sorbents increased with the increase of



Int. J. Mol. Sci. 2021, 22, 780 9 of 14

the pH of the solution. Therefore, the cation ion exchange might be the major adsorption
mechanism. This mechanism was also postulated by Vincent el al. [69]: Tl was exchanged
with hydrogen ions in the crystal lattice of PB, or with alkali metal impurities bound to PB
during the synthesis process.

4.3. Adsorption of Cations

In addition to Cs+ or Tl+, PB also adsorbs other monovalent and divalent cations.
Such cations can compete in a lesser extent with Cs+ or Tl+ by the exchange with hydrogen
ions present into the crystal lattice of PB. The distribution coefficient of Cs on magnetic PB
was decreased by the presence of other cations, where K+ has the most detrimental effect.
The similitude between the Stokes radii of both cations (Cs+, 0.119 nm and K+, 0.125 nm) or
even the hydration radii (Cs+, 0.325 nm and K+, 0.330 nm) could explain such competition.
At this point, it would be interesting to think of using PB as sorbent for K+ in patients
with hyperkalemia. The competition produced by Na+ is much smaller. Vafakhah et al.
developed an efficient hybrid capacitive deionization system for removal of NaCl from
brackish water, in which PB embedded in a highly conductive reduced graphene oxide
aerogel was used as a binder-free intercalation anode to remove Na+ ions. The combination
of redox-active PB and the three-dimensional porous graphene network yielded a high salt
removal capacity of 130 mg/g at the current density of 100 mA/g [70].

Although the size of divalent cations is quite different from that of Cs, in absence of Tl+

or Cs+, PB can adsorb divalent cations, such as Cu2+, Co2+, Ni2+, and Pb2+ [71]. By using
magnetic PB, Uogintė et al. showed the high capacity of sorption: copper, 138 mg/g, cobalt,
111 mg/g, nickel, 155 mg/g, and Pb, 778 mg/g. It is important to remark the capacity
of adsorption of PB by Cu2+. This ion forms a high-affinity complex with the β-amyloid
peptide, whose accumulation is observed in Alzheimer’s disease [72]. Furthermore, it could
exist a relationship between the presence of copper ion and the formation of plaques of
β-amyloid.

4.4. Adsorption of Gases

PB (and especially PBA) offer great potential for gas storage. Long and coworkers
explored by first time the gas adsorption properties of PB. They used this material for hy-
drogen storage at 77 K [73]. Another gas that can be adsorbed into PB is CO2. In this regard,
CO2 capture and removal from a flue gas stream is a technical challenge because of the
low concentration of CO2 (<15%) present in the gas stream. Thallapally et al. used several
PBA to capture CO2 and other gases (SO2, N2, NO, H2S). The PBA used adsorbed 8–10%
of CO2 at room temperature and 1 bar of pressure [74]. The adsorbed amount increased at
higher pressures. Moreover, they demonstrated that the materials did not decompose after
exposure to the gases. Karadas et al. extended the studies of the CO2 adsorption into PBA
up to 50 bar. The water molecules present in vacancies of the crystal structure of PB can be
eliminated through heating without disrupting the crystal structure, and thus leaving holes
available for CO2 molecules. However, the CO2 adsorption isotherms showed sudden
changes in the 35–40 bar range [75].

Ammonia gas released from agriculture and livestock farms is one of the main pre-
cursors of fine particulate matter that represents a source of illness affecting the lung and
the heart. For this reason, as ammonia is water-soluble, its presence in water is impor-
tant to the health. As the concentration of Cs and Tl in environmental water is usually
negligible, PB and PBA can be used for recovering dissolved ammonia [76]. However,
ammonia removal is usually faced with selectivity concerns because the application area
often contains chemical fertilizers or biomass matrices, making selectivity an important
factor when choosing the adsorbent. Parajuli et al. synthesized a PBA, copper hexacyano-
ferrate, capable of capturing dissolved NH4

+ and NH3 simultaneously in the presence of
high concentrations of potassium [77]. Zhang et al. have prepared a PBA, a sodium salt of
cobalt hexacyanoferrate, with an adsorption capacity for NH4

+ higher than that of K+ and
Cs+ [78]. These important differences between PB and the indicated PBA have their origin
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in the switch of the metal in the ligand, the coordination metal, and the monovalent ion,
that modify the crystal parameters. More recently, Takahashi et al. have showed that the
cobalt hexacyanoferrate can be recycled through water flushing [79].

4.5. Adsorption of Molecules

PBA have showed to be able of adsorbing substances different than cations (and ammo-
nia), i.e., capturing gaseous molecules, such as H2 or CO2 [75,80], or for propane/propylene
separation [81]. Boudjema et al. have reported the preparation of several PBA; one of them,
with cobalt as transition-metal ion, was able to separate a hydrocarbon mixture (n-pentane,
n-hexane, cyclohexane, and cyclohexene) in a humid atmosphere [82]. These results em-
phasize the remarkable potential of PBA for a gas separation.

The adsorption by PB/PBA has other applications than those intended to remove
molecules or cations from an environment. Larionova’s group rendered magnetic and non-
magnetic PBA nanoparticles luminescent by a synthetic functionalization within the inter-
nal porosity of the cyano-bridged framework using 2-aminoanthracene (AA) or rhodamine
B (RhB) fluorophore to yield a luminescent system (bifunctional when the nanoparticles
were magnetic) [3,83]. Figure 4 shows the two luminophores, which differ in their size,
although both are planar. The existence of a single vacancy in the center of PB allows AA to
be accommodate inside. RhB is too large to enter within the porosity and it is bounded to
the nanoparticle surface. In any case, these nanoprobes could be efficiently used to monitor
the cell internalization of the PB nanoparticles by fluorescence imaging.
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5. Conclusions and Outlook

This review provides a report of the zeolitic properties of PB and PBA, namely its
capacity of capturing ions and molecules. As PB is biodegradable and nontoxic, it has
been successfully used in medicine or in protection of environment as antidote. The main
adsorptive application of PB is to remove cesium and thallium ions. However, in absence
of these ions, which do not abound under normal conditions, PB can trap potassium, and to
a lesser extent, sodium ions. The substitution of iron cations by other cations in PBA results
in a higher versatility in adsorption properties, and these compounds can adsorb gases,
ammonia, water, and hydrocarbons. Interestingly, new strategies have focused on the reuse
of PB/PBA, affording an environmentally friendly system.

To date, several research studies have been conducted concerning the adsorptive
properties of new PBA, but these properties have not been systematically studied. Thus,
more careful studies are required to explore the possibility of a common pattern in the
adsorption process and to improve the distribution coefficient. The research conducted
with PB is wider, but it presents in general an evident limitation if the application in
live beings is considered: much of the research to date has been conducted in laboratory
settings, and the interfering effect of food or other biological components on the adsorption
has not been still determined. Concerning the adsorption of divalent cations and the
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chelating effect of suspiciously toxic ions, a systematic research in the presence or absence
of monovalent cations is necessary to determine the way of capturing the divalent ions.
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21. Bok-Badura, J.; Jakóbik-Kolon, A.; Kazek-Kęsik, A.; Karoń, K. Hybrid-pectin-based sorbents for cesium ion removal. Molecules
2020, 13, 2160. [CrossRef]

22. Available online: https://www.rxlist.com/radiogardase-drug.htm#description (accessed on 4 September 2020).

http://doi.org/10.1073/pnas.96.7.3463
http://doi.org/10.1016/j.mattod.2020.03.006
http://doi.org/10.1021/acs.inorgchem.9b03699
http://www.ncbi.nlm.nih.gov/pubmed/32149510
http://doi.org/10.1016/j.ccr.2017.04.005
http://doi.org/10.1021/ed085p612
http://doi.org/10.1016/j.mtener.2019.07.003
http://doi.org/10.1088/0957-4484/18/34/345609
http://doi.org/10.1016/j.drudis.2020.05.014
https://www.who.int/groups/expert-committee-on-selection-and-use-of-essential-medicines/essential-medicines-lists
http://doi.org/10.1039/C6DT03351B
http://doi.org/10.3390/molecules23061414
http://doi.org/10.1039/c2gc35079c
http://doi.org/10.1039/c39720001299
http://doi.org/10.1021/ic50177a008
http://doi.org/10.1021/ic50206a032
http://doi.org/10.1063/1.1669656
http://doi.org/10.1039/c2ce25040c
http://doi.org/10.1515/pac-2014-1117
http://doi.org/10.1021/j100369a080
http://doi.org/10.3390/ma13092160
https://www.rxlist.com/radiogardase-drug.htm#description


Int. J. Mol. Sci. 2021, 22, 780 12 of 14

23. Hornok, V.; Dékány, I. Synthesis and stabilization of Prussian blue nanoparticles and application for sensors. J. Coll. Interface Sci.
2007, 309, 176–182. [CrossRef]

24. Ishizaki, M.; Akiba, S.; Ohtani, A.; Hoshi, Y.; Ono, K.; Matsuba, M.; Togashi, T.; Kananizuka, K.; Sakamoto, M.; Takahashi, A.; et al.
Proton-exchange mechanism of specific Cs+ adsorption via lattice defect sites of Prussian blue filled with coordination and
crystallization water molecules. Dalton Trans. 2013, 42, 16049–16055. [CrossRef] [PubMed]

25. Hayashi, H.; Aoki, S.; Takaishi, M.; Sato, Y.; Abe, H. An XAFS study of Cs adsorption by the precipitation bands of Mn-Fe-based
Prussian blue analogues spontaneously formed in agarose gel. Phys. Che. Chem. Phys. 2019, 21, 22553–22562. [CrossRef] [PubMed]

26. Takahashi, A.; Tanaka, H.; Minami, K.; Noda, K.; Ishizaki, M.; Kurihara, M.; Ogawa, H.; Kawamoto, T. Unveiling Cs-adsorption
mechanism of Prussian blue analogs: Cs+-percolation via vacancies to complete dehydrated state. RSC Adv. 2018, 8, 34808–34816.
[CrossRef]

27. Harjula, R.; Lehto, J.; Paajanen, A.; Brodkin, L.; Tusa, E. Removal of radioactive cesium from nuclear waste solutions with the
transition metal hexacyanoferrate ion exchanger Cs treat. Nucl. Sci. Eng. 2001, 137, 206–214. [CrossRef]

28. Fujita, H.; Sasano, H.; Miyajima, R.; Sazoka, A. Adsorption equilibrium and kinetics of cesium onto insoluble Prussian blue
synthesized by an immediate precipitation reaction between Fe3+ and [Fe(CN)6]-4. Adsorption 2014, 20, 905–915. [CrossRef]

29. Delchet, C.; Tokarev, A.; Dumail, X.; Toquer, C.; Barré, Y.; Guari, Y.; Guerin, Y.; Larionova, J.; Grandjean, A. Extraction of
radioactive cesium using innovative functionalized porous materials. RSC Adv. 2012, 2, 5707–5716. [CrossRef]

30. Cho, E.; Lee, J.J.; Lee, B.-S.; Lee, K.-W.; Yeom, B.; Lee, T.S. Cesium ion-exchange resin using dodecylbenzenesulfonate for binding
to Prussian blue. Chemosphere 2020, 244, 125589. [CrossRef]

31. Gwon, Y.J.; Lee, J.J.; Lee, K.-W.; Ogden, M.D.; Harwood, L.M.; Lee, T.S. Prussian blue decoration on polyacrylonitrile nanofibers
using polydopamine for effective Cs ion removal. Ind. Eng. Chem. Res. 2020, 59, 4872–4880. [CrossRef]

32. Wi, H.; Kang, S.-W.; Hwang, Y. Immobilization of Prussian blue nanoparticles in acrylic acid-surface functionalized poly(vinyl
alcohol) sponges for cesium adsorption. Environ. Eng. Res. 2019, 24, 173–179. [CrossRef]

33. Wi, H.; Kim, H.; Oh, D.; Bae, S.; Hwang, Y. Surface modification of poly(vinyl alcohol) sponge by acrylic acid to immobilize
Prussian blue for selective adsorption of aqueous cesium. Chemosphere 2019, 226, 173–182. [CrossRef]

34. Vipin, A.K.; Hu, B.; Fugetsu, B. Prussian blue caged in alginate/calcium beads as adsorbents for removal of cesium ions from
contaminated water. J. Hazard. Mater. 2013, 258–259, 93–101. [CrossRef] [PubMed]

35. Sandal, N.; Mittal, G.; Bhatnagar, A.; Pathak, D.P.; Singh, A.K. Preparation, characterization, and in vivo pharmaco scintigraphy
evaluation of an intestinal release delivery system of Prussian blue for decorporation of cesium and thallium. J. Drug Delivery
2017, 2017, 4875784. [CrossRef] [PubMed]

36. Hu, B.; Fugetsu, B.; Yu, H.; Abe, Y. Prussian blue caged in spongiform adsorbents using diatomite and carbon nanotubes for
elimination of cesium. J. Hazard. Mater. 2012, 217–218, 83–91. [CrossRef] [PubMed]

37. Darder, M.; González-Alfaro, Y.; Aranda, P.; Ruiz-Hitzky, E. Silicate-based multi-functional nanostructured materials with
magnetite and Prussian blue: Application to cesium uptake. RSC Adv. 2014, 4, 35415–35421. [CrossRef]

38. Chen, G.-R.; Chang, Y.-R.; Liu, X.; Kawamoto, T.; Tanaka, H.; Kitajima, A.; Parajuli, D.; Takasaki, M.; Yoshino, K.; Chen, M.-L.; et al.
Prussian blue (PB) granules for cesium (Cs) removal from drinking water. Sep. Purif. Technol. 2015, 143, 146–151. [CrossRef]

39. Lee, I.; Kim, S.-H.; Rethinasabapathy, M.; Haldorai, Y.; Lee, G.-W.; Choe, S.R.; Jang, S.-C.; Kang, S.-M.; Han, Y.-K.; Roh, C.; et al.
Porous·3D Prussian blue/cellulose aerogel as a decorporation agent for removal of ingested cesium from the gastrointestinal
tract. Sci. Rep. 2018, 8, 4540. [CrossRef]

40. Eun, S.; Hong, H.-J.; Kim, H.; Jeong, H.S.; Kim, S.; Jung, J.; Ryu, J. Prussian blue-embedded carboxymethyl cellulose nanofibril
membranes for removing radioactive cesium from aqueous solution. Carbohyd. Pol. 2020, 235, 115984. [CrossRef]

41. Hayashi, H.; Sato, Y.; Aoki, S.; Takaishi, M. In situ XRF analysis of Cs adsorption by the precipitation bands of Prussian blue
analogues formed in agarose gels. J. Anal. At. Spectrom. 2019, 34, 979–985. [CrossRef]

42. Zhang, H.; Hodges, C.S.; Kumar Misha, P.; Young Yoon, J.; Hunter, T.N.; Lee, J.; Harbottle, D. Bio-inspired preparation of
clay-hexacyanoferrate composite hydrogels as super adsorbents for Cs+. ACS Appl. Mater. Interfaces 2020, 12, 33173–33185.
[CrossRef]

43. Sasaki, T.; Tanaka, S. Magnetic separation of cesium ion using Prussian blue modified magnetite. Chem. Lett. 2012, 41, 32–34.
[CrossRef]

44. Namiki, Y.; Namiki, T.; Ishii, Y.; Koido, S.; Nagase, Y.; Tsubota, A.; Tada, N.; Kitamoto, Y. Inorganic-organic magnetic nanocom-
posites for use in preventive medicine: A rapid and reliable elimination system for cesium. Pharm. Res. 2012, 29, 1404–1418.
[CrossRef] [PubMed]

45. Thammawong, C.; Opaprakasit, P.; Tangboriboonrat, P.; Sreearunothai, P. Prussian blue coated magnetic nanoparticles for
removal of cesium from contaminated environment. J. Nanopart. Res. 2013, 15, 1689–1699. [CrossRef]

46. Yang, H.; Sun, L.; Zhai, J.; Li, H.; Zhao, Y.; Yu, H. In situ controllable synthesis of magnetic Prussian blue/graphene oxide
nanocomposites for removal of radioactive cesium in water. J. Mater. Chem. A 2014, 2, 332–362. [CrossRef]

47. Jang, J.; Lee, D.S. Magnetic Prussian blue nanocomposites for effective cesium removal from aqueous solution. Ind. Eng. Chem
Res. 2016, 55, 3852–3860. [CrossRef]

48. Jang, S.-C.; Hong, S.-B.; Yang, H.-M.; Lee, K.-W.; Moon, J.-K.; Seo, B.-K.; Huh, Y.S.; Roh, C. Removal of radioactive cesium using
Prussian blue magnetic nanoparticles. Nanomaterials 2014, 4, 894–901. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jcis.2007.02.022
http://doi.org/10.1039/c3dt51637g
http://www.ncbi.nlm.nih.gov/pubmed/23945598
http://doi.org/10.1039/C9CP03661J
http://www.ncbi.nlm.nih.gov/pubmed/31588936
http://doi.org/10.1039/C8RA06377J
http://doi.org/10.13182/NSE01-A2186
http://doi.org/10.1007/s10450-014-9635-7
http://doi.org/10.1039/c2ra00012a
http://doi.org/10.1016/j.chemosphere.2019.125589
http://doi.org/10.1021/acs.iecr.9b06639
http://doi.org/10.4491/eer.2018.177
http://doi.org/10.1016/j.chemosphere.2019.03.101
http://doi.org/10.1016/j.jhazmat.2013.04.024
http://www.ncbi.nlm.nih.gov/pubmed/23708451
http://doi.org/10.1155/2017/4875784
http://www.ncbi.nlm.nih.gov/pubmed/29318045
http://doi.org/10.1016/j.jhazmat.2012.02.071
http://www.ncbi.nlm.nih.gov/pubmed/22464752
http://doi.org/10.1039/C4RA06023G
http://doi.org/10.1016/j.seppur.2015.01.040
http://doi.org/10.1038/s41598-018-22715-w
http://doi.org/10.1016/j.carbpol.2020.115984
http://doi.org/10.1039/C9JA00025A
http://doi.org/10.1021/acsami.0c06598
http://doi.org/10.1246/cl.2012.32
http://doi.org/10.1007/s11095-011-0628-x
http://www.ncbi.nlm.nih.gov/pubmed/22146802
http://doi.org/10.1007/s11051-013-1689-z
http://doi.org/10.1039/C3TA13548A
http://doi.org/10.1021/acs.iecr.6b00112
http://doi.org/10.3390/nano4040894
http://www.ncbi.nlm.nih.gov/pubmed/28344255


Int. J. Mol. Sci. 2021, 22, 780 13 of 14

49. Yang, H.-M.; Jang, S.-C.; Hong, S.B.; Le, K.-W.; Roh, C.; Huh, Y.S.; Seo, B.-K. Prussian blue functionalized magnetic nanoclusters
for the removal of radioactive cesium from water. J. Alloys Comp. 2016, 657, 387–393. [CrossRef]

50. Qian, J.; Xu, J.; Kung, L.; Hua, D. Cesium removal from human blood by poly(ethylene glycol)-decorated Prussian blue magnetic
nanoparticles. Chem. Plus Chem. 2017, 82, 888–895. [CrossRef] [PubMed]

51. Wang, P.; Zheng, J.; Ma, X.; Du, X.; Gao, F.; Hao, X.; Tang, B.; Abudula, A.; Guan, G. Electroactive magnetic microparticles for the
selective elimination of cesium ions in the wastewater. Environ. Res. 2020, 185, 109474. [CrossRef]

52. Sun, B.; Hao, X.G.; Wang, Z.D.; Guan, G.Q.; Zhang, Z.I.; Li, Y.B.; Liu, S.B. Separation of low concentrations of cesium ion from
wastewater by electrochemically switched ion Exchange method: Experimental adsorption kinetic analysis. J. Hazard. Mater.
2012, 233–234, 177–183. [CrossRef]

53. Koshiyama, T.; Tanaka, M.; Honjo, M.; Fukunaga, Y.; Okamura, T.; Ohba, M. Direct synthesis of Prussian blue nanoparticles
in liposomes incorporating natural ion channels for Cs+ adsorption and particle size control. Langmuir 2018, 34, 1666–1672.
[CrossRef]

54. Bu, F.-X.; Hu, M.; Zhang, W.; Meng, Q.; Xu, L.; Jiang, D.-M.; Jiang, J.-S. Three-dimensional hierarchical Prussian blue composed of
ultrathin nanosheets: Enhanced hetero-catalytic and adsorption properties. Chem. Commun. 2015, 51, 17568–17571. [CrossRef]
[PubMed]

55. Evrard, O.; Laceby, J.P.; Lepage, H.; Onda, Y.; Cerdan, O.; Ayrault, S. Radiocesium transfer from hillslopes to the Pacific Ocean
after the Fukushima nuclear power plant accident: A review. J. Environ. Radioact. 2015, 148, 92–110. [CrossRef] [PubMed]

56. Qian, J.; Zhou, L.; Yang, X.; Hua, D.; Wu, N. Prussian blue analogue functionalized magnetic microgels with ionized chitosan for
the cleaning of cesium-contaminated clay. J. Hazard. Mater. 2020, 386, 121965. [CrossRef]

57. Langmuir, I. The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. Chem. Soc. 2018, 40, 1361–1403.
[CrossRef]

58. Freundlich, H.M.F. Over the adsorption in solution. J. Phys. Chem. 1906, 57, 385–470.
59. Temkin, M.I.; Pyzhev, V. Kinetics of ammonia synthesis on promote iron catalysts. Acta Phys. Chim. USSR 1940, 12, 327–356.
60. Wang, Z.; Wu, Z.; Wang, M.; An, X.; Li, H. Continuous separation and recovery of caesium by electromagnetic coupling

regeneration process with an electroactive magnetic Fe3O4@cupric hexacyanoferrate. J. App. Electrochem. 2018, 48, 49–60.
[CrossRef]

61. Faustino, P.J.; Yongsheng, Y.; Progar, J.J.; Brownell, C.R.; Sadrieh, N.; May, J.C.; Leutzinger, E.; Place, D.A.; Duffy, E.P.;
Houn, F.; et al. Quantitative determination of cesium binding to ferric hexacyanoferrate: Prussian blue. J. Pharm. Biomed.
Anal. 2008, 47, 114–125. [CrossRef]

62. Manabe, S.; Vipin, A.K.; Kumashiro, T.; Takiguchi, S.; Fugetsu, B.; Sakata, I. Stabilization of Prussian blue using copper sulfate for
eliminating radioactive cesium from a high pH solution and seawater. J. Hazard. Mater. 2020, 386, 121979. [CrossRef]

63. Galván-Arzate, S.; Santamaría, A. Tallium toxicity. Toxicol. Lett. 1998, 99, 1–13. [CrossRef]
64. Zhao, Z.; Xiong, Y.; Cheng, X.; Hou, X.; Yang, Y.; Tian, Y.M.; You, J.; Xu, L. Adsorptive removal of trace thallium (I) from

wastewater: A review and new perspectives. J. Hazard. Mater. 2020, 393, 122378. [CrossRef] [PubMed]
65. Yilmaz, S.; Zengin, A.; Akbulut, Y.; Sahan, T. Magnetic nanoparticles coated with aminated polymer brush as a novel material for

effective removal of Pb (II) ions from aqueous environments. Environ. Sci. Pollut. R. 2019, 26, 1–15. [CrossRef] [PubMed]
66. Yang, Y.; Faustino, P.J.; Progar, J.J.; Brownell, C.R.; Sadrieh, N.; May, J.C.; Leutzinger, E.; Place, D.A.; Duffy, E.P.; Xu, L.X.; et al.

Quantitative determination of thallium binding to ferric hexacyanoferrate: Prussian blue. Int. J. Pharm. 2008, 353, 187–194.
[CrossRef] [PubMed]

67. Faustino, P.J.; Brown, A.; Lowry, B.; Yang, Y.; Wang, Y.; Khan, M.A.; Dumbar, K.R.; Mohammad, A. Quantitative evaluation of the
thallium binding of soluble and insoluble Prussian blue hexacyanoferrate analogs: A scientific comparison based on their critical
quality attributes. Int. J. Pharm. 2019, 569, 118600. [CrossRef] [PubMed]

68. Sangvanich, T.; Sukwarotwat, V.; Wiacek, R.J.; Grudzien, R.M.; Fryxell, G.E.; Addleman, R.S.; Timchalk, C.; Yantsee, W. Selective
capture of cesium and thallium from natural waters and simulated wastes with copper ferrocyanide functionalized mesoporous
silica. J. Hazard. Mater. 2010, 182, 225–231. [CrossRef]

69. Vincent, T.; Taulemesse, J.M.; Dauvergne, A.; Chaunut, T.; Testa, F.; Guibal, E. Thallium (I) sorption using Prussian blue
immobilized in alginate capsules. Carbohyd. Polym. 2014, 99, 517–526. [CrossRef]

70. Vafakhah, S.; Guo, L.; Sriramulu, D.; Huang, S.; Saeedikhani, M.; Yang, H.Y. Efficient sodium-ion intercalation into the freestanding
Prussian blue/graphene aerogel anode in a hybrid capacitive deionization system. ACS Appl. Mater. Interfaces 2019, 11, 5989–5998.
[CrossRef]
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