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and hydrated cesium ions, MHCFs can selectively adsorb cesium ions with a background of other coex-

isting ions by ion-exchange. The main drawback is associated with its microcrystalline structure, that
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1. Introduction

As a typical coordination polymer, metal hexacyanoferrates
(MHCFs) are composed of transition metal ions (e.g., Cu?*, Co?*,
Ni?* and Fe3*) together with coordinated CN bridges. MHCFs are
also referred to as Prussian blue (ferro hexacyanoferrate, FeHCF)
and its analogs, and are widely applied in many fields, including
but not limited to, dyeing, information storage [1], energy storage
[2], biomedicine [3] and environmental remediation [4]. Among
these applications, MHCFs as an adsorbent for cesium removal
have aroused great interest for a long time [5]. So far, they have
been regarded as the most promising adsorbent over others in
terms of adsorption selectivity and capacity for cesium ions.

Radiocesium is a fission product that has a negative effect on
ecosystems and human health due to its radioactivity and chemical
toxicity [6]. Compared with other short life fission products
(e.g., ' (t12 =8 d) and 39Sr (t, = 50 d)), '3”Cs has a longer half-
life of more than 30 years. The separation of long-life radionuclides
from aqueous solutions can greatly reduce the time required for safe
storage for natural decay. In addition, it is also one of the main radionu-
clides in polluted seawater, which was used as emergency cooling
water in the Fukushima Daiichi nuclear power disaster. Furthermore,
with a chemical similarity to K*, soluble radiocesium is prone to be
taken into body by a cell membrane transport mechanism, resulting
in element poisoning, as well as internal exposure of radiation. There-
fore, it is of great importance to separate cesium ions from aqueous
solutions for ecological security and sustainable development [7].

Cesium removal is vital, yet challenging, especially after the
Chernobyl disaster and the Fukushima Daiichi nuclear plant acci-
dent [7]. Most adsorbents (e.g., activated carbon and chitosan-
based adsorbents) show a low cesium adsorption capacity [8,9].
Although some adsorbents (e.g., graphene oxide) present a good
adsorption capacity for cesium ions, they show a higher affinity
towards most heavy metal ions and other radionuclides [10]. It
has been noted that among substantial adsorbents, only MHCFs
could reach 99.99% removal efficiency of cesium ions from water
and wastewater [7].

This review is mainly focused on MHCF-based adsorbents in
terms of their physicochemical structures, modification methods
and adsorption mechanism towards cesium ions, as well as their
regeneration.

2. Physicochemical structure of MHCFs

As shown in Fig. 1(a), MHCFs have a face-centered cubic lattice
structure with an open zeolite-like morphology. This unique struc-
ture contains a narrow channel of about 3.2 A, giving it an ion-
sieving capability to larger hydrated cations [4]. Due to the similar

size between structure lattices and hydrated cesium ions, cesium
ions can be selectively adsorbed into MHCFs [7]. At the same time,
the cesium ions in the cages of cyanide-bridged metal frameworks
will slowly vibrate and resonate with a low-frequency terahertz
light, as shown in Fig. 1(b). Utilizing this feature, terahertz technol-
ogy can be used for non-contact sensing of cesium ions in danger-
ous or harmful environments [11]. In addition, MHCFs show good
radiation stability (0-300 kGy) with a high Cs adsorption affinity
and negligible metal dissolution [12]. These merits justify MHCFs
as potential adsorbents for cesium ions.

MHCFs are usually prepared by the reactive precipitation of two
kinds of precursors: a soluble transition metal salt (M) and hexa-
cyanoferrates (HCF) [4]. Various kinds of precursors can used to
produce single metal hexacyanoferrates or multi-metal hexa-
cyanoferrates [13-15]. Apart from particular cases [16], Prussian
blue and its analogs share the same cubic structures and maintain
the core characteristic of cesium selectivity. However, they still
exhibit some distinct features, including the tolerable pH range
and adsorption capacity. For example, Prussian blue exhibits the
best adsorption performance under pH 8, whilst its analogs can
be stable at higher pH values.

The removal of radiocesium can also be achieved by reactive
precipitation involving the simultaneous binding of radionuclides
and the formation of the MHCFs. These precipitations are usually
very fine particles, resulting from the difficulty of settling and fil-
tering. Additionally, a large quantity of precipitants is necessary
for the disposal of large volumes of radioactive wastewater with
low concentrations of cesium ions. Therefore, researchers have
turned to the preparation of granular solids suitable for column
operations, such as MHCF solids, rather than soluble ferrocyanides.

The synthetic conditions influence the properties of the MHCFs
(e.g., composition, particle size, crystalline structures and cell
parameter). These conditions include the type, concentration and
ratio of the precursors, as well as the addition order/velocity, reac-
tion temperature and the maturation (or aging) [4]. Exhaustive
reviews on the effect of the synthetic conditions on the structures
of MHCFs were published by the research group of Loos-Neskovic
[17,18]. In spite of its outstanding adsorption capacity and selectiv-
ity for cesium ions, an MHCF prepared by the general method
shows irregular properties, too fine particles and insufficient
mechanical stability, which is not suitable for column operations
or separation. Therefore, modification is necessary.

3. Modified MHCFs for cesium adsorption

For years, MHCFs have been regarded as the most promising
adsorbents due to their selectivity for cesium ions in the back-
ground of other co-existing ions, as well as their rather higher
adsorption capacity, as shown in Table 1. However, the highly
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Fig. 1. (a) the structure of MHCFs (Color scheme: C, blue; N, white; Fe?* red; transition metal ions, black); (b) illustration of applying THz-TDS measurement of the Cs

vibration in MHCFs.
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