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Designed porous copper hexacyanoferrate micro-capsule beads
(CuHCF-MCB) were prepared using freeze-drying (FD). Multi-
scale porous networks composed of Angstrom, nanometer, and
micrometer sizes were obtained in the desired shapes using a
simple drying process. They provide special benefits such as fast
kinetics and high capacity. The Cs adsorption equilibrium and
kinetics fit the pseudo-second-order Kkinetic model well. The
adsorption rate of FD-CuHCF-MCB was improved to about 15
times higher than that of heat-drying process because of the
highly multi-scale porous structure of FD-CuHCF-MCB, which
facilitated solution flow and rapid ion-diffusion inside the MCB.

Porous coordinated polymers (PCPs) such as metal organic
frameworks (MOFs) and Prussian blue analogues (PBAs) have
attracted attention during the past two decades because of their
potential applications for storage'?, separation®*, recovery™®, and
catalysis” in gas and liquid phases. Among the various PCP
applications, they have been studied mainly as an adsorbent because
of their particular properties.'®'® Success in adsorbents are related to
the following specific attributes of these materials: (1) high surface
area and large pore volume; (2) rapid sorption; (3) good selectivity;
(4) environmental safety; and (5) high stability. This functionality of
PCPs results from their high porosity, as shown in crystal structure
of Fig. 1. In fact, PCPs have often been used in fine powder form
(e.g. nanoparticles).'*'® However, materials of fine powders present
shortcomings such as difficulty of handling and safety hazards
resulting from inhaling nanoparticles. For easier and safer practical
use of PCP fine powders, a form improvement such as granulation is
absolutely necessary. Therefore, many researchers have reported
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various materials immobilizing nanoparticles on filter matrixes with
binders such as organic and inorganic polymers.'®2* In such cases,
because the binder often obstructs the liquid—gas flow path and
covers the adsorbent surface, the adsorption rate tends to be lower
because of lower accessibility or contact probability between the
adsorbent and adsorbed substance (gas or liquid, etc.). Therefore, for
improvement of the sorption rate, tuning of the porous structure
including the matrix is important to raise permeability.>%

The IUPAC defines porosity size as presented in Fig. 1 and as
follows: microporous means smaller than 2 nm diameter,
mesoporous is 2—50 nm diameter, and macroporous is larger than 50
nm.* The micropore size determines the PCP basic functions. The
mesopores and macropores formed by the agglomerated secondary
particles and the matrix binder supporting PCPs are important for the
liquid—gas flow path. For adsorbent use in water, the minimum
necessary pore size is larger than sub-micrometer size at atmospheric
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pressure.
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Fig. 1 Schematic presentation of porous designed micro-capsule
beads for practical application.

An organic polymer, metal alginate, has been used frequently as a
supporting material on a matrix or as a matrix itself.**** Alginate and
divalent or multivalent cations form ionotropic gels such as
Ca®'/alginate. One such fabrication, heat-air dried micro-capsule
beads (MCBs) was the MCB of metal

reported®®  and

J. Name., 2015, 00, 1-3 | 1



HEEHRSCIAdvances: sl

COMMUNICATION

hexacyanoferrate (MHCF) became commercially available from
Kanto Chemical Co. Inc.

After the Fukushima Daiichi Nuclear Plant accident in 2011,
practical decontamination studies of radionuclides were conducted
for various targets such as contaminated water, soil, plants, ash, and
sewage sludge.’*>° Radioactive cesium is an especially harmful
nuclear fission product because of its long half-life and large
amounts released to the environment. Therefore, a good adsorbent
material with high Cs selectivity has been requested, even from
water, such as seawater, containing high alkali metal contents. One
potential Cs adsorbent is copper hexacyanoferrate (CuHCF) because
of its high Cs selectivity, high capacity, rapid sorption, good thermal
and radiation stability, low cost, low toxicity, and chemical stability
4043 Additionally, the basic adsorption
performance of the CuHCF was improved by nanoparticulation and

in a wide pH range.

surface modification method, as we reported previously.*** For the
practical use of nanoparticle of CuHCF, such as a column packing
adsorbent (Fig. 1), it is necessary to make it granulate. However, the
granulation is often lowered the adsorption rate because of the slow
diffusion rate of inner beads.

In this paper, our strategy for the improvement of adsorption rate
is to tune the permeability of adsorbent by simple processes, that is,
granulated by MCB method and dried using different processes of
heat-drying (HD) and freeze-drying (FD). FD method has advantage
to keep the original porous structures without degradation. We
discussed the effects on the adsorption rate by desired multi-scale
porous networks used to maintain the liquid—gas flow path.

Fig. 2 Photograph of wet-MCB (a) and dried MCBs, both FD- (b)
and HD- (¢).

Insoluble CuHCF (K,Cus[Fe(CN)g],) slurry 1 was synthesized by
mixing copper (II) sulfate pentahydrate (CuSO4 5H,O) and
potassium hexacyanoferrate (II) trihydrate (K4[Fe(CN)g]-3H,0). For
bead preparation, sodium alginate ((NaCsH;Og),; Kanto Chemical
Co. Inc.) and calcium chloride (CaCl,; Wako Pure Chemical
Industries Ltd.) were used. High-purity water produced using a
Milli-Q integral water purification system was used for all
experiment processes. The CuHCF dispersion solution (6.0 wt%) 2
was prepared by re-dispersing the CuHCF powder 3, which was
obtained by drying 1 with an evaporator, in Milli-Q water, with
stirring by a homogenizer (T.K. Robomix; PRIMIX Corp., Japan) at
16,000 rpm for 10 min. The sol solution of CuHCF 4 was prepared
by mixing 120 g of dispersion solution (6.0 wt%) 2 and 60 g of
sodium alginate solution (3 wt%) (CuHCEF : alginate = 8 : 2). After
the CuHCF sol solution 4 was dropped into the 400 g of calcium
chloride solution (2 wt%), gelation occurs immediately upon the
contact of the alginate and Ca®’, forming homogeneous spherical
beads. The resulting beads were washed with 100 ml of Milli-Q
water four times on a vacuum filter to remove residual ions until the
conductivity of washing solution dropped below 0.4 mS/cm.
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The wet CuHCF-MCB (K,Cu;[Fe(CN)s],-(Ca(CsH;0g),)x 5 (Fig.
2(a)) was dried using two methods. One commonly uses heat-drying
(HD) process 6 drying in 60°C oven for 2 h. (Fig. 2(c)) The other is
a freeze-drying (FD) process 7: 20 g of 5 was quickly frozen by
liquid nitrogen and vacuumed using a freeze dryer (FZ-Compact;
Labconco Corp., USA) for more than 10 h (Fig. 2(b)). Hereafter the
HD- and FD-CuHCF-MCB are abbreviated as HD- and FD-MCB,
respectively.

Chemical compositions of CuHCF powder 3 and HD-MCB 6
ascertained using MP-AES (4100 MP-AES; Agilent
Technologies Inc., USA) with pre-decomposition using a microwave
(MW, Multiwave 3000; PerkinElmer Corp., USA). The crystal
structures of the alginate, CuHCF powder and MCBs were evaluated
using XRD (D2 phazer; Bruker Analytik, Germany) using Cu Ka (A
= 1.54 A) radiation in the 20 range of 10-70°. The crystal-particle
size was evaluated using Scherrer’s equation. General vibrational

WwWere

information was evaluated using FT-IR (Nicolet iS5; Thermo
Scientific, USA) with pellets made from the mixed sample with
KBr.

Cross-sectional images of MCBs were observed with a FE-SEM
(S-4800; Hitachi Ltd., Japan). The SEM images were taken at 5 kV
accelerating voltage after Pt coating (6.5 nm) using an ion sputter
coater (E-1030; Hitachi Ltd., Japan). The porosity, pore size, and its
distribution on MCBs were measured using mercury intrusion
porosimetry (MIP, Autopore IV 9500; Micromeritics, USA) with the
diameter range of 0.0065-423 pm. The pore size was calculated as a
function of pressure using and equation of a report*® of a study using
parameter of Hg surface tension (0.485 N/m) and contact angle
between Hg and the sample (140°).

For kinetic studies, each 37.5 mg (30 mg CuHCF included) of
both MCBs was shaken in 30 mL solutions of different initial Cs"
concentration (1 mg/L) at 25°C and 600 rpm frequency with
intermittent movement for several setting times, 10, 20, and 30 min,
and 1, 4, 8, and 24 h. Additionally, a shaking experiment for the
equilibrium studies was done to achieve equilibrium for 72 h in the
conditions described above. Each 37.5 mg of both MCBs were
shaken in 30 mL of 200 mg/L CsNO; solution for 72 h. The
concentration of residual Cs in the liquid phase was determined
using an ICP-MS (NexION300D; PerkinElmer Inc., USA).

Fig. 3 Cross-sectional FE-SEM images of FD- (a) and HD- (b)
MCB.

Chemical composition analysis revealed that the CuHCF powder
3, HD-MCB 6, and the FD-MCB 7 composition were identical to
that of the HD one, and were determined respectively as
Ky.18Cup.04[Fe(CN)g], and  K;23Cus [ Fe(CN)g],0.34Ca(CsH;0¢),.
The Cu/Fe and K/Fe ratios are 1.47 and 1.09 for CuHCF powder 3,
and 1.52, 1.14 for MCB 6, respectively. No significant difference
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was found between them except for the composition of calcium
alginate. Details of results related to the XRD and FT-IR
measurements are presented in Supplementary Information (SI).
Examinations of FD- and HD-MCB using XRD and FT-IR revealed
that few differences existed before and after granulation. Results
confirmed that the mixing and granulate process with alginate or
drying process of MCB does not affect the CuHCF characteristics or
its nanoparticle size.

The FE-SEM images of the FD- and HD-MCBs are shown in Fig.
3. The macroporous size images differ greatly. Both MCBs have a
structure of the small cells made from alginate polymer and the
nanoparticle CuHCF supported on the cells. In images of HD-MCB
(Fig. 3(b)), however, because the alginate cells are tightly folded and
the CuHCF powders are compressed, little vacant space exists. In
contrast, results from images in Fig. 3(a) confirmed that
macroporous spaces exist in FD-MCB. Here the BET specific
surface area (m*/g) was measured by gas adsorption measurement
(BELSORP-max, MicrotracBEL Corp., Japan) in order to confirm
the space area in the MCBs, and it was calculated by N, adsorption
isotherm at 77K. The value of FD-MCB and CuHCF powder were
obtained to 67 m*/g and 300 m?/g, respectively. On the other hand,
the value of HD-MCB could not be obtained because of the quite
slow equilibrium adsorption. To clarify the porous properties, MIP
was used. It is widely used for characterizing pore volumes and sizes
in porous solids.
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Fig. 4. Porous distribution of FD-MCB and HD-MCB. Cumulative
(left Y axis) and log differential (right Y axis) intrusion volumes of

Pore size diameter (um)

whole range data (a) and 10-50 nm range (set the value to zero the
48 nm of X axis) (b).

In Fig. 4(a), the cumulative and log differential intrusion volumes
by MIP are shown as a function of the pore size diameter.*’ A large
distribution around 1-3 um for FD-MCB is apparent from the log
differential intrusion results, although only a small distribution was
observed for HD-MCB. The micrometer-scale porous distribution
was also confirmed from the FE-SEM images shown in Fig. 3. The
total of cumulative intrusion volume in FD-MCB is almost 27 times
larger than that of HD. Additionally, although the cumulative
volume of mesopores of about 20-50 nm in the FD-MCB was higher
than that of HD-MCB, the volume of HD-MCB increased rapidly
below about 20 nm (Fig. 4(b)). According to the capillary size and
pressure relation, the permeable pore size was calculated from the
surface tension and contact angle of materials. For the Cs adsorption,
water was used as a solvent. The water-permeable minimum pore
radius was estimated as 1.437 um. The water surface tension in
atmospheric pressure is 72.88 mN/m (20°C). The wet state can be

This journal is © The Royal Society of Chemistry 20xx

expressed as @ = 0, as described in SI Relationship between capillary
pressure and pore size. According to the MIP result, the FD-MCB is
suited to water treatment. However, mesopores smaller than 50 nm
are permeable materials with low surface tension, such as CO,.

For this study, Cs adsorption experiments were conducted by
shaking for 72 h with various Cs concentrations. The Cs maximum
sorption capacity ¢m.. (mg/g) of the MCBs was calculated using
Langmuir model fitting.*’ The Langmuir model includes the
assumptions that adsorption occurs at structurally homogeneous sites
and that all sorption sites are energetically identical. The values of
@max are calculated from the slope and are tabulated. The values of
gmax of FD-MCB and HD-MCBs respectively exhibit 172.4 and
169.5 mg/g (Fig. S2).
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Fig. 5 Adsorption rate (%) (a) and the Pseudo-second-order kinetic
model (b) for the Cs" ion sorption onto FD-MCB and HD-MCB.

For evaluation of the adsorption rate of the HD-MCB and FD-
MCBs, Cs adsorption experiments were conducted by shaking for 24
h. Although both MCBs adsorb more than 98% of Cs ions after 24 h,
obvious differences were found between the adsorption rate within 1
h, as presented in Fig. 5(a).

Kinetic models provide useful data to elucidate the sorption
mechanism. Among the many models, pseudo-second-order models
have often been used to calculate adsorbent kinetics.**** A pseudo-
second-order kinetic model is presented and discussed for the
adsorption rate using shaking test data for 24 h. Actually, K, and ¢,
can be determined from the #/g, versus the ¢ plot (Fig. 5(b)). The
calculated pseudo-second-order model parameters are summarized
respectively in Table 1 and SI. Application of the kinetic model to
the adsorption of MCBs revealed that the values of K, by FD-MCB
were improved about 15 times higher than those of HD-MCB. The
results of these adsorption tests demonstrated that marked
differences exist between the adsorption rates of HD- and FD-MCB.
However, the maximum sorption capacity was not so influenced by
the pore size distribution caused by dry processes.

Table 1 Parameters of pseudo-second-order kinetic models

FD-MCB HD-MCB
K, (g/mg-min) 0.0382 0.0026
R? 0.9938 0.9206

Considering the structures and adsorption properties, control of
the micrometer-scale porosity is effective for improving Cs
adsorption. The highly macroporous (micrometer-scale porous)
structure of FD-MCB increases water permeability into the inside of
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alginate cells and the contact changes between the Cs solution and
CuHCF nanoparticles. Consequently, the pore size for water

permeation requires approximately several-micrometer size.

Considering FD-MCB results, the adsorption rate depends strongly
on the pore size because the accessibility or contact probability of
solution including Cs ions toward inner MCB is an important
parameter. As described above, the mesopores also affect ion
diffusion in the secondary particles, as presented in Fig. 1.
Considering these results, mesopores are apparently necessary for
gas phase applications.

In summary, multi-scale porous CuHCF-MCB with a high
adsorption rate was prepared by freeze-drying. Applying pseudo-
second kinetic models to the adsorption of Cs to the CuHCF-MCB,
the K, of MCB by FD process were improved to about 15 times
higher than that of HD process. The rational design and tune porosity
of the textural materials by freeze drying are expected to contribute
to the practical application of various PCP materials.
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