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Abstract The adsorption of cesium (Cs) onto Prussian
blue (PB) with different crystallite sizes is investigated to
examine the limitations of the adsorptive penetration of
Cs™ into PB crystallite. The adsorption of Cs™ onto soluble
PB occurs via ion exchange with a charge-compensation
cation like K™, which originally resides in the crystalline
lattice. The ratio of the compensation cation sites that are
replaced by Cs* after adsorption time of 2 weeks sig-
nificantly increases with decreasing crystallite size, mean-
ing that the adsorption occurs only near the surface of the
crystallite during the adsorption time. The depth of Cs™
penetration after 2 weeks is only within approximately
1-2 nm (or 1-2 units of the crystalline lattice) from the
external surface of the crystallite at ambient temperature,
regardless of the crystallite size. Hence, the crystallite size
is the most important factor governing the adsorption
performance.

Keywords
Cesium

Adsorptive penetration - Prussian blue -

Electronic supplementary material The online version of this
article (doi:10.1007/s10450-015-9662-z) contains supplementary
material, which is available to authorized users.

H. Fujita (><)) - A. Sakoda

Institute of Industrial Science, University of Tokyo, 4-6-1
Komaba, Meguro-Ku, Tokyo 153-8505, Japan

e-mail: fujiozon@iis.u-tokyo.ac.jp

R. Miyajima

School of Science and Technology, Meiji University, 1-1-1
Higashimita, Tama-Ku, Kawasaki-City, Kanagawa 214-8571,
Japan

1 Introduction

Prussian blue (PB) and its analogues (PBA) have been
recognized as excellent adsorbents for cesium (Cs) in terms
of its high adsorption selectivity (Fujita et al. 2014;
Mimura et al. 1997; Thanapon et al. 2010). Since the ac-
cident at the Fukushima Daiichi power plant, PB and PBA
have attracted increasing attention as a material for use in
decontaminating the environment. PB is categorized into
two types in terms of its dispersibility and/or its chemical
composition: Insoluble and soluble PBs (Buser et al. 1977,
Itaya et al. 1986; Keggin and Miles 1936; Louise et al.
2013). Also, various kinds of synthesis methods can pro-
vide different sizes and morphologies of crystallites of PB
(Hu et al. 2009, 2012a; Louise et al. 2013; Torad et al.
2012; Wu et al. 2006; Zheng et al. 2007). The post-syn-
thesis etching approach also expanded the possibility of
morphology control of the PB crystallites (Hu et al. 2012b,
c; Torad et al. 2012). On the other hand, the ability of PB to
adsorb Cs varies considerably according to its origin such
as what synthesis method was used, and under what con-
ditions the PB was prepared (Fujita et al. 2014; Ishizaki
et al. 2013; Torad et al. 2012). However, the dominant
reason seems to be still unclear. One of the plausible hy-
potheses is that crystallite size of PB strongly affects the
adsorption performance due to penetration limitation of
Cs* into the crystallite (Fujita et al. 2014; Torad et al.
2012). Our previous study showed that it took quite long
time (more than 2 weeks) to attain the adsorption equilib-
rium onto insoluble PB, even though the crystallite size
employed was likely one of the smallest reported in the
literature (Fujita et al. 2014). This suggested that the ad-
sorption onto much larger crystallites is expected to be
much slower so that it is practically impossible for Cs™ to
penetrate deeply inside the crystallite (Fujita et al. 2014).
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Torad et al. suggested that the adsorptive penetration of
Cs* into the crystallite was limited, demonstrating the lo-
calization of adsorbed Cs™ in the crystallite by elemental
mapping (2012). Moritomo et al. demonstrated by ab initio
calculations that Cs* migration was impossible in the
crystallite (2013). Other literature has also pointed to the
penetration limitation (Omura and Moritomo 2012; Tha-
napon et al. 2010). However, the existing literature lacks
quantitative evidence. Thus, the objective of this study was
to elucidate the limitation of adsorptive penetration of Cs™*
into PB crystallite.

2 Experiment
2.1 Preparation of PB samples

Six kinds of PB with different crystallite sizes were em-
ployed. Five kinds of PB (H;O'IPB-12, K'SPB-14,
K*SPB-18, K"SPB-45, and K+SPB—800) were synthe-
sized, while commercially available PB (NH,"/Na*SPB-
65) was purchased from Kanto Kagaku. The sample names
in this study are derived based on (a) whether the sample is
soluble (SPB) or insoluble (IPB) (b) what kind of cation
was mainly contained, and (c) the crystallite size. Here, we
determined whether the sample was IPB or SPB only in
terms of the content of an alkali cation or NH, ", without
considering its dispersibility. That is, we defined the PB
sample containing an alkali cation or NH,* as an SPB in
this study, while that without an alkali cation or NH4+ as
an IPB. All the chemicals for synthesis were purchased
from Wako. Detailed information regarding the synthesis
method is provided in Supplementary Information (Section
S1).

2.2 Characterization of PB samples
2.2.1 X-ray diffraction measurement

The powder X-ray diffraction (XRD) pattern of PB was
recorded using CuKa radiation by X-ray diffractometer
equipped with a diffracted-beam monochrometer (RINT-
2000, RIGAKU). Crystallite size was calculated by the
Williamson-Hall (WH) method (Georgea et al. 2011).
Detailed information regarding the determination of aver-
age crystallite size is provided in Supplementary Infor-
mation (Section S2).

2.2.2 SEM and TEM observations
Scanning electron spectroscopy (SEM) observation of PB

samples was performed using JSM-7500 (JEOL). Also,
transmission Electron Microscopy (TEM) observation was
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performed. Detailed information is provided in Supple-
mentary Information (Section S3).

2.3 Adsorption experiment
2.3.1 Cs uptake by prepared PB samples

The PB was added to CsCl aqueous solution at the con-
centration of 10,000 mg CsCl/L (0.059 mol-Cs/L) or
20,000 mg CsCI/L (0.119 mol-Cs/L), and then a batch
adsorption experiment was started with shaking the solu-
tion at the rate of 150 rpm at 25 or 60 °C. The ratio of the
PB added to the solution was 10 L/g. After 2 weeks, the PB
was filtrated and rinsed with 50 cc of water 5 times. After
drying at 40 °C for more than 1 day, two methods for
inorganic elemental analysis were performed to obtain the
Cs/Fe and K/Fe ratios.

2.3.1.1 (A) Analysis of Fe by the phenanthroline method
and alkali cations including K* and Cs™ by ion chro-
matography after low-temperature dry ashing of the PB
sample Ten to 30 mg of the PB on a quartz boat was
decomposed by a conventional dry-ashing method at low
temperature using a tubular furnace. To prevent vaporiza-
tion of alkali cation, especially Cs, the temperature was
slowly increased at a rate of 1 °C/min up to 380 °C, and
then maintained for 5 h. In this temperature range, negli-
gible amounts of Cs and K were vaporized (Nonaka et al.
1981, 1985; Tsukada and Nakamura 1999) with complete
decomposition of the organic moiety. After cooling to an
ambient temperature, 1 cc of 5-mol/L. HCl aqueous solu-
tion was added to the ash on the quartz boat, followed by
heating at 250 °C on a hot plate. As a result, complete
drying occurred after complete dissolution of the ash in the
HCI solution, and then a red solid was left on the boat. This
solid was completely dissolved again to 1 cc of 2 mol/L
HCI solution at ambient temperature, followed by dilution
to 50 cc with distilled water (Solution (A)). Then, the
analyses of Fe and alkali cations were performed
separately. Zero to 5 cc of solution (A) was supplied for the
phenanthroline method to analyze the content of Fe. The
concentration of Fe was measured based on JIS K 0400-57-
10. Meanwhile, for the alkali cation analysis, 20 cc of
solution (A) was further diluted to 1L with distilled water
with addition of zero to 0.5 cc of 30 % H,0,, and then
subjected to ion chromatography analysis (conductivity
detector: CDD-10A VP (Shimazdu); column, IC-C4 (Shi-
madzu); mobile phase, 1 mM oxalic acid). The H,0, is
added to completely remove the small amount of Fe®"
dissolved in the prepared solution by oxidizing Fe*" to
Fe3+, as the presence of Fe* hinders accurate determi-
nation of the Cs* concentration due to the peak overlap in
the ion chromatography chart under our experimental
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procedure. By this method, more reliable values of Cs/Fe
and K/Fe ratios are supposed to be obtained than by XRF.
We regarded these values as true Cs/Fe and K/Fe ratios.

2.3.1.2 (B) Analysis of Fe, Cs, and K by X-ray fluorescence
(XRF) spectroscopy Inorganic elemental analysis using
energy-dispersive X-ray fluorescence spectrometer (JSX-
3100R IT JEOL)) was performed without any pretreatment
of PB for the calculation of Cs/Fe and K/Fe molar ratios.
The correlation between true Cs/Fe and K/Fe ratios and
those measured by XRF with the fundamental parameter
(FP) method was investigated using 12 PB samples pre-
pared in this study, and sufficiently accurate values for the
objective of this study were obtained by XRF using this
correlation, as mentioned later. Also, the sample depth to
which XRF can analyze is generally several tens of mi-
crometers, although it depends on the composition matrix
of the sample. The analysis depth is sufficiently greater
than the crystalline size, and thus, we assumed that ele-
mental analysis all over the crystallite is possible using
XRF.

2.3.2 Cs uptake during the synthesis of PB

Cs uptake during the synthesis of PB was also investigated.
This experiment was based on the synthesis method of
K"SPB-800. In 100 cc of distilled water we dissolved
0.6 g of Ky[Fe(I)(CN)¢]-3H,0 and 0.96 g of CsCl. In this
starting solution, the molar concentrations of Cs™ and KT
were the same. Then, 0.3 cc of 10 % NaClO and 1 cc of
35-37 % HCI was added to this solution and kept at 60 °C
with stirring at the rate of 130 rpm for 10 h. Thus, the
filtrated sample was subject to elemental analysis by XRF
to obtain the K/Fe and Cs/Fe ratios.

3 Results and discussion
3.1 Particle structure

Figure 1 shows the XRD patterns. The peaks shown were
all ascribed to the PB. The degrees of peak broadening
were different, meaning that crystallites of different sizes
were successfully prepared. Fig. S1 a and b show an ex-
ample of the peak fitting and the W-H plot, respectively
(see supplementary information). The crystallite size was
calculated by the W—H plot for samples except K"SPB-
800. As for K™SPB-800, the peak width was so narrow that
the calculation of crystallite size by the W-H method
would yield inaccurate results. Hence, the average crys-
tallite size was roughly estimated by SEM observation. The
crystallite sizes are shown in Table S1. As for NH4'/
NatSPB-65, clear observation of an overall image of a
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Fig. 1 XRD pattern of each PB prepared

primary particle (crystallite) by SEM and estimation of
crystallite size by XRD were both possible, as shown in
Fig. S2. As a result, both crystallite sizes obtained were
similar. The same discussion was also carried out in the
literature for much smaller IPB crystallites (Gotoh et al.
2007). TEM images seemed to provide only part of the
overall image of the primary particle, as shown in Fig. S2.
However, its size also seems to be roughly consistent with
XRD results.

3.2 Adsorption
3.2.1 Dependence of adsorption on crystallite size

Figure 2 shows the correlation between K/Fe and Cs/Fe
ratios measured by XRF and their true values. As a result, a
linear correlation was obtained, which allowed sufficiently
accurate measurement of Cs/Fe and K/Fe ratios by XRF to
satisfy the purpose of this study. Hence, the Cs/Fe and
K/Fe ratios were mainly analyzed by XRF using this
correlation.

Figure 3 shows Cs/Fe and K/Fe ratios of PBs with dif-
ferent crystallite sizes before and after the adsorption of
Cs*. The Cs/Fe ratio increased as a result of adsorption,
with (Cs + K)/Fe maintained at almost the same value.
This provided quantitative evidence of Cs™ exchange with
K* for the K-type PBs (K"SPB-14, K*SPB-18, K"SPB-
45, and K*SPB-SOO). As for H3O+IPB-12, Cs™ was
quantitatively found to be exchanged mainly with H;O"
(Fujita et al. 2014; Ishizaki et al. 2013). As for NH,*/
NatSPB-65, the adsorption of Cs* was qualitatively con-
firmed to accompany NH," and Na' release through
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Fig. 3 Cs/Fe and K/Fe ratios before and after the adsorption of Cs (25 °C) (M: K or Cs)

analysis of the supernatant by ion chromatography (data
not shown). Figure 3 also demonstrates that the Cs* con-
centration is so high that the adsorption amount after
2 weeks (adsorption time) is almost independent of the Cs™
concentration under our experimental conditions. It could
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be roughly said that the ratio of Cs™ exchange relative to
the total amount of K* originally residing in the K-type
PBs increased with decreasing crystallite size. This seemed
to provide direct evidence that the adsorptive penetration of
Cs™ is quite limited.
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Here, we discuss the adsorption site of Cs™, focusing on
the fundamental composition, chemical formula and struc-
ture of PB. We emphasize in advance that the following
discussion is not our original contribution but is used widely
for the related fields. However, it seems to be essential for
the adsorption mechanism of Cs* and quite useful for the
whole discussion in this study. Fe(III)>", [Fe(I)(CN)¢]*~,
and alkali cations like K" can be regarded as fundamental
parts of PB. Here, we should check the number of Fe(I1)**
and [Fe(I[)(CN)g]*~ units per unit crystalline lattice
“without lattice defects”, assuming that the lattice structure
is expressed by Fm3 m space group for clarity. Figure 4a
shows a well-known simplified lattice structure of PB,
which can be reproduced by the structural parameters
shown in Fig. 4b-1. In this structure, there are 4 Fe(ID)**
cations and 4 [Fe(I)(CN)¢]*~ anions per unit lattice, which
should give 4 valences of negative charge to the Fe(Il)-C—
N-Fe(III) framework per unit lattice, and thus 4 monovalent
cations are supposed to serve as charge compensation ca-
tions. As a result, 8 elements of sub-cubic cells in the unit
lattice should be half occupied by the monovalent charge
compensation cation, as shown in Fig. 4a. Hence, the K™

Fig. 4 Structural parameters,
chemical composition and
lattice structure of PB

originally residing in the as-synthesized K-type PB can be
regarded as the charge compensation cation, and this site is
considered an adsorption (ion exchange) site of Cs™ from
our experimental results. As a result, the chemical formula
of PB “without lattice defect” is written as
MFe(III)[Fe(I1)(CN)g], where M is an alkali cation or
NH,*. Here, we must mention that PB typically has varying
numbers of [Fe(IN(CN)¢]*~ vacancies (Buser et al. 1977;
Herren et al. 1980; Ishizaki et al. 2013; Louise et al. 2013;
Omura and Moritomo 2012). As a result, the vacancy is an
important factor determining the amount of charge com-
pensation cations, that is, potential adsorption sites; an in-
crease in the vacancy leads to a decrease in the charge
compensation cation sites. Considering this effect, the more
general chemical formula of PB is written as My,.3
Fe(II)[Fe(I)(CN)gl,[1;_o (0.75 < o < 1), where [ is the
[Fe(II)(CN)6]4_ vacancy (Cafun 2010). Many reports have
successfully determined the chemical formula of PB or
PBA from the elemental analysis including ICP-MS, CHN,
etc., using this simple principle of electrical neutrality
(Bleuzen et al. 2008; Cafun et al. 2010; Her et al. 2010;
Kareis et al. 2012; Ishizaki et al. 2013; Matsuda et al. 2012;
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Okubo et al. 2010). As mentioned above, we considered that
the charge compensation cation site was the main adsorp-
tion site of Cs* for “soluble” PB. On the other hand, a
completely opposite hypothesis regarding the adsorption
site for “insoluble PB” was also proposed by Ishizaki et al.
The chemical formula of insoluble PB has been determined
as Fe(Ill)4[Fe(I)(CN)¢]; from the elemental analysis and
Mossbauer spectroscopy, whose value of o corresponds to
0.75 in the above formula (Buser et al. 1977; Herren et al.
1980; Ito et al. 1968). This means that insoluble PB has no
charge compensation cation. Nevertheless, the proton ex-
change mechanism with Cs™ is evidently observed for in-
soluble PB (Fujita et al. 2014; Ishizaki et al. 2013). Ishizaki
et al. proposed an adsorption mechanism for IPB with a
special focus on coordination and crystallization waters in
the lattice defect site to explain the proton exchange
mechanism, and implied that the defect site, that is, the
[Fe(II)(CN)6]4_ vacancy, is the main adsorption site of Cs™
(Ishizaki et al. 2013). Hence, there is a possibility that the
adsorption site might differ completely between soluble and
insoluble PBs. However, at least for the K-type PBs, our
experimental results directly and clearly demonstrated that
not the [Fe(I[)(CN)g]*~ vacancy but rather the charge
compensation cation site was the main adsorption site of Cs.
Hence, we attempt to further advance the discussion mainly
on the adsorption phenomena of K-type PBs, based on this
hypothesis regarding the exchange site. From the above
generalized chemical formula, the maximum value of the
M/Fe ratio is theoretically supposed to be 0.5, in which PB
has no [Fe(II)(CN)G]‘F vacancy, as illustrated in Fig. 3. Itis
reasonable that the measured values of the K/Fe ratio for as-
synthesized K-type PB were lower than this value. The
difference in the amount of the K™ site, that is, the potential
adsorption site, among K-type PBs seemed to be mainly
ascribed to the differences in amounts of the vacancies.
Hence, not the absolute value of the Cs/Fe ratio but the ratio
of exchangeable sites should be the key issue in discussing
the depth of Cs™ penetration. The penetration depth was
roughly estimated with the following assumptions.

e Crystallites are cubic or spherical in shape (See the
SEM or TEM image in Fig. S2).

e K™ sites, that is, possible adsorption sites or vacancies,
are located with constant homogeneity throughout the
crystallite.

e Through adsorption, Cs™ occupies a sub-cubic cell of
the crystalline lattice beginning at the surface and
penetrating toward the core.

As a result, the following equation was given to the
relation among the depth of Cs penetration, d, the crys-
tallite size, L, and the ratio of Cs*-exchangeable K™ sites
to the total original amount of K* sites, Xexchange- This
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formula can be employed regardless of whether the crys-
tallite shape is cubic or spherical, as shown in Fig. 5.

2d\°
Xexchange = I - (1 - I) (1)

The calculated results are shown in Table la. The esti-
mation was not performed for K*SPB-800, because the
average crystallite size could not be obtained by XRD. The
depth of Cs™ penetration after 2 weeks (adsorption time)
was only within approximately 1-2 nm (or 1-2 units of the
crystalline lattice) from the external surface of the crys-
tallite at ambient temperature. This result quantitatively
showed that the penetration after the adsorption time was
limited to just a few layers from the external surface, as for
the K-type PBs. The localization of adsorbed Cs* was also
demonstrated by elemental mapping using TEM-EDX
(Torad et al. 2012). Hence, the smaller the crystallite of PB,
the more effective the adsorption of Cs, as small crystal-
lites have a greater proportion of surface area.

3.2.2 Dependence of adsorption on temperature

Figure 6 shows the dependence of adsorption amount on
temperature. The adsorption amount (adsorption time:
2 weeks) increased with increasing temperature, regardless
of IPB/SPB status, suggesting that the penetration of Cs™
was also limited even for the sample with the smallest
crystallite size (H;O-IPB-12). Prior to this experiment, we
checked the XRD pattern before and after exposure of
H;01IPB-12 to water at 60 °C for 2 weeks, because of the
anxiety about degradative change in the structure of PB. As
a result, negligible change in crystallite size was confirmed
even for the sample with the smallest crystallite size: The
crystallite sizes of H;O"IPB-12 before and after the ex-
posure were 11.7 £ 3.1 and 11.2 £ 1.0 nm, respectively.
Hence, an increase in the Cs/Fe ratio brought by a tem-
perature increase can be interpreted as an increase in the
depth of adsorptive penetration. As for the K-type PBs, the
penetration depth was significantly increased by the tem-
perature increase, as shown in Table 1b. However, even at
60 °C, the penetration was shallow. It was also confirmed
in our previous study that the enhancement of penetration
by temperature increase for H;OIPB-12 appeared in a
different manner; the adsorption rate -more accurately, the
intracrystalline diffusion- was remarkably enhanced by
temperature increase (Fujita et al. 2014). This means that
the activation energy of intracrystalline diffusion is quite
large. Our previous study also showed that the intracrys-
talline diffusion coefficient was extremely small at less
than 3.3 x 1072 m%/s (25 °C). Hence, a possible reason

for the limitation of the Cs™ penetration is the extremely
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L - (L - 2d)3
Xexchange = T

Fig. 5 Relationship among the penetration depth of Cs™, d, the crystallite size, L, and the ratio of exchangeable K™ site, Xexchange

Table 1 Penetration depth of Cs*

K*SPB-14 K'SPB-18 KT'SPB-45

(a) 25 °C
L (nm) 14 18 45
d (nm) 1.3 2.0 1.5
Xexchangee [—](experiment)  0.46 0.53 0.19
Xexchangee [—](calculation)  0.46 0.53 0.19
2d/L[—] 0.19 0.22 0.067
(b) 60 °C
L (nm) 14 18 45
d (nm) 1.5 2.4 2.1
Xexchangee [—](experiment)  0.51 0.60 0.25
Xexchangee [—](calculation)  0.51 0.60 0.25
2d/L[—] 0.21 0.27 0.093

large diffusion resistance due to the strong affinity of Cs™
for the anionic framework: The site-hopping of Cs* once
strongly bound to the adsorption site of PB might be quite
slow or almost impossible, as Thanapon et al. suggested
(2010). Also, Moritomo et al. demonstrated that the po-
tential curve of Cst exhibited a barrier at the window of
the host framework due to the direct atomic repulsive in-
teraction (2013). Hence, the narrow window could also be
a considerable obstacle for the migration of Cs™.

3.2.3 Uptake of Cs during the synthesis of PB

We investigated the Cs™ uptake during the synthesis of PB,
in which the PB framework was not yet built. To the best of
our knowledge, this type of experiment was first attempted
for PBAs by the immediate precipitation reaction method
by Omura et al. (Omura and Moritomo 2012). They
demonstrated the effectiveness of Cs™ uptake during the
synthesis of PBAs (Moritomo et al. 2013; Omura and
Moritomo 2012). However, the uptake selectivity for Cs™
over K* during the synthesis of PB (or PBA) has not been
clearly elucidated, which is supposed to be the key issue in
discussing the intrinsic equilibrium of ion exchange on
K-type PB, as mentioned later. Hence, we performed
similar experiments using a slow reaction to investigate it.
In this synthesis, the main source materials of PB were
Cs*, KT, Fe(Il)**, and [Fe(CN)¢]*~, and molar concen-
trations of Cs™ and K" in the starting synthesis solution
were set to be the same, as mentioned in the Experimental
section. Also, under the synthesis condition, the formation
of soluble PB proceeds quite slowly due to the slow supply
of Fe(III)** such that a quite large crystallite in the range
of several hundred nanometers to several micrometers can
be constructed (Wu et al. 2006), and hence the uptake of
alkali cation could occur thermodynamically rather than
kinetically during the synthesis. As a result, the Cs-type PB
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(a) SEM image of the Cs-type PB

After the synthesis During the synthesis

(b) Cs/Fe and K/Fe ratios after the uptake of Cs*
(Experimental conditions of Cs* uptake by PB after the synthesis:

K*SPB-800 (adsorbent), 59mmol/L (Cs* concentration), 60 °C(temperature))

Fig. 7 Comparison of Cs™ uptake between during and after the synthesis

could be synthesized with little K* contained, meaning that
the uptake selectivity of Cs™ was extremely high even
during the synthesis, as shown in Fig. 7b. This also sug-
gested that the formation of Cs-type PB (or the lattice
containing Cs™) was entirely predominant over that of
K-type PB (or the lattice containing K*). In addition, the
result demonstrated the possibility of deep and highly se-
lective incorporation of Cs* into a large PB crystallite
within 10 h (synthesis period), even in the presence of high
concentration of K in the solution, which was impossible
after the synthesis; that is, after the construction of the
crystalline lattice containing K. The crystallite size of the
Cs-type PB was confirmed to be approximately 200 nm
from the SEM observation, as shown in Fig. 7a. Except for
the uptake selectivity, essentially similar results have al-
ready been reported for PBAs (Moritomo et al. 2013;

@ Springer

Omura and Moritomo 2012). The formation of Cs-type and
K-type PBs is described in the following chemical
equations.

(40 — 3)Cs™ + a[Fe(IT)(CN),]*~ + Fe(IID)**

— Csyy_3Fe(I)[Fe(IN(CN),], (2)
AGCSPB formation

(4 — 3)K* + B[Fe(I)(CN)]* +Fe(tm)**
— Kup—3Fe(IID) [Fe(IT) (CN) ] 4 (3)

AGKPB formation

where AGCSPB formation and AGKP‘B formation aI'® the Gibbs
free energies of formation of Csy, 3Fe(IIN)[Fe(I1)(CN)gl,
and KypsFe(IID[Fe(I[)(CN)¢]p, respectively. Both free
energies should be highly negative, given the stability of
PB in water. Nevertheless, the entire predominance of
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Cs-type PB formation can be interpreted as a large differ-
ence between AGCSPB formation and AC‘KPB formation- HCI‘G,
we assume that the values of o and P are the same. Under
this rough assumption, the Gibbs free energy of ion ex-
change, AGion exchange> €an be described as follows.

(42 — 3)Cs™ + Ky,_3Fe[Fe(CN),]
— (4 — 3)K" 4 Csy,_3Fe[Fe(CN),| (4)
AGion exchange = AGCSPB formation — AGKPB formation

In conclusion, the entire predominance of Cs-type PB
formation during the synthesis should lead to the excellent
adsorption ability of solid PB under adsorption equilibri-
um; the Gibbs free energy of ion exchange is supposed to
be highly negative even in inner layers of the crystallite.
However, the ion exchange could be entirely under kinetic
control for a relatively large crystallite of PB due to the
poor site-hopping ability of Cs™, as shown in Fig. 7b.

4 Conclusion

The adsorption of Cs* onto soluble PB occurs via ion
exchange with a charge-compensation cation like KT,
which originally resides in the crystalline lattice. Hence,
there is a possibility that the mechanism of Cs™ adsorption
onto soluble PB is completely different from that onto in-
soluble PB that is considered to have no charge-compen-
sation cation. Nevertheless, quite slow diffusion of Cs™ in
the crystallite is common to both PBs. All the compensa-
tion cation sites are considered the potential adsorption
sites for soluble PB. However, the ion exchange could be
entirely under kinetic control for a relatively large crys-
tallite of soluble PB due to poor site-hopping ability of
Cs™. The considerable dependence of Cs™ adsorption on
temperature indicates the diffusive process with high acti-
vation energy. The depth of Cs™ penetration into K-type
PB after 2 weeks (adsorption time) is only within ap-
proximately 1-2 nm (or 1-2 units of the crystalline lattice)
from the external surface of the crystallite at ambient
temperature, regardless of the crystallite size. Hence, the
crystallite size is the most important factor governing the
adsorption performance.
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