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Abstract The adsorption equilibrium and kinetics of

cesium ion (Cs?) onto insoluble Prussian blue (PB) pre-

pared by an immediate precipitation reaction between Fe3?

and [Fe(CN)6]4- was investigated under initial Cs? con-

centration of under 0.15 mmol/L. Synthesis conditions in

this method were almost insensitive to the adsorption

ability of insoluble PB, and this method provided one of

the smallest PB crystallites among synthesis methods. Even

when molar concentration 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 solu-

tion, the equilibrium adsorption amount was reduced by

only approximately one-half to two-third of that in the pure

system; that is, the insoluble PB synthesized possessed a

considerably high adsorption selectivity for Cs?. In con-

trast to the excellent adsorption ability under adsorption

equilibrium, adsorption rate was quite slow. It took at least

2 weeks at 25 �C to completely attain the adsorption

equilibrium, even though the primary particle size (crys-

tallite size) and secondary particle size (aggregate size of

the crystallites) were sufficiently small at approximately

14 nm and 53–106 lm, respectively. This slow adsorption

is primarily due to the large resistance of intracrystalline

diffusion; the intracrystalline diffusion coefficient was

extremely small at less than 3.3 9 10-22 m2/s. We also

found that increase in temperature could significantly

decrease this diffusion resistance, resulting in much

quicker elimination of Cs? from the aqueous solution.

Keywords Prussian blue � Adsorption � Cesium �
Immediate precipitation reaction

1 Introduction

Prussian blue (PB) and its analogues have a high adsorp-

tion capacity and selectivity for cesium (Cs) (Thanapon

et al. 2010; Mimura et al. 1997), and hence for decades

have been recognized as an excellent remover of radioac-

tive Cs. Since the accident at the Fukushima Daiichi power

plant, PB has attracted increasing attention as a material for

use in decontaminating the environment. PB can be cate-

gorized into two types in terms of its dispersibility in water

and/or chemical composition: insoluble PB (Fe(III)4

[Fe(II)(CN)6]3; IPB) and soluble PB (KFe(III)[Fe(II)(CN)6];

SPB) (Buser et al. 1977; Louise et al. 2013; Itaya et al. 1986;

Keggin and Miles 1936). PB is generally produced from a

mixture of Fe3? and [Fe(II)(CN)6]4- aqueous solutions or a

mixture of Fe2? and [Fe(III)(CN)6]3- aqueous solutions.

IPB is synthesized under conditions in which Fe3? or Fe2? is

in excess of Fe(II)(CN)6
4- or Fe(III)(CN)6

3- in the solution,

while SPB is synthesized under conditions in which

Fe(II)(CN)6
4- or Fe(III)(CN)6

3- is in excess of Fe3? or Fe2?

(Louise et al. 2013; Richard et al. 1970). They differ in

terms of how colloidal they appear in the aqueous solution

(Buser et al. 1977; Louise et al. 2013). As their names

suggest, SPB has higher dispersibility in water (Buser et al.

1977; Louise et al. 2013), and hence, the IPB seems to be

more advantageous for the adsorption process, because IPB

is easier to recover after the adsorption by solid/liquid sep-

aration. In addition, there are various kinds of synthesis
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methods for PB, including: (1) immediate precipitation

reaction between Fe3? and M4[Fe(CN)6] (Louise et al. 2013;

Pawel 1990; Gotoh et al. 2007; Ishizaki et al. 2013); (2)

oxidation of Berlin white synthesized by the mixing of Fe2?

and M4[Fe(II)(CN)6] aqueous solutions (Louise et al. 2013);

and (3) hydrothermal synthesis from M4[Fe(II)(CN)6] (Wu

et al. 2006; Hu et al. 2009) or M3[Fe(III)(CN)6] (Zheng et al.

2007; Torad et al. 2012). (M is the alkali cation or NH4
?.)

By employing these synthesis methods, PB with different

morphology and crystallite size can be prepared.

Some information regarding the adsorption properties of

Cs? onto PB and its analogues is available in the literature

(Thanapon et al. 2010; Mimura et al. 1997; Hu et al. 2009;

Torad et al. 2012, Faustino 2008). However, the ability of

PB to adsorb Cs? varies considerably according to its

origin such as what synthesis method was used, and under

what conditions the PB was prepared. For example, Ishi-

zaki et al. reported that the adsorption equilibrium differed

significantly between PB synthesized by the immediate

precipitation reaction and that commercially available

(Ishizaki et al. 2013). Torad et al. demonstrated that

adsorption capacity varied considerably according to both

the morphology of the PB and the surface area (Torad et al.

2012). Also, in terms of adsorption kinetics, the period that

it takes to completely attain the adsorption equilibrium has

been reported to range from several hours to several

months (Thanapon et al. 2010; Mimura et al. 1997; Ishizaki

et al. 2013; Torad et al. 2012; Faustino 2008; Ayrault et al.

1998) Furthermore, in many cases, reports do not include

information regarding which PB (IPB or SPB) was used.

Thus, it is very important to systematically summarize the

relationship between the adsorption ability of PB and its

origin, elucidating the detailed structure of the PB

employed, in order to better understand what type or

structure of PB has the best adsorption abilities including

adsorption equilibrium and kinetics.

For this purpose, we aimed to study the adsorption ability

of Cs? onto IPB synthesized by the conventional precipi-

tation reaction between Fe3? and [Fe(CN)6]4- as the first

step. Among various synthesis methods, the immediate

precipitation method is one of the simplest and the most

orthodox. However, the fundamentals of adsorption of Cs?

onto IPB synthesized by this method have not been eluci-

dated clearly. Ishizaki et al. discussed the mechanism of Cs?

adsorption using IPB synthesized by the immediate precip-

itation (Ishizaki et al. 2013). However, the reports included

little information with regard to the adsorption ability of Cs?

in the presence of high concentrations of other competitive

cations like H3O?, K?, etc. Also, information has been quite

limited with regard to adsorption kinetics onto IPB synthe-

sized by this method in the literature.

Therefore, the objective of this study was to elucidate

adsorption equilibrium and kinetics of Cs? onto IPB syn-

thesized by the conventional method using the immediate

precipitation reaction between Fe3? and [Fe(CN)6]4- using

non-radioactive Cs?.

2 Experiment

2.1 Synthesis of IPB by immediate precipitation

reaction

IPB was prepared under three conditions in which Fe2? or

Fe3? was in excess of Fe(II)(CN)6
4- or Fe(III)(CN)6

3- in

the synthesis solution, as shown in Table 1. The aqueous

solution (A) was added drop-wise into the aqueous solu-

tion (B) using a peristaltic pump at ambient temperature

in order to obtain the precipitate of IPB. The precipitated

IPB in the solution was separated by centrifugal separa-

tion, and then rinsed with approximately 100 cc of ion-

exchanged water. This combination of centrifugal sepa-

ration and rinse was repeated 6 times, and the IPB

obtained was then dried on a hot plate at 40 �C. The IPB

appeared as crystallite-aggregated grains (Gotoh et al.

2007) several millimeters in diameter. Obtained IPB

samples were then crushed by mortar and classified by

stainless sieves into smaller particles with a suitable

diameter before each experiment. In this study, IPB-1 was

mainly used in the experiments, while others were used

mainly for comparison. All the chemicals used were

purchased from Wako.

2.2 Characterization of IPB

SEM (Scanning electron microscope) observation was

performed with SEMS-4500 (HITACHI). The powder

X-ray diffraction (XRD) pattern of the synthesized IPB was

recorded on a diffractometer with Cuka radiation (RINT-

2000, RIGAKU). Organic and inorganic element analysis

was performed with a CHN analyzer (PE2400 series

CHNS/O analyzer, Perkin Elmer) and an energy dispersive

Table 1 Synthesis condition of IPB

Aqueous solution (A) Aqueous solution (B)

IPB-1 1.36 9 10-2 mol-K4[Fe(CN)6]�3H2O/L (300 mL) 1.77 9 10-2 mol-FeCl3/L (600 mL)

IPB-2 1.36 9 10-1 mol-K4[Fe(CN)6]�3H2O/L (300 mL) 1.77 9 10-1 mol-FeCl3/L (600 mL)

IPB-3 1.36 9 10-2 mol-K3[Fe(CN)6]/L (300 mL) 1.77 9 10-2 mol-FeCl2�4H2O/L (600 mL)
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X-ray fluorescence (XRF) spectrometer (EDX-800, Shi-

madzu), respectively. Thermogravimetric analysis was also

performed using TGA (DTG-60, Shimadzu) with flowing

100 cc/min of air.

2.3 Adsorption experiment of Cs?

Synthesized IPB was added to 500 cc of aqueous solution

containing Cs? ranging from 0 to 0.15 mmol-Cs?/L, and

then a batch adsorption experiment was started with

shaking at the rate of 150 rpm. The ratio of solution vol-

ume to weight of IPB added ranged from 10 to 30 L/g. In

order to examine the influence of coexisting cation such as

H3O? or K?, HCl or KCl was also added to the solution

and dissolved completely before the adsorption experiment

as necessary. The adsorption amount was calculated by one

of the following two methods:

2.3.1 Case (A): in the absence of coexisting KCl

in the aqueous solution

Cs? concentration in the supernatant was measured by

high-performance liquid chromatography (HPLC) with a

conductivity detector (CDD-10A, Shimadzu), and adsorp-

tion amount was calculated by the following equation:

qðtÞ ¼ VðCo� CðtÞÞ
w

ð1Þ

where q(t) is the adsorption amount of Cs? [mmol/g], V is

the volume of the aqueous solution [L], C0 is the initial Cs?

concentration in the aqueous solution [mmol/L], C(t) is the

Cs? concentration when the sampling of the supernatant is

carried out [mmol/L], w is the weight of PB added [g], and

t is the elapsed time when the sampling was performed.

2.3.2 Case (B): in the presence of KCl in the aqueous

solution

If the concentration of coexisting K? was higher than

0.77 mmol/L, the measurement of Cs? concentration in the

supernatant was difficult under our measuring procedure

because the peak of K? completely overlapped with that of

Cs? in the HPLC chart. Hence, the PB after the adsorption

experiment was filtered and rinsed with a small amount of

ion-exchanged water. The obtained IPB-1 was dried at

40 �C, then subjected to inorganic elemental analysis by

XRF to calculate the adsorption amount of Cs?, as explained

in detail later. Also, the equilibrated concentration of Cs? in

the solution was calculated from this adsorption amount by

following Eq. (2), which is a transformation of Eq. (1):

C tð Þ ¼ C0 �
wqðtÞ

V
ð2Þ

3 Results and discussion

3.1 Characterization of IPB-1

3.1.1 Composition

From the CHN analysis, the weight composition of C, H,

and N were 17.2, 2.93, and 19.4 wt%, respectively. Also,

the thermogravimetric analysis and XRF analysis showed

that 48 wt% of the initial weight of IPB-1 was left as an

inorganic ash after the temperature was increased to

500 �C (data not shown), and that the inorganic element of

the ash was composed of over 98 mol % of Fe. Oxygen

can’t be detected by the energy dispersive XRF. Assuming

that the ash was composed of only Fe2O3 (Zboril et al.

2004), the chemical formula of IPB-1 synthesized was

determined as Fe1.436[Fe(CN)6]�7H2O (exp.: Fe 32.5 wt%

C 17.2 wt% N 19.4 wt% H 2.93 wt%, calc.: Fe 32.5 wt% C

17.2 wt% N 20.1 wt% H 3.35 wt%), which is close to that

of IPB reported in the literature (Fe4[Fe(CN)6]3�XH2O)

(Buser et al. 1977; Louise et al. 2013).

3.1.2 Particle structure

Figure 1 shows an example of an SEM image of IPB-1.

Several 100 lm of particles can be observed, and its surface

is scabrous. However, it was not possible to obtain more

detailed information on the nanostructure of IPB-1 from the

SEM observation. Figure 2a shows the XRD pattern of IPB-

1. The peaks shown were all ascribed to the Prussian blue,

which had the cubic lattice (Buser et al. 1977; Louise et al.

2013; Keggin and Miles 1936), providing absolute evidence

that PB was successfully synthesized. The structure of IPB,

including atomic displacement of Fe, C, N, and O obtained

by the Rietveld refinement, is described in detail elsewhere

(Buser et al. 1977; Louise et al. 2013). As for the XRD

analysis, the lattice constant and crystallite size were cal-

culated after background subtraction by the Sonneveld–

Visser method (Sonneveld and Visser 1975) and removal of

ka2 contribution with the assumption that the peak intensity

ratio of Ka1/Ka2 was 0.5. The lattice constant was calcu-

lated as 1.015 nm by the extrapolation method using Nel-

son–Riley function (Nntsott 1945), as shown in Fig. 2b.

Various values have been reported for the lattice constant of

PB in the literature, ranging from 1.015 to 1.021 nm (Louise

et al. 2013). Hence, the lattice constant seems to change a

little according to the synthesis method and conditions.

Furthermore, as shown in Fig. 2c, crystallite size was cal-

culated as 14 nm using the W–H method (Georgea et al.

2011) where Lorentzian function was employed for peak

fitting in this study. It has been reported that different sizes of

crystallite, ranging from approximately 10 nm to several
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Fig. 1 SEM image of IPB-1

crushed and sieved into

106–200 lm

Fig. 2 XRD pattern of IPB-1

(a: lattice constant [Å], b:

observed FWMH [rad], binst:

instrumental FWMH [rad])
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lm, can be synthesized under different synthesis methods

and conditions (Louise et al. 2013). To the best of our

knowledge, the literature indicates that this method provides

one of the smallest PB crystallites. Gotoh et al. found that PB

synthesized by the immediate precipitation to be approxi-

mately 10 nm in crystallite size, and that the diameter of PB

particles directly observed by TEM was almost consistent

with the crystallite size obtained by XRD analysis (Gotoh

et al. 2007). This means that the primary particle of IPB-1 is

the crystallite, and their aggregate forms a larger grain, i.e., a

secondary particle (Gotoh et al. 2007). As a result, the par-

ticle structure of IPB-1 is hierarchical, as shown in Fig. 3.

3.2 Adsorption experiments

3.2.1 Correlation between the amount of Cs? adsorbed

and the Cs/Fe ratio of the PB after the adsorption

As mentioned above, it is very difficult to measure Cs?

concentration in the supernatant by HPLC when high

concentrations of K? are present. Hence, the amount of

Cs? adsorption was determined by inorganic elemental

analysis of IPB using XRF after the adsorption experiment.

To accomplish this, the relation between the amount of Cs?

adsorbed and the Cs/Fe ratio of the IPB-1 was investigated

in advance. Specially, the adsorption experiment was car-

ried out first without K? in the solution, and then the

amount of Cs? adsorbed was determined by the measure-

ment of the initial and equilibrated Cs? concentrations in

the supernatant by HPLC. Subsequently, the spent IPB-1

was recovered by filtration, and the Cs/Fe ratio was

determined by XRF using the FP (fundamental parameter)

method. Results indicated that the correlation between

amount of Cs? adsorbed and the Cs/Fe ratio was com-

pletely linear, as shown in Fig. 4. This meant that the

amount of Cs? adsorbed by IPB-1 could be accurately

determined by the Cs/Fe ratio measured by XRF using this

correlation, even in the presence of high concentrations of

K? in the solution.

3.2.2 Adsorption equilibrium

Figure 5 shows the adsorption equilibrium Fig. 5a, b

illustrate the influence of coexisting H3O? and K? on the

adsorption equilibrium, respectively. Even though molar

concentration of H3O? or K? was more than 200 times or

Fig. 3 Particle structure of IPB
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more than 50,000 times, respectively, that of Cs? in the

aqueous solution, the equilibrium adsorption amount was

only reduced approximately one-half to one-third of that in

the absence of them, meaning the synthesized PB pos-

sessed an extremely high adsorption selectivity for Cs?.

Figure 6 shows the Cs/Fe and K/Fe ratio of IPB-1 after the

adsorption experiment in the presence of high concentra-

tions (1, 2.6 mol/L) of K? in the solution. As the initial

concentration of Cs? in the solution increased, the Cs/Fe

ratio of IPB-1 also increased, with (Cs ? K)/Fe maintained

at almost the same value. Here, it should be noted that the

K/Fe ratio of as-synthesized IPB was under 0.02. This

suggested that the IPB-1 was able to uptake both Cs? and

K?, and that competitive adsorption occurred at almost the

same site of IPB-1 at this concentration range. Figure 7

shows the relationship between amount of Cs? adsorbed

from the solution onto IPB-1 and that of H3O? released

from IPB-1 to the solution. The Cs? adsorption was mea-

sured by the HPLC of the supernatant, while the amount of

H3O? released was calculated from the difference in pH

before and after the adsorption experiment. This result

confirmed that these amounts are almost the same, although

the amount of Cs? adsorbed was slightly larger than that of

H3O? released. The phenomenon of Cs? adsorption onto

PB accompanying the H3O? release from IPB has also

been qualitatively confirmed in the literature (Ishizaki et al.

2013; Faustino 2008). Our result provided quantitative

evidence that the adsorption of Cs? onto insoluble PB

prepared by the precipitation method occurred mainly via

ion exchange between Cs? with H3O?, which originally

resided in the IPB. As a result of Rietveld refinement of PB

synthesized by the immediate precipitation reaction, the

main adsorption site is considered to be located near the

center of subcubic cell of the crystal lattice (Moritomo and

Tanaka 2013). However, the reason why this site can

selectively adsorb Cs? remains unclear, and further

detailed study of the structure of PB before and after

adsorption is needed for its elucidation.

3.2.3 Adsorption kinetics

The dependence of adsorption rate on the secondary par-

ticle size is shown in Fig. 8. (We emphasize here that the

secondary particle size is not the crystallite size but the size

of the crystallite-aggregated grain.) Regardless of its sec-

ondary particle size, it took more than 2 weeks to com-

pletely reach the adsorption equilibrium. In the literature,

time taken to reach the adsorption equilibrium of Cs? onto

PB or its analogue was reported to range from several

hours to several months (Thanapon et al. 2010; Mimura

Fig. 4 Relationship between Cs/Fe ratio and amount adsorbed of Cs?

(initial pH 5.6, coexisting K? concentration: 0 mmol/L, adsorbent:

IPB-1)

Fig. 5 Effect of pH and K? concentration on adsorption equilibrium

of Cs? onto IPB-1
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et al. 1997; Ishizaki et al. 2013; Torad et al. 2012; Faustino

2008; Ayrault et al. 1998). It can be said that the adsorption

rate of Cs? onto IPB-1 is quite slow. Taking the particle

structure shown in Fig. 3 into consideration, adsorption is

considered to occur via diffusion at the external surface of

the crystallite-aggregated grains, that at the interfaces

between the crystallites (intercrystalline diffusion) and that

in the genuine pore network (intracrystalline diffusion)

(Steffen et al. 2013), and there is a possibility that one of

these is a rate-limiting step. We found that dynamic

adsorption behavior depended little on secondary particle

size, as shown in Fig. 8. This fact suggested that intra-

crystalline diffusion is likely to be close to rate-limiting

step under our experimental conditions (Suzuki 1990a).

Assuming this, adsorption kinetics were analyzed using the

following equations and the boundary condition (Suzuki

1990b; Kärger and Ruthven 1992).

q ¼ kc
1
n ð3Þ

oq

ot
¼ Di

o2q

or2
i

þ 2

ri

oq

ori

� �
ð4Þ

oc

ot
¼ � 3w

riV
Di

oq

ori

� �
ri¼Rio

ð5Þ

t ¼ 0! c ¼ C0; q ¼ q0 ð6Þ

where q is the adsorption amount of Cs? [mmol/g], k and

n are the Freundlich constants, c is the concentration of

Cs? in the solution [mmol/L], Di is the intracrystalline

diffusion coefficient [m2/s], w is the weight of IPB-1 added

into the solution [g], and V is the volume of solution [L], t

is the adsorption time [s], C0 is the initial concentration, qo

is the amount of Cs? adsorbed when the equilibrium con-

centration of Cs? in the solution is C0, ri is the length from

the center of the PB crystallite (assumed to be a sphere),

and Rio is the radius of the crystallite. It was confirmed in

advance that the adsorption equilibrium without K? in the

solution could be expressed by the Freundlich equation (k

Fig. 6 K/Fe and Cs/Fe ratios

after adsorption experiment of

Cs? under coexistence of high

concentration of K? (initial pH

5.6, V/w = 10L/g, M: Alkali

cation (Cs? or K?))
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and n were 0.903 and 5.16, respectively), as shown in

Fig. 5a As a result of the nondimensionalization of these

equations, Di/Rio
2 is the value to be determined (Suzuki

1990b; Kärger and Ruthven 1992). The series of Eqs. (3)–

(5) was solved numerically using Fortran 95. The validity

of the numerical solution was also confirmed in advance by

comparing the solution diagram and the obtained numerical

solution. Here, we must mention that we didn’t investigate

the dependence of Cs? concentration on the adsorption rate

in this study, although the set of equations implies the Cs?

diffusivities to be independent of the concentration. The

value of Di/Rio
2 was determined by fitting the calculation

curve to the experimental data. As shown in Fig. 8, a good

agreement between calculation and experimental data was

obtained when the Di/Rio
2 was 6.7 9 10-6 [s-1]. Also, if we

assume that the Cs? can completely penetrate to the center

of the crystallite, the Di is calculated as 3.3 9 10-22 m2/s,

considering diffusion length was the same with Rio (7 nm).

However, some groups insisted that adsorption was likely

to occur only near the surface in some cases of adsorption

onto Prussian blue analogues (Ayrault et al. 1998; Torad

et al. 2012; Yang et al. 2014). If the penetration of Cs? did

not reach the center of crystallite, the value of Di could be

less than the above value. Also, considering that the lattice

constant is 1.015 nm, and that the crystallite size is 14 nm,

it takes more than 2 weeks for Cs? to penetrate through

only less than 6 or 7 crystal lattice at 25 �C. This meant

that diffusion through each lattice was extremely slow.

Moritomo et al. insisted that the potential curves of large

cations including Cs? exhibit a barrier at the window of the

host framework of Prussian blue analogues (Moritomo and

Tanaka 2013). There is a possibility that this barrier at the

window leads to quite slow diffusion. We again emphasize

that the immediate precipitation reaction provided one of

the smallest crystallites of PB. This suggests that the time

constant of adsorption will be much larger—or deep pen-

etration of Cs? into the PB crystallite will be practically

impossible—in the case of PB with much larger crystallite

Fig. 7 Relationship between amount of Cs? adsorbed and that of

H3O? released to the liquid phase (initial pH 5.6, initial K?

concentration: 0 mg/L, initial Cs? concentration: 0–0.075 mmol/L,

V/w: 10 L/g, adsorbent: IPB-1)

Fig. 8 Dynamic adsorption behavior of Cs onto IPB-1 with different

size of secondary particle (initial pH 5.6, temperature: 25 �C, initial K?

concentration: 0 mmol/L, initial Cs? concentration: 0.0226 mmol/L,

adsorbent: IPB-1)

Fig. 9 Effect of temperature on dynamic adsorption behavior of Cs

onto IPB-1 (initial pH 5.6, initial K? concentration: 0 mmol/L, initial

Cs? concentration: 0.0226 mmol/L, adsorbent: IPB-1, secondary

particle size: 53–106 lm
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size prepared by other synthesis methods. This topic will be

addressed in future research.

Furthermore, Fig. 9 shows the effect of temperature on

dynamic adsorption behavior. The adsorption equilibrium

seemed to have little sensitivity to temperature, because the

C/C0 converged to almost the same value under the

adsorption equilibrium regardless of temperature, as can be

seen in Fig. 9. In contrast, we found that an increase of

only 35 �C could increase the adsorption rate significantly;

at 60 �C, it took only 2 days to attain the adsorption

equilibrium. This suggested that the activation energy of

intracrystalline diffusion is very large, as well as that a

little temperature increase can decrease intracrystalline

diffusion resistance significantly (Steffen et al. 2013). To

the best of our knowledge, this study is the first to find

this significant dependence of adsorption kinetic on

temperature.

3.2.4 Effect of synthesis condition of insoluble PB

on adsorption of Cs?

From the literature, the adsorption ability of PB appears to

differ significantly according to its origin. Hence, we must

discuss the generalizability and applicability of the data

obtained in this study. To accomplish this, the adsorption

ability of IPB synthesized under different conditions was

compared among IPB-1, IPB-2 and IPB-3. We found that

dynamic adsorption behaviors at 60 �C were almost the

same, as shown in Fig. 10b. Also, the peak broadenings of

XRD patterns were almost the same, as shown in Fig. 10a,

meaning they have almost the same crystallite size. From

the comparison between IPB-1 and IPB-2, the concentra-

tions of Fe3? and K4[Fe(II)(CN)6] had little or no influence

on the adsorption behavior of IPB at 60 �C. Also, PB

synthesized by a mixture of Fe3? and [Fe(II)(CN)6]4-

Fig. 10 XRD patterns and

adsorption behaviors of IPBs

synthesized by the immediate

precipitation reaction under

different conditions
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(IPB-1 and IPB-2) is generally called ‘‘Prussian blue’’,

while the PB synthesized by mixture of Fe2? and

[Fe(III)(CN)6]3- (IPB-3) is called ‘‘Turnbull’s blue’’.

Many authors concluded that insoluble Prussian blue and

Turnbull’s blue were the same compounds (Ito et al. 1968);

this study also confirmed that their adsorption abilities

were almost the same at 60 �C. These results suggested that

the synthesis condition of IPB in this method had little or

no effect on the adsorption ability of IPB under the con-

ditions used in this study. We emphasize again that neither

adsorption ability nor crystallite size will be the same if a

synthesis method other than that dealt in this study is used.

4 Conclusion

IPB prepared by the immediate precipitation reaction

between Fe3? and [Fe(CN)6]4- possessed a considerably

high adsorption selectivity for Cs?. In contrast to the

excellent adsorption ability under adsorption equilibrium,

adsorption rate was quite slow. This slow adsorption is

primarily due to the large resistance of intracrystalline

diffusion; the intracrystalline diffusion coefficient was

extremely small at less than 3.3 9 10-22 m2/s. Also, we

found that the temperature increase could significantly

decrease the diffusion resistance, resulting in much quicker

adsorption at relatively high temperature.

References

Ayrault, S., Jimenez, B., Garnier, E., Fedoroff, M., Jones, D.J., Loos-

Neskovic, C.: Sorption mechanisms of cesium on CuII2-

FeII(CN)6 and CuII3[FeIII(CN)6]2 hexacyanoferrates and their

relation to the crystalline structure. J. Solid State Chem. 141(2),

185–475 (1998)

Buser, H.J., Schwarzenbach, D., Petter, W., Ludi, A.: The crystal

structure of Prussian blue: Fe4[Fe(CN)6]3�xH2O. Inorg. Chem.

16(11), 2704–2710 (1977)

Faustino, P.J., Yang, Y., Progar, J.J., Brownell, C.R., Sadrieh, N.,

May, J.C., Leutzinger, E., Place, D.A., Duffy, E.P., Houn, F.,

Loewke, S.A., Mecozzi, V.J., Ellison, C.D., Khan, M.A.,

Hussain, A.S., Lyon, R.C.: Quantitative determination of cesium

binding to ferric hexacyanoferrate: Prussian blue. J. Pharm.

Biomed. Anal. 47(1), 114–125 (2008)

Georgea, A., Sharmaa, S.K., Chawlab, S., Malika, M.M., Qureshia,

M.S.: Detailed of X-ray diffraction and photoluminescence

studies of Ce doped ZnO nanocrystals. J. Alloy. Compd. 509,

5942–5946 (2011)

Gotoh, A., Uchida, H., Ishizaki, M., Satoh, T., Kaga, S., Okamoto, S.,

Ohta, M., Sakamoto, M., Kawamoto, T., Tanaka, H., Tokumoto, H.,

Hara, S., Shiozaki, H., Yamada, M., Miyake, M., Kurihara, M.:

Simple synthesis of three primary colour nanoparticle inks of

Prussian blue and its analogues. Nanotechnology 18,

345609–345615 (2007)

Hu, M., Jiang, J.S., Ji, R.P., Zeng, Y.: Prussian blue mesocrystals

prepared by a facile hydrothermal method. CrystEngComm 11,

2257–2259 (2009)

Ishizaki, M., Akiba, S., Ohtani, A., Hoshi, Y., Ono, K., Matsuba, M.,

Togashi, T., Kananizuka, K., Sakamoto, M., Takahashi, A.,

Kawamoto, T., Tanaka, H., Watanabe, M., Arisaka, M., Nanka-

wad, T., Kurihara, M.: Proton-exchange mechanism of specific

Cs? adsorption via lattice defect sites of Prussian blue filled with

coordination and crystallization water molecules. Dalton Trans.

42, 16049–16055 (2013)

Itaya, K., Uchida, I., Vernon, D.N.: Electrochemistry of polynuclear

transition metal cyanides: Prussian blue and its analogues. Acc.

Chem. Res. 19(6), 162–168 (1986)

Ito, A., Suenaga, M., Ono, K.: Mössbauer study of soluble Prussian
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