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a b s t r a c t
137Cs and other radionuclides in the wastewater of nuclear energy have caused great harm to the 
environment and human body. Removed of these radionuclides has become one of focuses of 
research. Prussian blue (PB), as an excellent adsorbent for cesium ion, faces the difficulty in recovery 
from water after adsorption. In this article, PB powder was packed in tube-in-tube hollow fiber 
membranes to eliminate the problems of recovery and secondary pollution. The effects of one 
pass-through adsorption and cyclic adsorption in the adsorption of cesium ion were explored. In 
the one pass-through adsorption, the solution contacts with the adsorbent layer for a short time, 
resulting in a low adsorption capacity. For the cyclic adsorption, the adsorption capacity can reach 
36.26 mg g–1. With the increase of PES inner hollow fiber membranes, the flux increases while the 
adsorption capacity decreases. The permeation of solution through the PB layer favors the mass 
transfer of ion to the adsorbent. The tube-in-tube adsorption can solve the recovery problem of 
PB powder and also improve the adsorption efficiency.
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1. Introduction

Nuclear wastewater has serious influences on human 
health and ecological environment [1]. In 2011, the 
Fukushima Daiichi nuclear accident caused widespread 
contamination, with extreme levels of radionuclides in 
the environment. Among these radioactive elements, 137Cs 
is a strong gamma emitter. Due to its long half-life, 137Cs 
is recognized as the most problematic isotope of cesium 
in liquid contaminants [2]. The high solubility of cesium 
causes it migrating to the biosphere via water. In addition, 
it binds easily to terrestrial and aquatic organisms because 
of its chemical similarity to potassium [3]. Meanwhile, 
under natural conditions, cesium exists in the salt lake, 

geothermal water and oil field brine1. The separation of 
cesium from the natural water is also important for utilizing  
cesium.

The treatment methods of radioactive wastewater 
include chemical precipitation, [4] solvent extraction, [5] 
evaporation and ion exchange [6]. Chemical precipitation 
is simple in operation, but its selectivity is poor [7]. Solvent 
extraction also faces the problem of low selectivity [8]. The 
energy consumption of evaporation method is high [9]. 
Ion exchange technology is an advanced technologies due 
to its excellent selectivity, high efficiency and easy opera-
tion, [10,11] and has attracted extensive attentions [12,13]. 
As the first synthetic coordination compound, Prussian blue 
(PB) has the advantages of simple synthesis, low-cost and 
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good stability [14,15]. Ishizaki et al. [16] proposed that the 
mechanism of adsorption of Cs+ by Prussian blue is proton 
exchange, that is, Cs+ ions are chemically adsorbed on the 
defect sites of hydrophilic lattice, and exchange with the pro-
tons of the coordination water. Nevertheless, Prussian blue 
particles are small in size and may cause recovery problem 
and secondary pollution to water bodies [17,18]. Therefore, 
immobilization of PB is usually employed, but these meth-
ods also face the problem of decreased adsorption sites and 
increased mass transfer resistance. To solve these problems, 
in this article, PB powder was packed in tube-in-tube hollow 
fiber membranes. This novel design employs PB powder 
as absorbent with high loading and low internal diffusion 
resistance, eliminating the problems of PB recovery and sec-
ondary pollution. The effects of one pass-through adsorp-
tion and cyclic adsorption modes on the adsorption were  
studied.

2. Experimental

2.1. Materials

Potassium ferrocyanide, ferric chloride, and concen-
trated hydrochloric acid were purchased from Beijing 
Chemical Plant. PTFE, PES, and PVDF hollow fiber ultra-
filtration membranes (Molecular weight cut-off of 15,000–
20,000) were provided by Solvay Company. Salt lake brine 
was provided by Qinghai Salt Lake Co., Ltd., and the con-
centration of Li, Na, K, Rb and Cs is 5,488; 1,879.5; 763.5; 
0.0331 and 0.0305 mg L–1, respectively.

2.2. Preparation of PB

200 mL 0.04 mol L–1 FeCl3 solution containing 1.6 mol L–1 
hydrogen chloride acid was prepared. Then 20 mL 
0.2 mol L–1 K4Fe(CN)6 solution was added in the FeCl3 solu-
tion drop by drop. After stirring vigorously for 2 h, aging 
for 24 h, washing with deionized water for three times, and 
drying in vacuum at 80°C for 12 h, the Prussian blue pow-
der was obtained.

2.3. Preparation of tube-in-tube hollow fiber membranes

PES hollow fiber membranes with an outer diame-
ter of 1 mm and PTFE hollow fiber membranes with an 
inner diameter of 5 mm were used to prepare the tube-in-
tube hollow fiber membranes. Prussian blue particles were 
filled between the two membranes tubes as adsorbent 
(Fig. 1), and both ends of the fibers were sealed with epoxy  
resin.

2.4. Adsorption study

In the one pass-through adsorption, as shown in Fig. 2a, 
the solution first penetrated through PTFE membranes 
and then the Prussian blue layer, and lastly the PES hol-
low fiber membrane. The fluxes and the cesium concentra-
tion of the permeate were measured. In the cyclic adsorp-
tion, as shown in Fig. 2b, the tube-in-tube hollow fiber 
membranes was immersed in cesium solution, and the 
solution first penetrated through the PTFE membranes, 
and then the Prussian blue layer and the PES hollow fiber 

membrane, and lastly returned to the solution tank. The 
samples were taken at 1, 3 and 5 h, respectively, and the 
cesium concentration was determined. For comparison, 
stirring adsorption was also conducted by adding the 
same amount of PB in the same volume of cesium solu-
tion, and adsorbed for 4 h under stirring. The solution 
was centrifuged, and the concentration of cesium was  
determined.

2.5. Characterization

The phase structure of Prussian blue was analyzed by 
XRD (XRD-7000 Shimadzu, Japan), and the morphology of 
Prussian blue powder was observed by scanning electron 
microscope (S-4800 Hitachi High Technology). The cesium 
concentration was determined by ICP-MS (NEXION300X).

3. Results and discussion

3.1. Characterization of PB powder

XRD analysis of the prepared PB powder showed that 
there were diffraction peaks at 17.6°, 24.8°, 35.4°, 39.9°, 43.7°, 
50.9°, 54.2° and 57.5° (Fig. 3a), corresponding to 200, 220, 400, 
420, 422, 440, 600 and 620 crystal planes. It belongs to cubic 
crystal and Fm3m space group, which is consistent with 
literature [19]. According to Scheller’s formula [20],
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where D is the average grain size, K is the Scherrer con-
stant, γ is the X-ray wavelength, B is the half-height width 
of the diffraction peak, and θ is the Bragg diffraction angle.  
The calculated crystalline grain is about 45 nm in size. 
SEM showed that PB particles are irregular and poly- 
dispersed in size (Fig. 3b).

3.2. One pass-through adsorption

In the one pass-through adsorption with the tube-in-
tube hollow fiber membranes, 1.71 g Prussian blue pow-
der were filled between the two hollow fiber membranes 
(12 cm in length, outer membrane area of 18.84 cm2, pack-
ing density of 0.19 g cm–3).100 mL brine was filtered and 

Fig. 1. Tube-in-tube hollow fiber membranes.
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the filtrate was collected for concentration determina-
tion. The penetration rate is slow in the first 400 min, and 
then increases and tends to be stable, with average flux 
of 26.54 L h–1 m2 bar–1. Then, the penetration rate slows 

down due to membrane fouling (Fig. 4a). When the per-
meate volume is less than 30 mL, C/C0 increases signifi-
cantly (Fig. 4b). C/C0 = 0.1 is the penetration point, and C/
C0 = 0.8 is the saturation point. The penetration volume 

Fig. 2. (a) Diagram of one pass-through adsorption and (b) diagram of cyclic adsorption of cesium chloride solution.

Fig. 3. (a) XRD spectra of PB and (b) SEM of PB powder.

Fig. 4. One pass-through adsorption (a) volume-time curve and (b) dynamic filtration curve.
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Vb is 2.08 mL (V1/VPB = 0.3, and V1 and VPB are the volume 
of permeate and PB bed, respectively), and the saturation 
volume Vs is 20.00 mL (V1/VPB = 5.6). The dynamic adsorp-
tion capacity (DC) at 0.1 C0 and 0.8 C0 is expressed as,

DC �
�� �� C C dV

W

V
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 (2)

where V (L) is the permeate volume, C0 (mg L–1) is the initial 
concentration of cesium, C (mg L–1) is the cesium concentra-
tion in the permeate, and W0 (g) is the mass of Prussian blue. 
The dynamic adsorption capacity DC at 0.1 C0 and 0.8 C0 is 
0.53 and 3.15 mg g–1, respectively. In the one pass-through 
adsorption, the residence time of solution in the adsor-
bent layer is short, resulting in the low dynamic adsorp-
tion capacity. Therefore, cyclic adsorption was employed 
in the following section to enhance the contact time of the 
adsorbent with the solution.

3.3. Cyclic adsorption of cesium solution

One piece of PES hollow fiber membrane and two 
pieces of PES hollow fiber membranes were used as inner 

membranes in the tube-in-tube hollow fiber membranes (6 cm 
in length, PB loading of 0.31 and 0.24 g, and packing density 
of 0.067 and 0.053 g cm–3), respectively. First, the pure water 
permeability was measured. Fig. 5a shows that the perme-
ate volume of pure water displays a linear relationship with 
the time. The pure water flux is defined as F (L h–1 m–2 bar–1):

F V
t S p

�
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 (3)

where V is the permeate volume, t is the time, S is the area 
of outer membrane (9.42 cm2), and P is the pressure. 200 mL 
of 1 mmol L–1 cesium chloride solution was adsorbed by 
the cyclic adsorption, and the solution concentration was 
determined at 1, 3 and 5 h by ICP-MS. For comparison, 
stirring adsorption was also conducted by employing the 
same amount of PB (0.31 g) in the same volume of solution 
(200 mL, 1 mmol L–1 CsCl).

With the increases time, C/C0 decreases (Fig. 5c). The 
dynamic adsorption capacity (DC) is defined as (mg g–1),

DC �
�� � �C C V
m
X0  (4)

Fig. 5. Cyclic adsorption (a) volume-time curve, (b) the flux, (c) ratio of residual cesium concentration to the initial concentration 
(The solution in the pipes in the cycling adsorption may result in errors of concentration data), and (d) regeneration and reuse of 
membranes.
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where C0 (mg L–1) is the initial concentration of cesium, 
CX (mg L–1) is the cesium concentration after adsorption, 
V (L) is the solution volume, and m (mg) is the mass of PB. 
The adsorption capacity of tube-in-tube hollow fiber mem-
branes with one piece of PES membranes is 36.26 mg g–1 
at 5 h. This value is higher than those with two pieces of 
PES membranes (32.68 mg g–1) and the stirring adsorption 
(33.31 mg g–1). The increased pieces of PES inner hollow 
fiber membranes in the PTFE outer hollow fiber mem-
brane results in less PB filled and then lower adsorption 
capacity. In the tube-in-tube hollow fiber membranes, the 
solution permeates through the PB layer, and the convec-
tion flow improves the mass transfer of ion to the adsor-
bent, resulting in higher adsorption capacity than that of 
the stirring adsorption. Thus, the tube-in-tube adsorption 
can not only solve the recovery problem of PB, but also 
improve the adsorption efficiency. Hu et al. [21] prepared 
polyurethane foam quaternary composites containing 
Prussian blue, diatomite and carbon nanotubes by growing 
Prussian blue in situ on diatomite, and the removal rate of 
40 mL 100 mg L Cs+ solution can reach 90.62% when the 
dosage of 150 g is added in adsorption. In comparison, 
in this work, nearly 50% removal is attained for adsorp-
tion of 200 mL of 250 mg L–1 Cs+ solution with the dosage 
of 0.3 g, reflecting the efficiency of tube-in-tube hollow 
fiber membranes adsorption. For adsorption of radionu-
clide 137Cs, regeneration of membranes is not required, 
and the used membranes can be stored underground. For 
adsorption of nonradioactive Cs, regeneration of mem-
branes is needed. 100 mL of 0.5 mol L–1 NH4Cl solution 
was used for cyclic elution of the tube-in-tube hollow fiber 
membranes for 5 h. The elution rate was calculated to  
beover 75%.

3.4. Cyclic adsorption of salt lake brine

The tube-in-tube hollow fiber membranes with one 
piece of PES inner membranes (6 cm in length, PB load-
ing of 0.31 g) was also employed in the cyclic adsorption 
of salt lake brine (100 mL, concentration of Li, Na, K, Rb 
and Cs of 5,488; 1,879.5; 763.5; 0.0331 and 0.0305 mg L–1, 
respectively), and the brine concentration was analyzed at 
12 h and 24 h for ICP test. It is found that the concentration 
of cesium decreases with time (Fig. 6a). The pseudo-first- 
order and pseudo-second-order kinetic models were used 
to fit the PB adsorption. The pseudo-first-order adsorption 
kinetics is expressed as [22]:

log log
.

Q Q Q
k t

e t e�� � � � 1

2 303
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where Qe is the equilibrium adsorption capacity of adsor-
bent for cesium (mg g–1), Qt is the adsorption capacity at 
time t (mg g–1), k1 is the first-order adsorption rate constant 
(min–1). The pseudo-second-order adsorption kinetics is 
expressed as follows,

t
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� �
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2
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Fig. 6. Cyclic adsorption with one of PES inner membrane 
(a) salt lake brine adsorption, (b) fitting of pseudo-first- 
order dynamics model, and (c) fitting of pseudo-second-order 
dynamics model.
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where k2 is the second-order adsorption rate constant 
(g mg–1 min–1). Fig. 6b shows the linear fitting of log(Qe–
Qt) to t, and Fig. 6c shows the linear fitting of t/Qt to t, and 
the fitting parameters are shown in Table 1. The results 
show that pseudo-second-order adsorption kinetics can 
better describe the adsorption kinetics (R2 > 0.99), and k2 is 
65.37 g mg–1 min–1, indicating that chemisorption process is 
a rate control step.

4. Conclusions

Tube-in-tube hollow fiber membranes adsorption was 
explored. In the one pass-through adsorption, the residence 
time of solution in the adsorbent layer is short, resulting in 
low dynamic adsorption capacity. In the cycling adsorption, 
the increased pieces of PES inner hollow fiber membranes 
in the PTFE outer hollow fiber membranes results in greater 
flux, less PB filled and lower adsorption capacity. The per-
meation of solution through the PB layer favors the mass 
transfer of ion to the adsorbent. The tube-in-tube adsorp-
tion solves the recovery problem of PB powder, and also 
improve the adsorption efficiency.
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Table 1
Kinetic parameters of cesium adsorption by casing membranes

Kinetic models Parameter Parameter 
value

Pseudo-first-order

Slope 0.043
Intercept 1.56
k1 (min–1) 0.10
R2 0.97

Pseudo-second-order

Slope 0.011E-17
Intercept 4.16E-17
k2 (g mg–1 min–1) 65.37
R2 0.99
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