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a b s t r a c t
Prussian blue (PB) is an effective adsorbent for separating Cs+. However, the competitive adsorp-
tion behavior of alkali metal ions onto PB was unknown, and the Cs+ adsorption mechanism of 
the PB was controversial. In this work, the adsorption behaviors of alkali metal ions onto prepared 
PB were investigated in single-element and multi-element solutions. The equilibrium adsorp-
tion capacity was in the sequence of Cs+ > Rb+ > Na+, while Li+ and K+ were not adsorbed. Kinetic 
curves of Na+, Rb+ and Cs+ were all better fitted with the pseudo-second-order kinetics model. 
The adsorption isotherms data of Rb+ and Cs+ agreed with the Freundlich model while Na+ fol-
lowed the Langmuir model. It was found that the mechanism for the adsorption of M+ (Na+, Rb+ 
and Cs+) onto PB was H+-exchange and K+-exchange according to ∆C (M+) = ∆C (K+) + ∆C (H+).
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1. Introduction

Rubidium (Rb) and cesium (Cs) are expensive and 
extremely important metal resources, which play an import-
ant role in many fields such as medical treatment, photo-
electric devices, metal ion catalysts, communication, avia-
tion and ceramic industry, etc. In nature, in addition to the 
minerals lepidolite and pollucite, Rb and Cs are reserved 
considerably in salt lake brine, geothermal water and oil-
field water [1]. However, these liquid resources of Rb and 
Cs are still far from being fully explored. The chemical 
composition of salt lake brine is complex and the main 
components are Na+, K+, Li+, Mg2+, Cl– and SO4

2– with a high 
concentration. On the other hand, the physical and chem-
ical properties of Rb+ and Cs+ are very similar to that of 
Na+, K+ and Li+, particularly the hydrated cation radius [2], 
which makes it difficult to separate rubidium and cesium 

with low concentration. Therefore, it is very important to 
develop an efficient method for separation and extraction 
of Rb and Cs in salt lakes.

Currently, the separation of Rb and Cs mainly includes 
precipitation method [3], solvent extraction [4] and adsorp-
tion [5,6]. The precipitation method is not suitable for 
separating Rb+ and Cs+ with low concentrations in salt 
lake brine due to poor efficiency, low purity of the prod-
uct and high cost [7,8]. Although solvent extraction can be 
used to remove Rb+ and Cs+ quickly [9,10], the extractant 
and diluent will corrode the equipment and pollute the 
environment during the extraction process. Adsorption 
has the advantages of a high recovery rate, excellent sep-
aration effect, pollution-free and low energy consumption 
suitable for the separation of low concentration target ions 
in salt lake brine compared with precipitation and sol-
vent extraction. In particular, low-cost and stable Prussian 
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blue (PB), a kind of ferrocyanide, has been effectively 
used as one of the most promising adsorbents to separate 
Cs+ [11,12]. At present, many researches mainly focus on 
the elimination of Rb and Cs from radioactive waste liq-
uid [13–15], and there are few studies on the competitive 
adsorption of alkali metal ions aimed at salt lake brine. 
Moreover, the mechanism of Cs+ adsorption onto PB is still 
a controversial subject. Up to now, there are two different 
viewpoints reported about adsorption mechanisms, the 
one is Cs+ adsorbed onto PB by exchange with H+, Na+, K+ 
[16,17], and the other is Cs+ incorporated into PB crystal-
line structure as an ion-pair with anion [18,19].

In order to understand the alkali metal ions adsorption 
mechanism in the competitive system, the adsorbent of PB 
was synthesized, and the competitive adsorption proper-
ties, the kinetic curves and isothermal performances were 
conducted via batch adsorption experiments in this work.

2. Experimental section

2.1. Materials

Lithium chloride (LiCl), sodium chloride (NaCl), potas-
sium chloride (KCl) and potassium hexacyanoferrate 
(K4[Fe(CN)6]) were purchased from Tianjin Baishi Chemical 
Industry Co., Ltd., China. Rubidium chloride (RbCl), cesium 
chloride (CsCl) and iron(III) chloride (FeCl3) were sup-
plied by Sinopharm Chemical Reagent Co., Ltd., China. All 
reagents were analytical grade without further purification. 
All aqueous solutions were prepared with distilled water.

2.2. Synthesis of Prussian blue

PB was synthesized by addition of 50 mL 0.6 mol L–1 
aqueous solution of K4[Fe(CN)6] to 40 mL 1 mol L–1 aque-
ous solution of FeCl3 under vigorously stirring for 10 min. 
The resulting blue slurry was separated via filtration by 
a vacuum pump and washed several times with distilled 
water. Finally, the separated precipitate was allowed to 
dry in a drying oven to obtain the powder of PB adsorbent 
and then carefully ground using an agate mortar.

2.3. Characterization of materials

The elemental composition of the PB samples was 
observed by an Oxford INCA energy dispersive spectros-
copy (EDS, Oxford Instruments Ltd., UK). X-ray diffrac-
tion (XRD, PANalytical, Netherlands) measurements were 
conducted with an X’Pert PRO diffractometer using Cu-Kα 
radiation at 40 kV and 30 mA over a 2θ range from 5° to 
70°. X-ray photoelectron spectrometry (XPS, Thermo Fisher 
Scientific Ltd., USA) was performed with an ESCALAB 
250Xi. The SEM analysis was got using Hitachi Regulus8100, 
and the PB sample was coated with Au using Oxford 
Ultim Max 65. Surface area of PB powder was performed 
using a Micromeritics ASAP 2460.

2.4. Adsorption experiments

0.1 g PB was added into 10 mL alkali metal ion solu-
tion (ranging from 4 to 100 mmol L–1 for each metal ion) 
in a sealable plastic tube, stirred using a SHA-C shaker 

(Changzhou Guohua Co., Ltd., China) under constant con-
ditions (25°C, 155 rpm). The concentration of the alkali 
metal ions was investigated using an Optima7000DV 
inductively coupled plasma atomic emission spectrometry 
(ICP-AES, PerkinElmer Ltd., USA). The adsorption capac-
ity (q, mmol g–1) of the alkali metal ions onto PB was cal-
culated by Eq. (1), where C0 (mmol L–1) and C (mmol L–1) 
are the concentration of alkali metal ions at the beginning 
t0 and time t, respectively, V (L) is the volume of the solu-
tion, and m (g) is the mass of the PB adsorbent.

q
V C C

m
=

−( )0  (1)

To understand the rate of adsorption, the equilibrium 
adsorption capacity, the detailed adsorption behavior and 
adsorption mechanism, the adsorption kinetics and iso-
therm models were studied. Linear pseudo-first-order 
and pseudo-second-order kinetic models corresponding 
to Eqs. (2) and (3), respectively, were used to investigate 
the kinetic behavior of alkali metal ions on PB, where t 
(h) is the contact time, k1 (h–1) and k2 (g mmol–1 h–1) are the 
adsorption rate constants, and qt and qe (mmol g–1) are the 
adsorption capacity at time t and equilibrium, respectively.
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t
q k q

t
qt e e

= +
1

2
2  (3)

Langmuir and Freundlich isotherms were described 
using linear forms of Eqs. (4) and (5), respectively, where 
Ce (mmol L–1) is the equilibrium concentration of alkali 
metal ions in the solution, qm (mmol g–1) is the maximum 
adsorption capacity of PB, b (L mmol–1) is the Langmuir 
isotherm parameter, k and n are the Freundlich isotherm 
parameters.
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0.5 g PB adsorbent was mixed with 50 mL salt lake brine 
in Laguocuo playa of Tibet in China, carried out at 25°C 
in a water bath with a shaking speed of 155 rpm. The ini-
tial (C0) and equilibrium (Ce) concentration of the metal 
ions in salt lake brine were determined using an ICP-AES.

3. Results and discussion

3.1. Characterization of PB

Fig. 1a shows the XRD pattern of PB, whose character-
istic diffraction peaks at 17.5°, 24.6°, 35.2° and 40.0° corre-
sponded to the (200), (220), (400) and (420) crystal planes, 
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respectively [13,20]. Oxygen and potassium existed in the 
PB crystal from EDS pattern as shown in Fig. 1b, reveal-
ing there being crystallization water molecules and lattice 
defect sites related to the presence of K+ from K4[Fe(CN)6] 
[21]. As shown in Fig. 1c, the particle size distribution of 
PB powder was about several microns to several tens of 
microns. The BET specifc surface area of PB powder was 
160.5305 m²·g–1 calculated by the Brunauer–Emmett–Teller 
(BET) method from the N2 adsorption isotherm data.

3.2. Adsorption kinetics

The adsorption kinetics experiments were carried 
out to investigate the equilibrium time for the adsorption 
of Li+, Na+, K+, Rb+ and Cs+. As shown in Fig. 2, initially, 
adsorption capacity increased rapidly with the increase 
of adsorption time and finally reached a plateau. The 

adsorption capacity increased in the order of Li+ ~ K+ < Na+ 
< Rb+ < Cs+, and Li+ and K+ were hardly adsorbed onto PB 
in the single-element system and multi-element system. 
Furthermore, PB scarcely adsorbed Na+ in the multi-ele-
ment system (Fig. 2b). It was also clear that the adsorp-
tion of Na+, Rb+ and Cs+ reached equilibrium at 4, 48 and 
48 h, respectively. According to the equilibrium time, the 
adsorption rate of Rb+ and Cs+ was slower than that of 
Na+. However, PB showed the highest selectivity toward Cs+.

From Fig. 2b, the capacity of adsorption as nega-
tive values for K+ gradually decreased with the passage 
of time. This signified that the elevated concentration of 
K+ caused by the release of K(I) (existed in the PB crystal 
lattice spaces) into the adsorption solution systems.

The experimental kinetics data of Na+, Rb+ and Cs+ were 
fitted using pseudo-first-order and pseudo-second-order 
rate models as shown in Fig. 3. The kinetic constants of qe, 

 
Fig. 1. The XRD pattern (a), EDS pattern (b) and SEM pattern (c) of PB.

Fig. 2. Effect of time on the adsorption capacity at 25°C in the single-element system (a) and multi-element system (b). 
Initial concentration of Li+, Na+, K+, Rb+, Cs+ = 10 mmol L–1.
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k1 and k2 were calculated based on the intercept and slope 
of the fitting curves as indicated in Table 1. The correla-
tion coefficients (R2) for pseudo-first-order kinetics model 
were lower, which demonstrated that the diffusion was 
not the rate-determining step [22]. The adsorption pro-
cesses of Na+, Rb+ and Cs+ all conformed to the pseudo- 
second-order kinetics model on the basis of the correlation 
coefficients (Table 1). In addition, the calculated values 
(qe,cal) through the pseudo-second-order model were more 
consistent with the experimental equilibrium adsorption 
capacity (qe,exp). These results implied that chemisorption 
was the rate-limiting step [22,23]. Moreover, k2 of Rb+ was 
close to that of Cs+, and both were slightly small, signify-
ing that the adsorption rate of Rb+ and Cs+ onto PB was 
slower. k2 of Na+ was much higher than that of Rb+ and Cs+, 
which agreed with the adsorption equilibrium time of the  
three ions from Fig. 2.

3.3. Adsorption isotherms

To further understand the adsorption capacity of Na+, 
Rb+ and Cs+ onto PB, the isotherms experiments with vari-
ous concentrations of a single metal ion were carried out 
at 25°C. The equilibrium adsorption capacity was arranged 

in the following sequence of Cs+ > Rb+ > Na+ from the 
equilibrium adsorption isotherms as illustrated in Fig. 4.

The isotherms were fitted by Langmuir and Freundlich 
models as depicted in Fig. 5, and the calculated Langmuir 
and Freundlich constants are shown in Table 2. According 
to the correlation coefficients, the experimental data of sin-
gle-element systems for Na+ was an acceptable fit with the 
linear plot of the Langmuir model belonged to single layer 
adsorption, while Rb+ and Cs+ were in good agreement 
with the predicted Freundlich model belonged to multi-
layer adsorption. The fitting data of qm (1.36 mmol g–1) cor-
related well with the experimental results (1.30 mmol g–1). 
Ordinarily, the higher the n parameters representing the 
greater adsorption strength, it was generally difficult to 
adsorb when n < 0.5 [22,24]. From Table 2, the value of n 
being approximately 7 was far larger than 0.5, which meant 
a favorable adsorption process for Rb+ and Cs+ onto PB.

3.4. Adsorption mechanism

3.4.1. Ion exchange mechanism

Fig. 6 shows the XPS spectra of PB before and after 
adsorption. It can be seen that there were C1s, N1s, O1s, 

Fig. 3. Fitting curves of pseudo-first-order and pseudo-second-order rate models for Na+ in single-element solution (a), Rb+ in 
single-element solution (b), Rb+ in multi-element solution (c), Cs+ in single-element solution (d), and Cs+ in multi-element solution (e).

Table 1
Kinetic parameters of Na+, Rb+ and Cs+ onto PB at 25°C

System Metal 
ion

qe,exp 

(mmol g–1)
Pseudo-first-order model Pseudo-second-order model

qe,cal (mmol g–1) k1 (h–1) R2 qe,cal (mmol g–1) k2 (g mmol–1 h–1) R2

Single-element
Na+ 0.320 0.050 1.62 0.6909 0.323 85.96 0.9999
Rb+ 0.670 0.312 0.07 0.9225 0.667 1.13 0.9942
Cs+ 0.727 0.218 0.10 0.8818 0.729 2.67 0.9994

Multi-element
Rb+ 0.248 0.123 0.07 0.8173 0.249 2.78 0.9942
Cs+ 0.656 0.286 0.10 0.7428 0.660 1.65 0.9987
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Fe2p and K2p peaks in the spectra, indicating that K+ was 
introduced into PB adsorbent during the preparation pro-
cess consistent with the EDS characterization. Na1s, Rb3d 
and Cs3d peaks appear in Fig. 6b–d, respectively, demon-
strating Na+, Rb+ and Cs+ effectively adsorbed onto PB. 
From Fig. 6e, the peak of Cs3d was strong while the peak 

Fig. 4. Adsorption isotherms for single Na+, Rb+ and Cs+ onto PB 
at 25°C. Initial concentration of Na+, Rb+, Cs+ = 4, 8, 10, 20, 40, 80, 
100 mmol L–1.

Fig. 5. Adsorption isotherm models for single Na+ (a), Rb+ (b) and Cs+ (c) onto PB.

Table 2
Isotherm model parameters of single Na+, Rb+ and Cs+ adsorp-
tion onto PB at 25°C

Metal 
ion

Langmuir Freundlich

qm 

(mmol g–1)
b 
(L mmol–1)

R2 k n R2

Na+ 1.36 0.203 0.9988 0.486 4.33 0.8601
Rb+ 1.34 0.558 0.8367 0.760 7.25 0.9545
Cs+ 1.47 0.665 0.6625 0.837 6.91 0.9280

Fig. 6. XPS spectra of PB before adsorption (a), after adsorption single Na+ (b), after adsorption single Rb+ (c), after adsorption single 
Cs+ (d) and after adsorption multi Na+, Rb+ and Cs+ (e).
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of Rb3d was weak, and the peaks of Na and Li were not 
observed, which was in good agreement with the experi-
mental results of kinetic curves.

Fe3+ in the solution of FeCl3 could hydrolyze to pro-
duce plenty of H+. In the process of preparation of PB, 
H+ was incorporated in PB lattice to compensate for the 
negative charges [25,26]. The pH values of the solutions 
determined by a pH meter (PB-10, Sartorius Scientific 
Instruments (Beijing) Co. Ltd.) all decreased after adsorp-
tion from Table 3, which was due to the ion exchange 
between H+ in PB lattice and alkali metal ions in adsorp-
tion solution, defining it as a type of H+-exchange reac-
tion. The concentration of K+ increased in solution after 
adsorption, indicating that an ion exchange reaction of 
K+ in PB lattice with M+ (Na+, Rb+ and Cs+) as a type of 
K+-exchange. The sum of the increments of H+ and K+ was 
approximately equal to the decrement of alkali metal ions 
as listed in Table 4. Consequently, the adsorption mech-
anism of Na+, Rb+ and Cs+ for PB was H+-exchange and  
K+-exchange.

In Fig. 7, it could be seen that the diffraction peak posi-
tions were not changed after the alkali ions adsorption. 
However, the intensity ratios of the (200) crystal plane sig-
nal tended to become weaker and wider after the single 
Cs+ (Fig. 7d) and multi alkali ions adsorption (Fig. 7e). The 
XRD diffraction peak intensity of PB with adsorbed Na+ 
and Rb+ was unchanged from Fig. 7b and c. It was likely 
that Cs+ could be adsorbed throughout the crystal lattice 
spaces, while Na+ and Rb+ probably sited on the crystal 
surface without getting into the crystal lattice structure [17].

Little change in the concentration of Cl– was measured 
by an ion chromatograph (ICS-1100, Dionex Corporation) 
from Table 5. Thus, the mechanism of Na+, Rb+ and Cs+ 
sorption by PB was not attributed to the incorporation 
of ion pairs with alkali ions and a coordinating anion Cl– 
into vacant sites of the PB lattice.

3.4.2. Sieve effect in the ion exchange

As provided in Table 4, ∆C (K+) was 3.05, 5.00 and 
3.20 mmol L–1 for Na+, Rb+ and Cs+ in the single-element sys-
tem, respectively, making clear that the exchange amount 
between K+ and Rb+ was the largest, which may be because 
of their very similar physicochemical properties [27]. There 
was almost no ion exchange between H+ and Na+, while the 
ion exchange between H+ and Cs+ was more easier accord-
ing to ∆C (H+), since the smaller hydration cation radius of 
Cs+ may be more suitable for PB lattice spaces in size. The 

Fig. 7. XRD patterns of PB: Before adsorption (a), after adsorp-
tion single Na+ (b), after adsorption single Rb+ (c), after 
adsorption single Cs+ (d) and after adsorption multi Na+, Rb+ 
and Cs+ (e).

Table 3
The pH values of adsorption solution

Single-element system Multi-element 
systemNaCl 

solution
RbCl 
solution

CsCl 
solution

Before 
adsorption

6.29 6.58 7.00 6.58

After 
adsorption

3.48 2.72 2.39 2.47

Table 4
Changes in ion concentration (∆C) in adsorption solution before and after adsorption

Single-element system (mmol L–1) Multi-element 
system (mmol L–1)NaCl solution RbCl solution CsCl solution

∆C (M+) 3.21 6.83 7.34 9.26
∆C (K+) 3.05 5.00 3.20 5.78
∆C (H+) 0.33 1.89 4.07 3.40

Table 5
The concentration of Cl– in adsorption solution before and after 
adsorption

Single-element 
system (mmol L–1)

Multi-element 
system (mmol L–1)

NaCl RbCl CsCl

Before 
adsorption

11.11 10.52 10.65 48.18

After 
adsorption

11.76 10.59 10.13 48.62
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hydration cation radius of the alkali ions was ranked by 
Cs+ (3.25 Å) < Rb+ (3.29 Å) < K+ (3.31 Å) < Na+ (3.58 Å) < Li+ 
(3.82 Å) [11,15,28]. Therefore, Rb+ was more prone to 
the K+-exchange reaction, while Cs+ was more prone to 
the H+-exchange reaction due to the ion sieve effect.

3.5. Adsorption behaviors for salt lake brine

From Table 6, the concentration of metal ions except 
K+ decreased after adsorption, the reduction very small 
for Li+, Na+ and Mg2+, more than doubled for Rb+. Cs+ was 
not detected after adsorption equilibrium in salt lake 
brine. It was indicated that the adsorption ability of PB 
increased in the order of Cs+ > Rb+ > Li+ ~ Na+ ~ Mg2+ > K+. PB 
could be used to recover Cs+ from the salt lake brine.

4. Conclusions

The adsorption of Li+, Na+, K+, Rb+ and Cs+ had been 
studied for the single-element and multi-element systems 
using prepared PB. The adsorption capacity followed the 
sequence of Cs+ > Rb+ > Na+ >> Li+ ~  K+. Na+, Rb+ and Cs+ 
in single-element and multi-element systems were in good 
agreement with the pseudo-second-order kinetics model, 
indicating that the chemisorption was the rate-limiting 
step. The isotherm studies indicated that Na+ matched the 
Langmuir model well acting as single layer adsorption 
while Rb+ and Cs+ matched the Freundlich model by multi-
layer adsorption.

The mechanism of Na+, Rb+ and Cs+ adsorption onto 
PB was ion exchange with K+ and H+ existing PB crystals 
quantitatively demonstrated by the equation ∆C (M+) = ∆C 
(K+) + ∆C (H+). As a result of the sieve effect in the ion 
exchange, Rb+ was similar to K+ in physicochemical prop-
erties leading to the selectivity sequence of Rb+ > Cs+ > Na+ 
for ion exchange with K+, whereas the sequence for ion 
exchange with H+ was Cs+ > Rb+ > Na+ owing to the size 
of hydration cation radius. The mechanism of ion pairs 
incorporation into PB lattice was denied on account of 
the unchanged concentration of Cl– after adsorption.
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