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a b s t r a c t
A composite adsorbent calcium alginate–ammonium tungstophosphate (Ca(ALG)2–AWP) was 
synthesized by a sol-gel method using ammonium tungstophosphate ((NH4)3PW12O40) as the 
adsorption active component and calcium alginate (Ca(ALG)2) as the matrix. Adsorption and 
desorption behaviors of Li+, Na+, K+, Rb+, Cs+ and Mg2+ were investigated at 25°C comprehensively. 
Under competitive adsorption conditions, the separation factor was in the order of βCs/Mg >> βRb/Mg > βLi/Mg  
~ βNa/Mg ~ βK/Mg explained by considering the hydration radius of metal ions, electrostatic attraction 
and Gibbs free energy. In the column tests, Cs+ exhibited the lowest breakthrough ratio and highest 
selectivity. High quality of CsCl with the content of 82.44 wt% was obtained from the salt lake brine 
after desorption by the mixed solution of 3 mol L–1 NH4Cl and 1 mol L–1 HCl. Therefore, the method 
of column adsorption–desorption by using Ca(ALG)2–AWP was promising to separate and extract Cs+ 
from the salt lake brine with high selectivity and excellent regeneration.
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1. Introduction

Rare metals such as Cs, which has special physical and 
chemical properties, play increasingly important roles in 
many fields such as production of scintillation counter [1], 
optical glass, atomic clocks [2], pharmaceuticals in medical 
treatment [3] and catalysts in chemical reaction [4,5], etc. The 
salt lakes in Qinghai Province and Tibet of China are abun-
dant of Cs resource. However, the concentration of Cs+ is 
extremely low (0.034 mg L–1 in Qaidam salt lake) in salt lake 
brine [6]. And Cs+ coexists with Li+, Na+, K+, Rb+, Mg2+ and 
other ions which have similar physical and chemical prop-
erties with Cs+ [7,8]. The concentration of these symbiotic 
metal ions was generally greater in several orders of mag-
nitude than that of Cs+. Thus, it is difficult to separate and 

extract Cs+ from salt lake brine. Various methods including 
co- precipitation [9], solvent extraction [10] and adsorption 
[11–13] have been used for the separation of Cs+. Among 
these methods, adsorption is an effective method to remove 
metal ions for water purification due to its advantages of 
easy operation, low energy consumption, high efficiency 
and inexpensive equipment [14–16]. Many adsorbents such 
as hexacyanoferrates [17,18], zeolite [19], heteropolyacids 
[20], crown ethers [21] and titanosilicates [22], etc., have been 
investigated to remove Cs+ from the highly active liquid 
waste. Among these reported adsorbents, the heteropolya-
cids (e.g., ammonium tungstophosphate [AWP]) with effi-
cient regenerating ability show a high selectivity toward Cs+ 
[23,24]. However, AWP is not suitable for the practical sep-
aration–extraction process because of its fine powder form. 
Therefore, the granulation of AWP powder by alginate gel 
polymers has been one of the most prominent techniques for 
continuous treatment by the packed column.
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Herein we present the first example of the separation and 
extraction of cesium from salt lake brine by microencapsu-
lated AWP. In this paper, a composite spherical adsorbent 
(calcium alginate [Ca(ALG)2]–AWP) for cesium ions was 
synthesized using AWP as an adsorption active component 
and Ca(ALG)2 as a carrier. The behaviors of adsorption and 
desorption of the typical coexistent ions Li+, Na+, K+, Rb+, Mg2+ 
and Cs+ onto Ca(ALG)2–AWP were investigated. And the 
solid compound of CsCl was successfully recovered from the 
salt lake brine by using the Ca(ALG)2–AWP adsorbent with 
the content of 82.44 wt%.

2. Experimental setup

2.1. Reagents

The following chemicals were used in the synthesis of the 
composite adsorbent: AWP (Beijing Chemical Works, Beijing, 
China), sodium alginate (Sinopharm Chemical Reagent Co., 
Ltd., Shanghai, China) and calcium chloride (Tianjin Baishi 
Chemical Industry Co., Ltd., Tianjin, China). The concen-
trated salt lake brine samples (potassium was removed) 
were collected from Laguocuo playa in Tibet of China. The 
detailed compositions of the real brine (the residual salt lake 
brine) included Li+ (23 g L–1), Na+ (24 g L–1), K+ (27 g L–1), Rb+ 
(0.85 g L–1), Cs+ (0.80 g L–1), Mg2+ (20 g L–1), Ca2+ (0.04 g L–1), 
Sr2+ (0.0003 g L–1), and small amounts of Fe, B, CO3

2– and SO4
2–.

2.2. Preparation of the composite adsorbent

A AWP ((NH4)3PW12O40) exchanger consisting of Keggin 
type [25] polyanions PW12O40

3− and exchangeable NH4
+ was 

used as the adsorption active component. The compos-
ite adsorbent of Ca(ALG)2–AWP was prepared by a sol-gel 
procedure. 30 g AWP powder was dispersed into 150 mL of 
2.5 wt% sodium alginate solution under vigorous stirring 
to get uniform suspensions. The suspensions were pumped 
dropwise into 300 mL 5 wt% CaCl2 solution by a peristaltic 
pump to obtain composite gel beads. After 48 h aging, the gel 
beads were separated from the solution, successively washed 
with distilled water to remove Cl–, and then stored in dis-
tilled water. These wet composite gel beads were used for the 
adsorption experiments.

2.3. Characterization methods

The water content of the wet composite adsorbent 
was measured using a MB45 moisture analyzer (Ohaus 
Corporation, Switzerland) heating at 90°C for 80 min. 
Scanning electron microscopy (SEM) images of the com-
posite adsorbent were taken on a JSM-5610LV SEM instru-
ment (JEOL Ltd., Japan). Before taking the SEM images, the 
adsorbent was dried at 25°C. The solid matters obtained 
from salt lake brine were characterized by energy dispersive 
spectroscopy (EDS) and X-ray diffraction (XRD). The EDS 
spectrum was performed using an INCA instrument (Oxford 
Instrument Co., Ltd., UK). The XRD pattern was collected 
on an X’Pert PRO diffractometer (PANalytical, Netherlands) 
using Cu Kα radiation (λ = 0.15419 nm) over a 2θ ranging 
from 5° to 70°.

2.4. Competitive adsorption experiments for 
the multi-element solution

The competitive adsorption experiments were performed 
by mixing 0.3 g wet Ca(ALG)2–AWP adsorbent with 100 mL 
multi-element solution, where the concentration of each 
metal ion (Li+, Na+, K+, Rb+, Cs+ and Mg2+) was 0.01 mol L–1, 
carried out at 25°C in a water bath (SHA-C, Changzhou 
Guohua Co., Ltd., China) with a shaking speed of 150 rpm.

The concentration of the metal ions was determined using 
an ICS-1100 ionic chromatograph (Dionex Corporation, USA). 
The adsorption amount of the metal ions onto the composite 
adsorbent was calculated by Eq. (1), where q (mmol·g–1) is the 
adsorption amount of metal ions onto the Ca(ALG)2–AWP 
at time t, V (L) is the volume of the multi-element solu-
tion, m (g) is the mass of the dry weight of the adsorbent, 
C0 (mmol·L–1) and C (mmol·L–1) are metal ions concentra-
tion in multi-element solution at the beginning t0 and time 
t, respectively. When the equilibrium solution concentration 
Ce was substituted for C, the equilibrium adsorption amount 
qe was obtained.

q
V C C

m
=

−( )0  (1)

2.5. Column experiments for salt lake brine

Column tests were carried out in the glass tube (inner 
diameter of 1.2 cm and length of 36 cm) densely filled with 20 g 
wet Ca(ALG)2–AWP gel beads at 25°C. Salt lake brine as the feed 
solution was passed through the column at a constant flow rate 
of 0.55 mL min–1 by a peristaltic pump. During loading run, the 
effluent samples were collected periodically and analyzed by the 
ionic chromatograph. The breakthrough curves were obtained 
by plotting the breakthrough ratio (C/C0) against the effluent 
volume (mL), where C0 and C (mol·L–1) are the concentrations 
of the initial feed solution and effluent, respectively. After 
saturation, the desorption of Cs+ from adsorbents in the column 
was performed by using 3 mol L–1 NH4Cl–1 mol L–1 HCl solution 
as an eluent. The flow rate of the eluent was maintained at 
0.16 mL min–1. The effluent was collected periodically and 
measured by ICS-1100, and the elution curve was obtained 
by plotting C (the concentration of Cs+ in the effluent, mol·L–1) 
against the effluent volume (mL). The above run was repeated 
for four cycles. The effluent solution of eluent was collected and 
then pretreated using an evaporation–crystallization technology. 
Then the pretreated solution was dried and calcined in a muffle 
furnace at 400°C for 4 h to gain the solid compound of CsCl. The 
technological process is described explicitly in Fig. 1.

3. Results and discussion

3.1. Characterization of Ca(ALG)2–AWP

The average diameter of the wet Ca(ALG)2–AWP beads 
is about 2 mm as shown in Fig. 2. The water content of the 
wet composite adsorbent was determined to be 67.72 wt%. 
SEM images of the dried Ca(ALG)2–AWP beads are shown 
in Fig. 3. The surface morphology was uniform and the fine 
AWP crystals were well immobilized in the calcium alginate 
gel matrices.
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3.2. Adsorption kinetic curves for competitive conditions

As shown in Fig. 4(a), the uptake of Cs+ is quickly 
increased during the initial 1 h, and the competitive adsorp-
tion reaches equilibrium after 2 h. The equilibrium adsorp-
tion amount was found to follow the order of Cs+ >> Rb+ > 
Li+ ~ Na+ ~ K+ ~ Mg2+ and Li+, Na+, K+, Mg2+ and Rb+ were not 
easily adsorbed. In order to have a detailed comparison for 
the adsorption, separation factors (β) were calculated accord-
ing to Eq. (2) based on the adsorption data at 2 h, where M 
denotes Li, Na, K, Rb or Cs, qM is the equilibrium adsorp-
tion amount of metal ions onto the Ca(ALG)2–AWP beads 
(mmol·g–1), CM is the equilibrium solution concentration of 
metal ions.

Fig. 3. SEM images of the Ca(ALG)2–AWP beads. (a) ×100, (b) ×2,000.

Fig. 2. Photograph of the Ca(ALG)2–AWP beads.
Fig. 1. Technological process of separation and extraction of Cs+ 
from salt lake brine.

Fig. 4. Kinetic curves (a) and separation factors (b) for competitive adsorption.
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βM/Mg = (qM/CM)/(qMg/CMg) (2)

The results are shown in Fig. 4(b) following the order 
of βCs/Mg >> βRb/Mg > βLi/Mg ~ βNa/Mg ~ βK/Mg, which indicate that 
Ca(ALG)2–AWP provides the superior selectivity toward Cs+ 
over all other metal ions. The adsorption mechanism was 
proposed by the ion exchange reaction between Cs+ and NH4

+ 
expressed as Eq. (3):

Ca(A LG)2–(NH4)3PW12O40 + 3Cs+ = Ca(ALG)2– 
Cs3PW12O40 + 3NH4

+
 (3)

The main reasons of the above results are summarized 
as follows: (1) the first one is probably that the hydration 
radius of Cs+ (3.25 Å) just matches the channel diameter of 
[PW12O40]3– anions vacancy. The adsorption amount of the 
metal ions decreases with increasing the hydrated radii of 
the cations, namely, Cs+ (3.25 Å) > Rb+ (3.29 Å) > K+ (3.31 Å) 
~ Na+ (3.58 Å) ~ Li+ (3.82 Å) ~ Mg2+ (4.28 Å) [26]. (2) It may be 
demonstrated by the electrostatic attraction between metal 
ions and [PW12O40]3– anions. The hydrated radii of metal 
ions increasing gradually in the order of Cs+ (3.25 Å) < Rb+ 
(3.29 Å) < K+ (3.31 Å) < Na+ (3.58 Å) < Li+ (3.82 Å) < Mg2+ 
(4.28 Å) [26–28], Cs+ can reach to the adsorbent more closely, 
and therefore [PW12O40]3– anions show the highest affinity 
to Cs+. (3) The relationship between the metal ions and 
adsorbent can be explained by adsorption reaction’s Gibbs 
free energy (ΔG) [29] which is calculated by distribution 
coefficient (Kd) as Eqs. (4) and (5), and the results are listed 
in Table 1. The ΔG value of Cs+ is considerably lower than 
those of other metal ions, indicating significantly higher 

selectivity for Cs+ adsorption onto Ca(ALG)2–AWP than 
those of Rb+, Li+, Na+, K+ and Mg2+:

K
C C V
mCd

e

e

=
−( )0  (4)

∆ = −G RT Kdln  (5)

3.3. Column adsorption and desorption behaviors 
for salt lake brine

The breakthrough curves of metal ions (salt lake brine as 
feed solution) for the four consecutive adsorption–desorption 
cycles are shown in Fig. 5. There was no obvious change in 
the breakpoint and the breakthrough capacity during 1st–4th 
adsorption cycles from Fig. 5. The breakthrough ratio (C/C0) 
of Li+, Na+, K+, Mg2+, Cs+ increased with increasing the effluent 

Table 1
Kd and ΔG for metal ions adsorption onto Ca(ALG)2–AWP at 25°C

Metal ions Kd (mL·g–1) DG (kJ·mol–1)

Li+ 0.499 1.72
Na+ 0.407 2.23
K+ 0.600 1.26
Rb+ 6.02 –4.45
Cs+ 83.2 –11.0
Mg2+ 0.455 1.95

Fig. 5. Breakthrough curves of metal ions for repeated runs.
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volume, which was caused by the increased concentration 
(C) of these metal ions in the effluent. The breakthrough ratio 
of Rb+ at first increased to 120%–140% and then decreased 
to 100%, indicating that Rb+ was firstly adsorbed onto the 
active sites of Ca(ALG)2–AWP and then desorbed from the 
adsorbent. The lowest breakthrough ratio was obtained for 
Cs+ adsorption. The column reached saturation after passing 
about 90 mL feed solution for Li+, Na+, K+ and Mg2+, 270 mL 
for Rb+, and 300 mL for Cs+. These results demonstrated 
that Li+, Na+, K+, Mg2+ and Rb+ were hardly adsorbed while 
Cs+ was easily adsorbed in the column experiments. Thus, 
Ca(ALG)2–AWP showed excellent performance for adsorp-
tive separation of Cs+ from salt lake brine.

Fig. 6 shows the elution curves of Cs+ during the four 
consecutive adsorption–desorption cycles. The desorption 
amount of Cs+ tended to decrease slightly with the increasing 
number of elution cycles, while the profiles of the four elu-
tion curves were almost same. Li+, Na+, K+, Mg2+ and Rb+ were 
not detectable in the effluent in the process of desorption. Cs+ 
was completely desorbed from column with about 400 mL 
3 mol L–1 NH4Cl–1 mol L–1 HCl solution. Here the additional 
HCl was used to prevent the swelling of Ca(ALG)2–AWP 
gel beads [24,30]. NH4Cl–HCl solution has the advantage of 
simultaneous elution and regeneration of Ca(ALG)2–AWP. In 
general, the method of column adsorption–desorption with 
the composite adsorbent of Ca(ALG)2–AWP was proved to 

be effective for the selective uptake and recovery of Cs+ from 
salt lake brine.

The XRD and EDS patterns of the solid matter obtained 
from salt lake brine are shown in Figs. 7(a) and (b), respec-
tively. Dominated CsCl phase with high intensity peaks was 
shown in Fig. 7(a). The major component of CsCl was further 
confirmed by the EDS patterns shown in Fig. 7(b). Minor ele-
ments of K and Na were also found in the EDS patterns. As 
determined by the ICS-1100 and listed in Table 2, CsCl was 
the main product with a high content of 82.44 wt%. These 
results are of great significance in providing guidance for 
extracting Cs+ from the brine resources of salt lakes.

4. Conclusions

The composite adsorbent of Ca(ALG)2–AWP gel beads 
was prepared by the sol-gel method. Under the competitive 
adsorption conditions, Ca(ALG)2–AWP exhibited the highest 
selectivity for Cs+ according to the value of q and β. In the 
column experiments, the lowest breakthrough ratio and 
highest selectivity were obtained for Cs+, and the loaded 
Cs+ onto the composite adsorbent was effectively desorbed 
by 3 mol L–1 NH4Cl–1 mol L–1 HCl, which confirmed the 
composite adsorbent had excellent selectivity and efficient 
regeneration properties. The solid compound of CsCl with a 
content of 82.44 wt% can be obtained from the brine of salt 
lakes. During the 1st–4th absorption–desorption cycles, the 
adsorbent packed in the column showed stable performance 
on breakthrough and elution. The present column  absorption–
desorption technology is a promising approach for the 
separation and extraction of Cs+ from the salt lake brine.

Fig. 7. XRD (a) and EDS (b) patterns of the solid matter obtained from salt lake brine.

Fig. 6. Elution curves of Cs+ for repeated runs.

Table 2
Compositions of the solid matter obtained from salt lake brine

Salts Weight %

LiCl 0.40
NaCl 9.29
KCl 1.54
RbCl 1.82
CsCl 82.44
MgCl2 0.83
CaCl2 2.46
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