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Abstract: Adsorption is an effective method to remove cesium and strontium from a solution. Al-
though a variety of adsorbents has been reported, it is difficult to compare their adsorption properties
due to different experimental conditions (such as solution concentration, volume, composition, tem-
perature, etc.). In this paper, a series of adsorbents for the adsorption of cesium and strontium
(ammonium phosphomolybdate, Prussian blue, sabite, clinoptilolite, titanium silicate) were synthe-
sized and characterized using XRD, IR and SEM, and their adsorption performance in mixed solution
(containing Li, Na, K, Cs, Ca, Sr and Mg ions, 1 mmol L−1), artificial seawater and salt lake brine
were studied under the same conditions; in addition, the adsorption mechanism was elucidated. The
results showed that ammonium phosphomolybdate has the largest adsorption capacity for cesium
in the mixed solution. In artificial seawater and salt lake brine, Prussian blue displays the highest
cesium adsorption capacity and the best selectivity. The multi-adsorption mechanisms are beneficial
to the selective adsorption of Prussian blue in complex solutions. These results are useful for choosing
adsorbents for cesium and strontium in applications.
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1. Introduction

Nuclear energy has developed rapidly in the past few decades and provides an
important kind of energy for the increasing demands of mankind. However, the cesium
and strontium produced by nuclear power plants emit extremely high gamma radiation and
fission yields. Improper disposal of nuclear waste will result in the release of radionuclides
into the environment. The main ways for radioactive materials to enter the human body
include drinking water contaminated with radioactive water, eating fish cultured in water
bodies contaminated with radioactive water, and eating crops irrigated by water bodies
contaminated with radioactive water [1,2]. Cesium and strontium can easily enter the
human body through the food cycle, causing serious adverse effects on human health and
environment. Therefore, the removal of cesium and strontium from nuclear waste water
has become a research hotspot. On the other hand, as a highly dispersed metal element,
cesium usually coexists with other alkali metals in the salt lakes, geothermal waters and oil
field brines under natural conditions [3,4]. Separation of cesium from other alkali metals is
one of the most difficult problems due to their close similarity in physical and chemical
properties [5,6].

The methods for removing cesium and strontium include chemical precipitation,
solvent extraction, evaporation and adsorption [7]. Among them, adsorption is considered
an effective and cost-effective method [8,9]. Many kinds of adsorbents for cesium and
strontium have been reported in the literature, such as ammonium phosphomolybdate
(AMP) [10], ferric ferrocyanide (PB) [11], chabazite (CBT) [12], clinoptilolite (CPT) [13] and
sodium titanium silicate (CST) [14]. For example, herschelite was used for the removal of
Cs to treat the highly contaminated water at Fukushima Daiichi Nuclear Power Station
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(seawater was injected into the reactors to cool the damaged reactor core) [15]. At Three
Mile Island Unit 2 (TMI-2), chabazite and A-type zeolite were packed into a vessel to
remove radioactive Cs and Sr from water contaminated by the nuclear accident [16].

Nevertheless, due to the different adsorption conditions (e.g., solution concentration,
volume, composition, temperature, adsorbent amount, etc.), it is difficult to compare the
adsorption performance of different adsorbents reported by different laboratories, resulting
in difficulty in choosing adsorbents. In this paper, a series of adsorbents were synthesized,
and their adsorption performance for cesium and strontium in mixed solutions (containing
Li, Na, K, Cs, Ca, Sr, and Mg ions, 1 mmol L−1), artificial seawater and salt lake brine was
studied, under the same conditions, and the adsorption mechanism was elucidated. These
results are helpful for choosing adsorbents for cesium and strontium in applications.

2. Experimental Section
2.1. Materials

Ammonia chloride, ferric trichloride, potassium hexacyanoferrate, sodium hydroxide,
sodium chloride, anhydrous calcium chloride, magnesium chloride hexahydrate, lithium
chloride, potassium chloride, cesium chloride, TLC silica gel, aluminum foil, clinoptilolite,
tetrabutyl titanate (97%), and tetrabutyl orthosilicate (99%) were of analytical grade and
purchased from Beijing Chemical Plant (Beijng, China).

2.2. Preparation of AMP

A total of 9.13 g phosphomolybdic acid was used to prepare 25 mL of 0.2 mol L−1

phosphomolybdic acid solution. In total, 25 mL of 0.2 mol L−1 ammonium chloride solution
was added in phosphomolybdate solution and reacted for 2 h under stirring. Ammonium
phosphomolybdate precipitate was obtained and dried at 80 ◦C in vacuum for 12 h.

2.3. Preparation of PB

A total of 2.16 g FeCl3 was used to prepare 200 mL of 0.04 mol L−1 FeCl3 solu-
tion, and a certain amount of hydrochloric acid was added to prevent hydrolysis. In
total, 1.69 g K4Fe(CN)6 was weighed to prepare 20 mL of 0.2mol L−1 K4Fe(CN)6 solution.
K4Fe(CN)6 solution was added to FeCl3 solution drop by drop under stirring and reacted
for 2 h. The precipitate was centrifuged, washed with distilled water for three times, and
then dried at 80 ◦C in vacuum for 12 h.

2.4. Preparation of CBT

Aluminum foil measuring 5.4 × 10−2 g was weighed and dissolved in 0.4 mL of
24 mol L−1 KOH, and stirred for 10 min. A total of 5 mL of water and 0.6 g of TLC silica gel
were added and stirred for 10 min. In total, 4.6 mL water was added and stirred. The molar
ratio was 10 SiO2: Al2O3: 4.8 K2O: 600 H2O. Finally, the gel was transferred to a stainless
steel reactor lined with polytetrafluoroethylene and crystallized at 110 ◦C for 5 days. The
product was washed and dried.

2.5. Modification of CPT

Natural clinoptilolite (200 mesh) was added in pure water and washed, then the
supernatant was removed and the precipitate was dried at 120 ◦C. A total of 30 g clinop-
tilolite was added to 300 mL of 2 mol L−1 NaCl solution, and stirred at 80 ◦C for 24 h. The
supernatant was removed, and the precipitate was washed with pure water and dried at
80 ◦C in vacuum for 10 h.

2.6. Preparation of CST

A total of 78 mL of 6 mol L−1 NaOH solution was added to a mixture of 13.6 g
tetrabutyl titanate and 10 g tetrabutyl orthosilicate, and reacted at 150 ◦C for five days. The
precipitate was washed with distilled water and ethanol, and then dried at 100 ◦C.
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2.7. Adsorption in Mixed Solution

A mixed chlorides solution containing Li, Na, K, Cs, Ca, Sr and Mg with respective
concentration of 1 mmol L−1 was prepared. A total of 0.1 g of adsorbent was added to
50 mL of the mixed solution, and stirred for 12 h. The concentrations of Cs, Li, Na, K, Ca,
Sr and Mg were determined using ICP-OES and ICP-MS.

2.8. Adsorption in Artificial Seawater

The artificial seawater was prepared according to the components of seawater of the
southeast coast of China (provided by the Marine Biochemistry Laboratory of the Third
Institute of Oceanography, State Oceanic Administration of China, Xiamen, China). The
artificial seawater contains NaC1 26.518 g L−1, MgSO4 3.305 g L−1, MgC12 2.447 g L−1,
CaC12 1.141 g L−1, KC1 0.725 g L−1, NaHCO3 0.202 g L−1, and NaBr 0.083 g L−1. CsCl and
SrCl2 were also added in the artificial seawater for adsorption (CsCl and SrCl2 concentration
of 0.001 mol L−1). A total of 0.1 g ammonium phosphomolybdic acid, Prussian blue,
chabazite and clinoptilolite were added in 50 mL of the artificial seawater, and stirred
for 12 h. The concentration of strontium and cesium was determined using ICP-OES and
ICP-MS.

2.9. Adsorption in Salt Lake Brine

Salt lake brine (Qinghai, China) contains Li, Na, K, Rb and Cs with concentrations
of 5488, 1879.5, 763.5, 0.0331, 0.0305 mg L−1, respectively. A total of 0.05 g of ammonium
phosphomolybdate, Prussian blue, chabazite and clinoptilolite was added in 25 mL of salt
lake brine, respectively. The concentrations of Li, Na, K, Rb and Cs were determined using
ICP-MS (NexION 300X, PerkinElmer, Waltham, MA, USA).

2.10. Characterization

The phase structure of adsorbents was analyzed using an X-ray powder diffractome-
ter (XRD, X’Pert Pro MPD, Panalytical, Almelo, The Netherlands). The morphology of
adsorbents was observed with a scanning electron microscope (SEM, S-4800, Hitachi,
Tokyo, Japan). The chemical structure was detected with a Fourier-transform infrared
spectrophotometer (FTIR, Affinity-1, Shimadzu, Kyoto, Japan).

3. Results and Discussion
3.1. Characterization of Adsorbents

Figure 1a shows the XRD patterns of AMP, with diffraction peaks at 10.8◦, 15.2◦, 21.6◦,
26.5◦, 30.7◦, 36.1◦ and 55.7◦, corresponding to 110, 200, 220, 222, 400, 332 and 550 crystal
planes (card No.46-1405, p-space group) [17]. PB powder shows peaks at 17.5◦, 24.8◦, 35.4◦,
39.8◦, 43.7◦, 50.9◦, 54.3◦ and 57.5◦ (Figure 1b), corresponding to 200, 220, 400, 420, 422, 440,
600 and 620 crystal planes [18]. Figure 1c shows the XRD patterns of the prepared chabazite,
and the peaks are consistent with the standard XRD patterns, while the peak intensity and
width are wider, indicating that the prepared chabazite is small in size. Chabazite powder
shows peaks at 12.85◦, 13.91◦, 15.98◦, 17.67◦, 19.03◦, 20.57◦, 21.93◦, 22.27◦, 24.83◦, 25.78◦,
27.43◦, 28.00◦, 30.37◦ and 33.39, corresponding to 110, 012, 012, 003, 202, 211, 113, 300, 104,
220, 131, 024, 401 and 205 crystal planes [19]. Clinoptilolite powder shows peaks at 9.89◦,
13.42◦, 22.19◦, 26.75◦, 30.05◦, 36.25◦, 42.52◦, 50.24◦and 60.08◦ (Figure 1d), corresponding to
020, 031, 320, 313, 044, 112, 211, 220 and 311. Titanium silicate shows peaks at 11.3◦, 14.8◦,
17.7◦, 26.6◦, 27.6◦, 34.5◦, 36.4◦ and 45.5◦, corresponding to crystal planes of 100, 002, 111,
211, 113, 300, 310 and 606 [20].
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Figure 1. Powder X-ray diffraction patterns and SEM images of as-obtained adsorbents. (a). AMP
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Figure 1 shows the SEM images of the adsorbents. It can be seen that the AMP
particles obtained using the direct precipitation method are relatively uniform, measuring
approximately 0.5 µm in size. The PB particles are approximately 1–2 µm, with some
aggregates of 10–20 µm in size. The as-prepared chabazite consists of small particles with
an average diameter of 0.5 µm. Clinoptilolite is irregular, measuring approximately 10 µm
in size. Titanium silicate are spherical particles with diameter of approximately 100 nm.
According to Scheller’s formula [21],

D =
K γ

B COSθ
(1)

where D is the average grain size, K is the Scherrer constant, 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 grain diameter of AMP is approximately 2 nm, that of Prussian blue is
approximately 45 nm, that of chabazite is 2.72 nm, that of clinoptilolite is 3 nm, and that of
sodium titanosilicate is approximately 1.74 nm.

As shown in Figure 2a, in the IR spectra of AMP, 3423 cm−1 and 1630 cm−1 come
from the H-O-H vibration, and 3200 cm−1 and 1604 cm−1 are from the N-H vibration. The
bands at 1062 cm−1, 964 cm−1, 865 cm−1 and 786 cm−1 are the characteristic absorption
of the internal Keggin structure of [PMo12O40]3−. In Figure 2b, 3400 cm−1 and 1606 cm−1

are ascribed to the H-O-H vibration in PB, and 2080 cm−1 and 499 cm−1 are -C≡N- and
Fe+-CN-Fe+ vibration. In Figure 2c, 3453 cm−1 and 1612 cm−1 are from H-O-H vibration
in CBT, and 1405 cm−1 and 1020 cm−1 are the stretching vibration of Si-O-Si and Si-O-
Al, and 721 cm−1 and 611 cm−1 the vibration of O-Si-O, and 470 cm−1 is the bending
vibration of O-Si-O and the double six-member ring vibration. In Figure 2d, 1205 cm−1

and 1062 cm−1 are the asymmetric stretching vibration of T-O-T (T=Si or Ti) in CPT, and
790 cm−1 is the stretching vibration of O-T-O, and 600 cm−1 is the coupling vibration of
tetrahedral double ring. In Figure 2e, 966 cm−1 is the stretching vibration of Si-O-Ti, and
902 cm−1 is the vibration of the tetrahedron of Si-O, and 588 cm−1 and 437 cm−1 are the
Ti-O bending vibration.

3.2. Adsorption in Mixed Solution

In the mixed solution of 1 mmol L−1 of CsCl, LiCl, NaCl, KCl, CaCl2, SrCl2 and MgCl2,
the concentration of Cs, Li, Na, K, Ca, Sr and Mg is 0.001 mol L−1, and the Cl concentration
is 0.008 mol L−1. The ionic strength is expressed as follows:

I =
1
2 ∑n

i=1 ciz2
i (2)

where I is the ionic strength, Ci is the ion concentration, zi is the ion charge. The ionic
strength was calculated to be 0.006 mol L−1, which is less than 0.1 mol L−1. Therefore, the
mixed solution can be regarded as a dilute solution. The mixed solution was adsorbed with
adsorbents under stirring for 12 h, and the adsorption amount is expressed as follows:

Qe =
(C0 −Ce)× v0

w0
(3)

where Qe (mg g−1) is the adsorption amount, C0 (mg L−1) is the initial concentration, Ce
(mg L−1) is the concentration after adsorption, V0 (L) is the volume of the mixed solution,
and W0 (g) is the mass of adsorbent. The distribution coefficient Kd of ion in the adsorbent
and solution is defined as follows:

Kd =
(C0 −Ce)V0

Cew0
=

Qe
Ce

(4)
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In order to evaluate the adsorption selectivity of adsorbents, the separation factor is
defined as follows:

β =
Qe,Cs·CX,e

Qe,X·CCs,e
=

Kd,Cs

Kd,X
(5)

where Qe,Cs and Qe,X are the adsorption amount of cesium and other ions, CCs and CX
are the residual concentration of cesium and other ions in the solution, Kd,Cs and Kd,X are
the distribution coefficients of cesium and other ions, respectively. It should be noted that
potassium compounds are used in the preparation of PB and CBT, and sodium compounds
are employed in the preparation of CPT and CST, which may result in the residual K or Na
in the compounds. Therefore, to prevent errors, K+ adsorption is not considered for PB and
CBT, and Na+ adsorption is not calculated for CPT and CST.
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As shown in Figure 3a, the order of adsorption amount of adsorbents for cesium is as
follows: AMP (62.88 mg g−1) > CBT (50.51 mg g−1) > CPT (42.97 mg g−1) > PB (37.93 mg g−1)
> CST (13.41 mg g−1). The distribution coefficients of AMP for K, Ca, Mg, Sr and Cs are
0.025, 0.046, 0.035, 0.063 and 43.36. The distribution coefficients of chabazite for Li, Na, Ca,
Mg, Sr and Cs are 0.018, 0.045, 0.12, 0.035, 0.27 and 1.93. For clinoptilolite, the distribution
coefficients of K, Ca, Mg, Sr and Cs are 0.11, 0.036, 0.0025, 0.13 and 1.04. The distribution
coefficients of sodium titanosilicate for Li, K, Ca, Mg, Sr and Cs are 0.54, 1.51, 24.68, 1.36,
13.73 and 0.13.
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The separation factors of Cs to K, Ca, Mg and Sr in AMP adsorption are 1767.59, 945.90,
1242.25 and 687.34, respectively. The separation factor of Cs to Na in PB adsorption is
19.75. In CBT adsorption, the separation factors of Cs to Li, Na, Ca, Mg and Sr are 104.45,
43.05,16.47, 54.86 and 7.06, respectively. The separation factors of Cs to K, Ca, Mg and Sr
in CPT adsorption are 9.91, 29.25, 414.01 and 7.95, respectively. In CST adsorption, the
separation factors of Cs to Li, K, Ca, Mg and Sr are 0.25, 0.088, 0.0054, 0.098 and 0.0097,
respectively. It can be seen that AMP, PB, CBT and CPT display better selectivity for Cs,
and titanium silicate has the best selectivity for strontium.

3.3. Adsorption in Artificial Seawater

In the artificial seawater, the concentration of Na, Mg, Ca, K, Cs, and Sr is 0.457, 0.0532,
0.0103, 0.0097, 0.001 and 0.001 mol L−1 and the concentration of Cl, SO4

2−, HCO3
−, and

Br− is 0.538, 0.0275, 0.0024 and 0.0008 mol L−1, respectively.
Adsorbents were used for adsorption in the artificial seawater under stirring for 12 h.

The adsorption results are shown in Figure 4. The order of adsorption amount for cesium is
as follows: Prussian blue (49.84 mg g−1) > ammonium phosphomolybdate (32.51 mg g−1)
> chabazite (19.11 mg g−1) > clinoptilolite (8.82 mg g−1). Compared with the adsorption in
the mixed solution, the adsorption amount of cesium on adsorbents, except for PB, is lower
in the artificial seawater. The adsorption capacity for strontium also decreases significantly,
and only the chabazite and titanium silicate exhibit significant adsorption for strontium,
with an adsorption amount of 0.40 mg g−1 and 20.60 mg g−1, respectively.

The ionic strength of the artificial seawater is 0.688 mol L−1, which is 115 times that
of the mixed solution. With the increase in ionic strength, the electrostatic interaction
between solution and adsorbent weakens. The adsorption mechanism of chabazite and
clinoptilolite is mainly controlled by the electrostatic interaction between the adsorbent
and ions, resulting in the reduced adsorption amount of the two adsorbents in the artificial
seawater [19,22]. Prussian blue shows the highest adsorption capacity due to the multiple
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adsorption mechanisms, including ion exchange and defects capturing of Prussian blue for
cesium. Hijikata et al., also found that [15] from the equilibrium ion-exchange isotherms of
herschelite, the adsorption of Cs is hampered by the existence of sea salt, and the adsorbed
amount of Cs decreases from 5.7 × 10−2 to 4.2 × 10−3 mmol g−1 at 1000 bed volume with
an increase in the sea salt ratio in the feed solution from 0 to 3.4 wt%. The selectivity
of sodium titanium silicate to strontium in simulated seawater is obviously increased
because the alkaline environment is conducive to the selection of sodium titanosilicate to
strontium. The simulated seawater PH value is generally between 7.8 and 8.5, showing
weak alkalinity [23].
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To explore the adsorption kinetics, 0.1 g of the adsorbent was added in 50 mL of
simulated seawater for adsorption, and the cesium concentration was measured at 2, 5,
8 and 12 h, respectively (Figure 5a). Two commonly used kinetic models were used for
kinetic fitting of adsorption. The pseudo-first-order adsorption kinetics is expressed as
follows [3]:

log(Qe −Qt) = logQe −
k1t

2.303
(6)

where Qe is the equilibrium adsorption capacity of adsorbent for cesium (mg g−1), Qt
is the adsorption capacity at time t, and k1 is the first order rate constant (min−1). The
pseudo-second-order adsorption kinetics is expressed as follows [4]:

t
Qt

=
1

k2Q2
e
+

t
Qe

(7)

where k2 is the second-order adsorption rate constant (g mg−1 min−1). Figure 5b shows the
linear fitting of log(Qe-Qt) to t, and Figure 5c shows the linear fitting of t/Qt to t. The results
showed that the pseudo-second-order adsorption kinetics can describe the adsorption
kinetics well, with k2 of 0.0070 g mg−1 min−1(AMP), 5.05 × 1012 g mg−1 min−1(PB),
0.0789 g mg−1 min−1 (CBT), and 0.020 g mg−1 min−1 (CPT), respectively, indicating
that the chemisorption process is the rate control step. For CST, the pseudo-first-order
adsorption kinetics can better describe the adsorption kinetics, with k1 of 0.6090 min−1.
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3.4. Adsorption in Salt Lake Brine

The concentration of Li, Na, K, Rb and Cs in salt lake brine is 5488, 1879.5, 763.5, 0.0331
and 0.0305 mg L−1, and the ratio of Li, Na, K and Rb to Cs in brine is 179,934, 61,623, 25,033
and 1.09, respectively.

As shown in Figure 6, after 12 h adsorption by AMP, the adsorption amount of Li, Rb
and Cs is 67.25, 0.00255 and 0.0064 mg g−1, respectively. The adsorbed amount ratios of
Li and Rb to Cs after AMP adsorption are 10,507.81 and 0.40, indicating that AMP had a
strong selectivity for Cs. The distribution coefficients of Li, Rb and Cs (adsorbent to salt
lake brine) are 0.0126, 0.0911 and 0.3616, respectively. The distribution coefficients of Cs
are significantly higher than those of other ions, indicating that the adsorbent has a better
enrichment effect on Cs. The separation factor of Cs to Li is 28.78, and Cs to Rb is 3.97.

For PB, after adsorption for 12 h, the adsorption amount of Li, Na, K, Rb and Cs is
44.75, 18.25, 2.68, 0.00525 and 0.011 mg g−1, and the residual concentrations of Li, Na, K,
Rb and Cs in brine are 778, 80.13, 19.44, 2.64 × 10−4 and 6.40 × 10−5 mg L−1, respectively.
The ratio of adsorbed Li, Na and K to Cs on PB decreases to 4068,1659 and 243, respectively,
indicating that Cs is enriched greatly by PB. The distribution coefficients of Li, Na, K, Rb
and Cs in adsorbent to brine are 0.0081, 0.0099, 0.0035, 0.2323 and 1.2941, respectively. The
separation factors of Cs to Li, Na, K and Rb are 156.12, 130.69, 366.78 and 5.57, respectively.
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After 12 h adsorption by chabazite, the adsorption amounts of Li, Na, Rb and Cs are
64.75, 14, 0.00325 and 0.0009 mg g−1, respectively. The adsorbed amount ratios of Li, Na and
Rb to Cs are 71,944.44, 15,555.56 and 3.61, respectively. The distribution coefficients of Li,
Na, Rb and Cs on absorbent to brine are 0.0121, 0.0076, 0.1222 and 0.0314, respectively. From
the analysis of the distribution coefficient, the enrichment of Cs by chabazite is relatively
small. The separation factors of Cs on Li, Na and Rb are 2.60, 4.15 and 0.26, respectively.

After 12 h of adsorption by clinoptilolite, the adsorption amount of Li, K, Rb and Cs
are 121, 4.45, 0.0043 and 0.0006 mg g−1, respectively. The residual concentrations of Li,
Na, K, Rb and Cs are 756, 82.59, 19.35, 2.87 × 10−4, 2.21 × 10−4 mg L−1, respectively. The
adsorbed amount ratio of Cs to Li, K and Rb is 201,666.67, 7416.67, 7.17. The distribution
coefficients of Li, K, Rb and Cs are 0.0231, 0.0059, 0.1755 and 0.0205, respectively. The
distribution coefficient shows that the selection and enrichment of Cs by clinoptilolite is not
obvious. The separation factors of Cs for Li, K and Rb are 0.89, 3.47 and 0.12, respectively.

It can be observed that, in brine, the order of adsorption amount is as follows:
PB (0.011 mg g−1) > AMP (0.0064 mg g−1) > CBT (0.0009 mg g−1) > CPT (0.0006 mg g−1).
The adsorption amount and separation factor of PB for Cs are the most excellent, followed
by AMP and CBT. The low adsorption amount is related to the trace Cs+ (0.0305 mg L−1)
and interference of other ions in brine.

3.5. Adsorption Mechanism

Figure 7 shows the structure of adsorbents. In AMP, [PMo12O40] is 1:12A heteropoly
anion with a Keggin structure. NH4

+ is filled in the gap formed by the anion PMo12O40
3−,

and NH4
+ can exchange with ions (e.g., Cs+) in solution. The equation is expressed as

follows [24,25]:

(NH4)3PMo12O40·xH2O + 3 Cs+(Rb+)→Cs(Rb+)3PMo12O40·xH2O + 3 NH4Cl
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The adsorption of cesium by PB is controlled by three mechanisms [26]: ion exchange
between potassium ion and cesium ion, surface vacancy adsorption for cesium ion, and
chemical adsorption at the hydrophilic lattice defect sites, in which the protons are displaced
from the coordination water. The chabazite possesses an eight-element ring channel
structure with a pore size of 3.8 Å and a pore volume of approximately 0.42 cm3 g−1.
The presence of tetrahedral aluminum makes it negatively charged and can exchange
cations in solution [19]. Clinoptilolite has a relatively open pore structure. When it is in
contact with some metal salt solution, part of the cation in the clinoptilolite pore can be
exchanged with the metal cation in the solution without causing damage to the tetrahedral
structure of clinoptilolite. The modification of natural clinoptilolite with sodium chloride
can provide more active sites for Cs+ adsorption [27]. The ideal molecular formula of
sodium titanium silicate is Na2Ti2O3(SiO4)2H2O. The frame structure is composed of TiO6
octahedron and SiO4 tetrahedron, with a special pore structure, which has a strong ion
adsorption performance and strong irradiation stability. It has good selectivity for Sr in
acidic, neutral and alkaline solutions [28].

For ion exchange adsorption of adsorbents, the potential of the cation in solution (i.e.,
the ratio of charge to radius of the hydrated ion, Z/r) determines the interaction force
between the adsorbents and ions. Table 1 shows the hydration radius and potential of
ions. Thus, the order of selectivity in dilute solution is Sr2+, Ca2+, Mg2+, Cs+, Rb+, K+, Na+

and Li+, which is consistent with the results in mixed solution. With the increase in ionic
strength, the shielding effect of ions on surface charge of adsorbent is enhanced. Thus,
multiple adsorption mechanisms of PB favor the selective adsorption in complex solutions.
Table 2 gives the adsorption performance of some typical adsorbents for Cs+.
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Table 1. The hydration radius and potential of the ions.

Ion Ionic Hydration
Radius/Å Electron Charge/Z Potential/(Z/r)

Li+ 3.82 1 0.262
Na+ 3.58 1 0.279
K+ 3.31 1 0.302
Rb+ 3.29 1 0.304
Cs+ 3.29 1 0.304
Ca2+ 4.12 2 0.485
Mg2+ 4.28 2 0.467
Sr2+ 4.12 2 0.485

Table 2. Some typical adsorbents for Cs+.

Adsorbent Solution Composition Adsorption Performance
for Cs+ Ref.

AMP
AMP

CsCl (1 mg L−1)
Salt lake brine

Qe 8.49 mg g−1

Qe 0.0064 mg g−1
[28]

This work

PB
PB on PAN membrane

PB

CsCl (900 mg L−1)
Alkaline metal mixed solution

(1 mmol L−1)

Qe 42.46 mg g−1

Qe 94.9 mg g−1
[29]
[3]

Salt lake brine Qe 0.011 mg g−1 This work
Chabazite CsCl (86 mg L−1) Qe 370 mg g−1 [30]
Chabazite Mixed solution (1 mmol L−1) Qe 50.51 mg g−1 This work

Clinoptilolite CsCl (649 mg L−1) Qe 122.7 mg g−1 [31]
Modified Clinoptilolite Mixed solution (1 mmol L−1) Qe 42.97 mg g−1 This work

CST
CST

CsCl (330 mg L−1)
Mixed solution (1 mmol L−1)

Qe 194 mg g−1

Qe 13.41 mg g−1
[32]

This work

It should be noted that other issues such as price, stability and reusability of adsorbents,
etc., also should be considered in applications. For example, CST is chemically, thermally,
and radiation stable, and is highly effective for removing cesium from highly alkalin
(pH > 14), neutral and acidic solutions, and for removing strontium from basic and neutral
solutions. However, the cesium adsorption is described as a non-elutable ion exchange,
and it is not practical to recycle the CST [33].

4. Conclusions

The adsorption of cesium and strontium on ammonium phosphomolybdate, Prussian
blue, chabazite, clinoptilolite and titanium silicate was investigated under the same condi-
tions. In the mixed solution, the adsorption amount of ammonium phosphomolybdate for
cesium is the largest, and Prussian blue shows the best selection for cesium. In the artificial
seawater and salt lake brine, Prussian blue displays the highest adsorption amount and an
excellent selectivity for cesium. In salt lake brine, the separation factor of Cs to Li, Na, K
and Rb is 156.12, 130.69, 366.78 and 5.57, respectively. Multiple adsorption mechanisms
favor the selective adsorption of PB in complex solutions. These results provide useful
information for choosing adsorbents for cesium and strontium in applications.
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