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In this paper, a novel mesoporous silica gel evenly doped by Prussian blue nanoparticles (PBMSG) was
successfully synthesized by using N,N-dimethylamide as template with a large Barrett-Emmett-Teller
(BET) surface area of 505 m?/g and an average pore size of 2.9 nm. The static adsorption experiments
showed that the equilibration time of PBMSG for Cs* was about 30 min. The adsorption isotherm of
PBMSG for Cs* accorded with Langmuir model and the theoretical maximum adsorption capacity was
80.0 + 2.9 mg/g. When the initial concentration of Cs* was 1.00 mg/L, the adsorption partition coefficient
Kg could reach 3.5 x 10 mL/g After adsorption, Cs* could be eluted by dilute hydrochloric acid (pH 2) with
an efficiency of 89.8%, while no K*, Fe>*, Fe?* was eluted. PBMSG exhibited good selectivity toward Cs* and
Rb". In the presence of high concentration of K, the selective adsorption of PBMSG could change the mass
ratio of K*, Rb* and Cs* from 96.63:0.83:1.00-1.12:0.73:1.00. The separation of Cs* and Rb* from K* with
similar concentration (100 mg/g) was realized by column experiment. This indicated that PBMSG was
suitable for rapid recovery of low concentration of rubidium and cesium from complex matrixes, such as
wastewater and salt lake brine, etc.
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The radioactive cesium (e.g., 1*’Cs) generated in human nuclear
activities is usually treated as waste [1], which is of great concern
in environment, public health, and safety aspects [2]. Indeed,
radioactive cesium is a very useful radiation source in industry,
agriculture, medical field, etc. Moreover, cesium has broad
applications in the fields of solar cells, atomic clock, electronic
devices, catalysis, bio-medicine and so on [3-7]. Besides ore
minerals, a large amount of Cs exists in salt lakes and underground
brines [8-10]. However, in the brines, Cs" is at trace concentration
and always coexists with other alkali metal elements (e.g.,
potassium and rubidium) with similar physicochemical properties,
making the extraction much difficult. In the traditional exploita-
tion of brine resources, almost all Cs were lost [10]. Recently, the
utilization of the Cs resources attracted much attention. Zhang
et al. [10] used partially saponified 4-tert-butyl-2-(a-methylben-
zyl) phenol (t-BAMBP) dodecane solution to extract Cs* from a
synthetic brine solution containing K*. However, this process must
be carried out at high alkalinity condition. Yang and co-workers
[11] synthesized Cs* ion-imprinted polymer using carboxymethyl
chitosan as functional monomer, which selectively extracted Cs*
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but with the adsorption equilibrium time of 6 h. Chen et al. [8]
successfully prepared Prussian blue functionalized graphene/
carbon fibers composite to recover Cs* from aqueous solutions,
whose maximum adsorption capacity reached 81.24 mg/g at 25 °C
and pH 7. Nevertheless, in the electrochemical elution process,
0.1 mol/L KCI solution was applied, leading to the mixing of Cs* and
K" again.

Because ®’Cs is one of the key radioactive nuclides in nuclear
waste, much effort was paid to the extraction of Cs*. By far, many
methods have been applied to extract Cs*, such as adsorption
[8,11-15], solvent extraction [10,16,17], chemical precipitation [18]
and so forth. Among these methods, adsorption has the advantage
of easy operation and high efficiency. In this field, it is most
important to synthesize an adsorbent with excellent performance
towards Cs*. Wang and co-workers [19] have reviewed that
insoluble ferric ferrocyanide (i.e., Prussian blue, PB) and its
analogues are regarded as promising adsorbents, and there have
been some applications in the treatment of wastewater. However,
their performances (i.e., adsorption rate, adsorption capacity and
mechanical property) are not good enough. With the exploration
on the nano-sized PB and its analogues, the adsorption rate and
capacity were improved obviously [20]. Nevertheless, the nano-
particles were easy to be lost owing to their intrinsic property, i.e.,
easy colloidization in water. Thus, much effort was paid to load the
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nanoparticles on different materials such as carbon materials [8],
polymer [9,13,21], and inorganic materials [22,23]. Although the
loading technique could well solve the loss problem of the
nanoparticles, the adsorption capacity and/or adsorption rate of
the hybrid materials were always restrained [9,19,23]. Further-
more, in order to recover the adsorbed Cs*, high concentrations of
KCI [8] or NH4Cl-acid solution [24] were necessary, making the
subsequent extraction of Cs* difficult. Therefore, there is still a
great challenge.

Mesoporous silica gel (MSG, average pore diameter in the range
of 2—50 nm) with high specific surface area and large mass transfer
channels is an excellent substrate, which can be used in various
environments. Some researchers used MSG as substrate to load PB
for the recovering of Cs* [23,25]. However, the distribution of PB
was not uniform, which made the low adsorption capacity. In order
to evenly load materials and make full use of channels in MSG, the
best choice is one-pot method. Nevertheless, the preparation of
MSG was often confined in acidic or alkaline condition [26]. Wei
and coworkers [27] used p-glucose as template to prepare MSG
under near-neutral conditions, which made the loading of the acid
and/or alkali sensitive materials possible.

At present, the research on the adsorption of Cs* in salt lake
system is mainly with the following challenge: (1) Uniform loading
of Prussian blue nanoparticles; (2) recovery of Cs* after adsorption;
(3) separation of Cs* in the solution of high concentration K.
Herein, we report the uniform immobilization of PB nanoparticles
inside MSG, which can solve these problems.

Aqueous solutions of Fe(NOs); and K4Fe(CN)g at 50 mmol/L
were prepared, respectively. After mixing and stirring the two
solutions with equal volume, a blue sol was obtained. Then, 7.2 mL
blue sol, 16.6 mL tetraethyl orthosilicate (TEOS), 13.6 mL ethanol,
0.08 g concentrated HCI solution were added into a three-necked
flask in turn. The homogeneous solution was obtained by stirring
under N, atmosphere. Next, the solution was heated at 333 K for
2 h, into which 5mL N,N-dimethylformamide (DMF) was added.
After adjusting the pH value to 7 by 0.2 mol/L NaOH, the solution
turned to a blue gel for a while. After lyophilization in vacuum, the
silica was washed with deionized water. Finally, a dry Prussian blue
nanoparticles (PBMSG) was obtained by lyophilization. The similar
procedure only in the absence of blue sol was used to prepare MSG.
At last, the dried adsorbent was sieved to get the particles between
80 and 200 mesh. The morphology of the nanoparticles and the
element mapping images of hybrid silica were observed by
transmission electron microscope (TEM, Tecnai-G2-F30, FEI, U. S.
A.) and scanning electron microscope (SEM, JSM-IT300, JEOL,
Japan). X-ray diffraction (XRD) pattern was recorded on Rigaku
Dmax-2000 diffractometer (Japan) with Cu Ke radiation. X-ray
photoelectron spectroscopy (XPS) of PBMSG before and after
adsorption were collected on an ESCALAB 250Xi spectrometer
(Thermo, U. S. A.), with monochromatized Al Ke radiation, and the
N, adorption-desorption isotherms were determined on a Micro-
meritics ASAP-2010 apparatus (U. S. A.).

The product via mixing K4Fe(CN)s and Fe(NOs)s solutions is
composed of quasi-spherical nanoparticles with a diameter of
about 10 nm (Fig. S1 in Supporting information), which is further
determined to be cubic phase PB by the related XRD analysis
(Fig. S2 in Supporting information). After co-gelation with silica,
the SEM imaging of the PBMSG showed that the surface of PBMSG
is significantly rougher than MSG (Fig. S3 in Supporting informa-
tion), which indicate the loading of PB nanoparticles on the MSG.
Furthermore, it can be found that the Fe element is uniformly
distributed in the irregular silica gel particles from the typical
element mapping images by TEM (Fig. S4 in Supporting informa-
tion), indicating the successful even loading of PB nanoparticles.

In the N, adsorption-desorption isotherm of PBMSG and MSG,
there appears an obvious hysteresis loop (curve a, Fig. S5 in

Supporting information) associated with the filling of the
mesoporous. The calculated Barrett-Emmett-Teller (BET) surface
area, pore volume and pore size of PBMSG were 505m?/g,
0.37 cm?®/g and 2.4 nm, respectively. With respect to the MSG, it
has a similar isotherm (curve b, Fig. S5 in Supporting information),
and the corresponding parameters were determined to be 758
m?/g, 0.45 cm>/g and 2.9 nm, respectively. Obviously, both of them
have mesoporous structure, whose pore volumes, pore sizes as
well as pore size distributions (inset, Fig. S5 in Supporting
information) are close to each other. The N, sorption isotherms
of the materials belong to type IV isotherm adsorption curve
according to IUPAC classification. This is due to the capillary
phenomenon caused by the presence of mesoporous structure,
which makes the constant adsorption capacity phenomenon
appear in high partial pressure range. Moreover, the BET surface
area of PBMSG became smaller than that of the blank MSG,
suggesting the successful immobilization of PB nanoparticles in
the MSG.

The corresponding XPS analysis (Fig. S6 in Supporting
information) shows that the binding energies of C 1s and N 1s
are 284.8 eV and 400.2 eV, respectively, which are close to the
values of C=N reported in the literature [28,29]. Fig. S6 (Supporting
information) illustrates the spectrum in Fe 2p region, which
consists of three peaks. The lower binding energy components at
708.9 eV and 712.3 eV comprise the Fe 2p5, signals and the other
at 724.1 eV corresponds to Fe 2p; 2 [30-32]. Meanwhile, the peaks
at 708.9 eV and 712.3 eV can be assigned to Fe(Ill) and the 724.1 eV
to Fe(Il) [30,31]. Thus, the generation of PB can be further
demonstrated. There exist O 1s and Si 2p signals at the binding
energy of 532.8 eV and 103.7 eV, similar to the literature value of
silicon dioxide [33]. Moreover, the peak at 286.2 eV of C 1s and the
peak at 531.2 eV of O 1s approach to the literature values of C-O
[34] and Fe-0 [35], respectively, which can explain the mechanism
of MSG doped by PB. Furthermore, Argon ion was used to etch the
surface of PBMSG (3000eV, t=10s). The atom contents of Fe
element on the surface and inside (after argon ion was used to etch
the surface of PBMSG) of PBMSG were close (surface: 0.40%, inside:
0.33%). This indicated that MSG was evenly doped by PB
nanoparticles. According to the above results, it can be concluded
that the obtained hybrid material is mesoporous silica gel evenly
doped by PB nanoparticles.

As shown in Fig. S7 (in Supporting information), when the
initial concentration of Cs" is 100 mg/L, the adsorption rate of
PBMSG is so fast that a relatively high capacity (90% of the
equilibrium capacity) is obtained within 10 min. The adsorption
equilibrium is realized at 30 min, due to the quick adsorption
performance of nano-sized PB particles and the quick mass
transfer of mesoporous structure. In order to ensure the adsorption
equilibrium at other initial concentrations of Cs*, the adsorption
time was chosen to be 2 h in the following studies.

The adsorption capacity of MSG and PBMSG increases with an
increase in the equilibrium concentration of Cs* (Fig. S8 in

Table 1
Fitting results of the Langmuir and Freundlich models.
Langmuir
m (mg/g) B (1/mg) R
MSG 36.3+3.6 (7+2)x1073 0.92
PBMSG 80.0+2.9 (4+0.4)x10°3 0.99
Freundlich
1/n K [(mg/g)-(L/mg)"/"] R
MSG 31409 3.5+21 0.72
PBMSG 21+0.2 24+0.7 0.95
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Supporting information). The isothermal adsorption data were
analyzed with the Langmuir and Freundlich models. The corre-
sponding fitting results were presented in Fig. S8 (in Supporting
information) and Table 1, which indicated that the Langmuir model
is more suitable than Freundlich model. The ¢, value of PBMSG
calculated by Langmuir model was 80.0 + 2.9 mg/g, which was
larger than other traditional materials doped with PB [9,19,36].
Compared with MSG, the adsorption capacity of PBMSG was
significantly lager. This was an indication that the PB nanoparticles
played an important role in the adsorption process. Although the
PB nanoparticles were immobilized in different depth and the
maximum loading of PB was only about 10 mg/g, the adsorption
capacity of PBMSG was still large enough. Moreover, the
distribution coefficient Ky increases gradually with the decrease
of initial concentration of Cs* (Fig. S9 in Supporting information).
The K4 could reach 3.5 x 10# mL/g at an initial Cs* concentration of
1.00 mg/L. Furthermore, comparing the atom contents of Cs
element on the surface and inside (after argon ion was used to
etch the surface of PBMSG) of the PBMSG after adsorption via XPS
analysis (Fig. 1), the values (surface: 0.33%, inside: 0.17%) indicated
that the PB nanoparticles immobilized in MSG were effective
during adsorption process.

The effectof acidity on the adsorption was investigated by altering
the pH value from 5.8 to 2.2 by HCl solution (Fig. S10 in Supporting
information). After the pH value decreases to 3.5, the adsorption
capacity of PBMSG decreases obviously. When the pH value reaches
2.2, PBMSG cannot adsorb any Cs*. This phenomenon suggested that
the adsorbed Cs* may be desorbed by adjusting acidity.

After adsorption, 20 mg PBMSG (Q: 25.50 mg/g) was added into
20 mL HCI solution (pH 2). Then, the mixture was shaken for 2 h at
298 K. In the eluate, the Cs* concentration was measured to be
22.90 mg/L (i.e., the elution ratio of Cs* was 89.8%), while K, Fe and
other elements were not found within the error of ICP-AES
measurement. Considering the stability of PB [37], it can be
guaranteed that the PBMSG does not release CN~ to the
environment during usage. Although PB could be destroyed and
gathered in the acid solution [38], comparing the XPS spectra of
PBMSG before and after acid treatment (Fig. S11 in Supporting
information), it is found that there are no significant changes in the
structure of PB. It indicated that the structure of mesoporous could
effectively prevent the outflow of interfering ions. In other words,
the elution of Cs* adsorbed by PBMSG was easy and did not
introduce other cation impurities, making the recovery of Cs*
much simple. Compared with the materials using PB as adsorbents
in recent years (Table S1 in Supporting information), PBMSG has
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Fig. 1. The XPS spectrum of PBMSG after adsorbing Cs* (inset: the Cs 3d region).

the advantages of large adsorption amount, short adsorption time,
and no introduction of other interfering ions during elution.

The adsorption selectivity of PBMSG and MSG has shown in
Fig. S12 (in Supporting information). MSG has adsorption capacity
of Cs*, Rb" and K*, but PBMSG only have the adsorption capacity of
Cs" and Rb*, which indicted the adsorption selectivity of PB
nanoparticles. Moreover, 10.0 mg PBMSG was used to extract Cs*
and/or Rb* from 5 mL mixed solution of Cs* and/or Rb* with K,
where the concentrations of each ions were 100 mg/L. In all cases,
K" is hardly adsorbed, while the adsorption of Cs* and/or Rb" is
remarkable (Fig. S13 in Supporting information). In other words,
Cs" and/or Rb* could be selectively adsorbed in the presence of K*.
Because the selectivity of PB was achieved by lattice defects [39],
the similar adsorption properties of Cs* and Rb" could be attributed
to their similar hydration radius.

In a static adsorption experiment, 20 mg PBMSG was applied to
deal with 20mL mixed solution of K*, Rb* and Cs*, whose
concentrations were 1120, 9.58 and 11.59 mg/L, respectively. After
being washed by HCl solution (pH 2), 20 mL desorption solution
containing 11.00 mg/L K*, 716 mg/L Rb* and 9.80 mg/L Cs* was
obtained. Thus, after an adsorption-desorption process, most of K*
was removed and the concentration of residual K* was similar to
those of Rb* and Cs” Moreover, the adsorption kinetics of Cs* and Rb*
in high concentration of K" were studied (Fig. 2). It can be seen from
the figure that the adsorptionrate of Cs* or Rb* is still very fast even in
the presence of high concentration of K* (K" was not adsorbed).
Therefore, the PBMSG was well suited for extracting small amounts
of Cs* or Rb" from a solution with high concentrations of K*.

Furthermore, in order to separate Cs* and Rb* from K" with
close concentration, a column using PBMSG as adsorbent was
packed, whose height and diameter were 3cm and 1cm,
respectively. After adding a mixture solution of K*, Rb* and Cs*
(concentration of each ion was 25 mg/L), the column was eluted by
deionized water and HCIl solution (pH 3.5) with a rate of 2.5
mL/min in turn. The elution curve (Fig. 3) shows that most of K*
was washed out after the mother solution was added, the residual
K" was eluted by water. After HCI solution was applied, Rb* was
firstly eluted, and then Cs® and Rb* appeared in the eluent
simultaneously. In other words, a baseline separation of Cs* and
Rb* from K* was realized by using the PBMSG column. As for the
further separation of Cs* and Rb*, we have obtained preliminary
results through the modification of the materials and the
optimization of the methods, which will be further reported in
subsequent paper.
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Fig. 2. The adsorption kinetics of Cs* and Rb* in the presence of high concentration
of K* (Cs* (m), Rb* ([1), Co (K*) = 104 mg/L, Co (Cs*) = 8.72 mg/L, Co (Rb*) = 9.26 mg/L).
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Fig. 3. Elution curve of PBMSG column in the separation of Rb*/Cs* and K* (K* (m),
Rb" (@) and Cs* (A)).

In summary, by an improved sol-gel synthesis method and
taking the advantage of the easy colloidization of PB nanoparticles,
MSG evenly doped with PB nanoparticles was successfully
synthesized, which has an excellent adsorption performance
towards Cs*. The adsorption rate of PBMSG towards Cs* was so
fast that 90% of the equilibrium capacity was obtained within
10 min and adsorption equilibrium was realized at 30 min. The
adsorption isotherm was fitted well with Langmuir model, and the
maximum adsorption capacity reached 80.0 +2.9 mg/g. The Ky
value reached 3.5 x 10* mL/g at an initial concentration of 1.00
mg/L and the adsorbed Cs* could be easily eluted by HCI solution
(pH 2). Especially, PBMSG could selectively extract Cs* and Rb*
from the solution containing high concentration of K*. Moreover,
the column with PBMSG as adsorbent was used to realize the
baseline separation of Cs* and Rb* from K* with close concentra-
tion. Compared with other PB-based materials, the PBMSG had
good performance in all aspects. In this work, the problem of load
uniform and introduction of interfering ions during the elution
process was solved. Therefore, it is reasonable to believe that
PBMSG prepared in this work is promising in the rapid recovery
of trace Cs* and Rb* from complex matrixes, such as wastewater
and salt lake brine, etc.
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