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Processing and managing radioactive waste is a great challenge worldwide as it is extremely difficult and
costly; the radioactive species, cations or anions, leaked into the environment are a serious threat to the
health of present and future generations. We report layered potassium niobate (K4Nb6O17) nanolamina as
adsorbent to remove toxic Sr21, Ba21 and Cs1 cations from wastewater. The results show that K4Nb6O17
nanolamina can permanently confine the toxic cations within the interlayer spacing via a considerable
deformation of the metastable layered structure during the ion exchange process. At the same time, the
nanolaminar adsorbent exhibits prompt adsorption kinetics, high adsorption capacity and selectivity, and
superior acid resistance. These merits make it be a promising material as ion exchanger for the removal of
radioactive cations from wastewater.

W
ith increasing applications of nuclear technology, radioactive contaminants, especially in water, have
become a huge threat to human health and the environment. For example, 226Ra21 ions from the
tailings and heap-leach residues of uranium mining industry, 90Sr21 from the byproduct of nuclear

fission reaction, and 137Cs1 from the leakage of the nuclear reactor discharged to water can cause serious problems
and need proper treatment1–6. Given that the radioactivity of the radionuclides only declines with time, the
traditional way to decontaminate radioactive liquid waste is removing the radionuclides for further disposal.
Among all these techniques, ion exchange is of high efficiency and convenience. Thus it has become the most
promising method. There is an ongoing effort to develop efficient materials as ion exchangers for the treatment of
radioactive liquid waste. Natural inorganic cation exchangers, such as clays and zeolites7,8, and synthetic inorganic
materials, such as synthetic c-zirconium phosphate1, micas2,4, niobate molecular sieves5,6 and titanate nanoma-
terials9–16, have been extensively studied for this purpose. It is important for the ion exchangers to possess high
exchange capacity, possible selectivity and specificity, and good resistant to radiation. More importantly, a
metastable structure like layered or tunnel, which may collapse after ion exchange and then assures the toxic
ions are permanently trapped, is definitely desirable11–16. This assures that the adsorbed radioactive species could
not be released from the adsorbents, and thus avoids secondary pollution.

In the present work, K4Nb6O17 nanolamina was synthesized by a wet chemical reaction between niobium oxide
and alkali hydroxides under hydrothermal conditions. K4Nb6O17 has a typical layered perovskite-like structure
that is composed of twisted NbO6 octahedral units17–19. As shown in Scheme S1, the NbO6 octahedral form layers
that carry negative electrical charges by sharing edges or corners. These layers stack along b axis direction and
exchangeable K1 cations are filled in the interlayers to compensate for the negative charges of the NbO6 sheets.
The unit cell of K4Nb6O17 contains four layers and two types of interlayer regions, denoted by interlayer I and
interlayer II20,21. The cation exchange capacity (CEC) for bivalent and univalent cations of K4Nb6O17 is 2.03 and
4.06 mmol/g, respectively. This CEC value is relatively higher than the ones belonging to the conventional
inorganic ion exchangers such as layered clays, zeolites, and c-ZrP, which have CEC values in a range between
0.4 and 1.6 mmol/g1–4. The K4Nb6O17 nanolamina was used as adsorbent to trap Sr21, Ra21 and Cs1 from aqueous
solution. It was found that the K4Nb6O17 nanolamina exhibited high adsorption capacity, selectivity, and fast
kinetics, which indicates that it is a high potential candidate as highly efficient adsorbent for radioactive cations.
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Given the high toxicity of radioactive isotopes, we used aqueous
solutions of non-radioactive ions, i.e., Cs1 and Sr21 in our sorption
experiments instead. Non-radioactive Ba21 cations can be used to
simulate the adsorption behavior of Ra21 ions due to a similar ionic
diameter to radioactive Ra21 ions and similar ion exchange beha-
vior22. As presented in Figure 1a, the adsorption isotherms approach
a plateau that is the experimental saturated adsorption capacity. For
the adsorption of divalent Sr21 and Ba21 ions, the saturated capacities
are ,1.78 and ,1.50 mmol/g, respectively. Apparently, the satura-
tion capacities of Sr21 and Ba21 cations are slightly lower than the
theoretical CEC values, that is, about 87% of the calculated value for
Sr21 sorption and 74% for Ba21 cations. However, the saturated
adsorption capacity for Cs1 ions is ,1.25 mmol/g, which means
only 31% of the K1 ions are exchanged by the toxic Cs1 ions and a
large fraction of the K1 ions are still retained between the K4Nb6O17

nanolamina interlayers as the sorption reached saturation. This
result is similar to the adsorption by layered or tunneled sodium
titanate nanofibers and nanotube11–16, where only 1/3 of the Na1 ions
can be exchanged by monovalent Cs1 ions.

The morphology of the K4Nb6O17 nanolamina before and after
sorption of Cs1, Sr21 and Ba21 ions was observed by field emission
scanning electron microscopy (FESEM). The composition of the
samples was determined by energy-dispersive X-ray spectroscopy
(EDS) attached on the same microscopy. As shown in Figure 2, the
K4Nb6O17 nanolamina is composed of two-dimensional niobate
sheets with a parallel layered structure. After ion exchange with
Cs1, Sr21 and Ba21 ions, the K4Nb6O17 nanolamina maintains the
laminar morphology. The laminar morphology possesses very
important advantages for application in removal of toxic ions from
water. For instance, laminar adsorbents can readily be dispersed into
a solution and are easily accessed by the toxic cations. This property
is able to enhance the kinetic of the sorption process. As shown in
Fig. 1b, using adsorption time as the horizontal axis, we plotted the
kinetic curves of Cs1, Sr21 and Ba21 ions adsorption. Obviously, all
three toxic cations can reach sorption equilibrium within the first
5 hours and over 50% of equilibrium amount of adsorbed Sr21 and
Ba21 ions were taken up within 1 hour. Compared with traditional
ion exchangers, for example, c-ZrP and synthetic clays1–4, the
K4Nb6O17 nanolamina is more efficient, in terms of adsorption kin-
etics, for the removal of radioactive cations from contaminated
water. Additionally, the adsorbed Cs1, Sr21 and Ba21 ions have been
verified by the EDS spectra (insets in Figure 2). The signal of

remained K1 ions in Cs1 exchanged sample is much higher than
those of the Sr21 and Ba21 exchanged nanolaminas. This is in good
agreement with the adsorption data shown in Figure 1a.

To explain the incomplete ion exchange, we compared the XRD
patterns of the K4Nb6O17 nanolamina before and after ion exchange
(see Figure 3a). The main difference among the XRD patterns of the
K4Nb6O17 nanolamina before and after adsorption of Cs1, Sr21 and
Ba21 ions is the shift of the first diffraction peak positioned at 8.56u
which is assigned to (040) plane of K4Nb6O17. As shown in Figure 3b,
the d040 spacing is the interlayer spacing of K4Nb6O17 nanolamina.
For instance, the pristine K4Nb6O17 nanolamina possesses a d040

spacing of 1.034 nm and it decreases to 0.956 nm when 87% of
exchange sites in the nanolamina are occupied by Sr21 ions, and
decreases to 0.964 nm when the Ba21 ion absorption is equivalent
to 74% of the theoretical capacity. However, the d040 spacing only
slightly decreases to 1.006 nm after reached Cs1 adsorption equilib-
rium, since only 31% of exchange K1 ions in the nanolamina are
occupied by Cs1 ions. The considerable deformation of the interlayer
spacing indicates substantial structural changes of the nanolamina,
which prevent further uptake of the toxic cations and is responsible
for the incomplete exchange. This result is similar to the situation of
titanate nanoadsorbents11–16 and synthetic micas2,4. The collapse of
the interlayer spacing by about 0.078, 0.070, and 0.028 nm for Sr21,
Ba21, and Cs1, respectively, can be explained dehydration of the
adsorbed cations owing to the extremely high charge density of the
layers coupled with the relatively low hydration energy of the radio-
active cations23–26. Just as the toxic cations cannot enter the structure
after initial ion exchange, the toxic cations that entered the K4Nb6O17

nanolamina cannot escape from the collapsed interlayers, that is,
effectively resulting in the confinement of the toxic Cs1, Sr21, and
Ba21 ions.

The structures of K4Nb6O17 nanolamina after sorption of Cs1,
Sr21, and Ba21 ions were also analyzed by high resolution transmis-
sion electron microscopy (HRTEM), and the analysis provides evid-
ence of the structural deformation caused by cations sorption.
Figure 4a shows nanolamina TEM image of the pristine K4Nb6O17

with average size of several hundreds of nanometers. Figure 4b–d
confirm that the laminar morphology is maintained after the adsorp-
tion of Cs1, Sr21, and Ba21 ions. The HRTEM images (see Figure 4e–
h) and the fast fourier transform (FFT) images (insets) also reveal
more subtle structural changes induced by the entrapment of toxic
cations. Apparently, one set of the fringe spacing of 0.323 nm is

Figure 1 | (a) The isotherms of Sr21, Ba21, and Cs1 absorption by K4Nb6O17 nanolamina. The horizontal axis represents the concentration of the

cations (mmol/L) remained in solution, while the vertical axis shows the saturation capacity (mmol/g) after reaching the sorption equilibrium. (b) The

dynamic curves of Sr21, Ba21 and Cs1 sorption by K4Nb6O17 nanolamina. The horizontal axis represents the sorption time, while the vertical axis shows

the amount of the cations taken up by the adsorbent.
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observed from the HRTEM image of the pristine K4Nb6O17 (see
Figure 4e), which is corresponding to the (002) plane of K4Nb6O17.
There is little defect and distortion in the crystal lattice. However,

after adsorption of Cs1, Sr21, and Ba21 ions, obvious lattice distortion
is observed. Additionally, the fringe spacing of (002) expends to
0.330 nm for the K4Nb6O17 nanolamina after adsorption of Ba21

Figure 2 | FESEM images and EDS spectra (insets) of (a) the pristine K4Nb6O17 nanolamina and the sample after adsorption of (b) Cs1, (c) Sr21 and (d)
Ba21 ions. The scale bar on this drawing represents a length of 400 nm.

Figure 3 | (a) The XRD patterns of the K4Nb6O17 nanolaminas before and after ion exchange. (b) Schematic illustration of the ion exchange between K1

ions and the target cations.
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ions. This result is in good agreement with those of the XRD patterns
where the diffraction peak of (002) plane shifts to lower angel after
adsorption of Ba21 ions (see Figure 3a).

The structural changes also lead to the desirable outcome that the
toxic cations are trapped in the interlayer space permanently and
safely for subsequently disposal. To verify the permanent trapping of
the toxic cations in K4Nb6O17 nanolamina, the adsorbent with equi-
librium amount of Cs1, Sr21 and Ba21 ions were separated by cent-
rifugation, washed with a small amount of water and then dispersed
in water again. After stirring the suspension for 48 h, we measured
the toxic ions concentration of the solution by atomic adsorption
spectroscopy (AAS). As expected, only a small amount of target
cations were released to the solution, that is, 3.2% of Sr21, 4.5% of
Ba21 and 1.3% Cs1, respectively. To determine the amount of the
absorbed toxic ions remained in the K4Nb6O17 nanolamina, the
K4Nb6O17 nanolamina with absorbed toxic cations after the release
experiment were dissolved into 15 M HNO3 solution and the con-
centrations of Cs1, Sr21 and Ba21 ions in the HNO3 solution were
measured by AAS. It was found that more than 90% of the absorbed
toxic cations remained in the K4Nb6O17 nanolamina. It is indicated
that the structural deformation of the K4Nb6O17 nanolamina
resulted from the adsorption of these ions is beneficial for the per-
manent entrapment of target cations.

The adsorption selectivity of K4Nb6O17 nanolamnia to adsorb
Cs1, Sr21, and Ba21 ions in the presence of a large excess of K1 ions
was also investigated by equilibrating the adsorbent for 2 days within
a solution containing 200 ppm Sr21 (or 500 ppm Ba21, 150 ppm
Cs1) and K1 ions (KNO3 or KCl) of a concentration of 0 M,
0.01 M, 0.05 M and 0.1 M at room temperature. The distribution
coefficient Kd

27, which is the ratio of the metal ions adsorbed into the
adsorbent (per gram) to the metal remaining in solution (per milli-
liter), is listed in Table 1. The existence of a small amount of K1 ions
can cause significant decrease of all three toxic cations adsorption.
However, further increase of K1 ions concentration only results in a
relatively slight decrease of the metal ions sorption and the Kd values,
particularly for the divalent cations. This means the K4Nb6O17 nano-
lamnia possesses good adsorption selectivity. Similar results were
obtained in the presence of a large amount of competitive Na1 and
Ca21 ions. As shown in Table S1 and S2, the Kd values of K4Nb6O17

nanolamnia are highly influenced by the divalent Ca21 ions in com-
parison with monovalent K1 and Na1 ions.

In addition, given radioactive liquid waste is usually an acidic
solution, for example, 137Cs1 and 90Sr21 acidic aqueous solution28, it
is very important for the adsorbents used to decontaminate the liquid
waste to possess acid resistance and stay ion exchangeable in acidic
environment. To investigate the influence of the pH value on the
sorption of Cs1, Sr21, and Ba21 ions, we equilibrated K4Nb6O17

nanolamina for 2 days within a solution under a same concentration
of target cations and different pH values varying from 1 to 14. The
results are shown in Figure S1. It can be seen that the K4Nb6O17

nanolamina can stay ion exchangeable in a light acidic environment.
Even when the pH value equals to 1, the adsorbent can still keep half
of its equilibrium capacity to adsorb Sr21 or Cs1. But for Ba21 cations,
the sorption does not happen when the pH value is lower than 2.
These results indicate that the K4Nb6O17 nanolamina is suitable for
removing radioactive ions from lightly acidic solutions.

K4Nb6O17 nanolamina can be manufactured in large scale through
a hydrothermal reaction between KOH and niobium sources at low
cost, and possess a flexible layered structure which guarantees a
relatively high and stable cation exchange capacity for radioactive
cations such as Sr21, Ba21 and Cs1. Compared with traditional ion
exchanger, K4Nb6O17 nanolamina is more efficient and prompt as
adsorbent to remove these toxic cations from contaminated water.
With the presence of competitive K1 ions in a solution, K4Nb6O17

can selectively adsorb the toxic cations even when the concentration
of K1 ions is higher than that of the target cations. More importantly,
there was a structure deformation of K4Nb6O17 after ion exchange
procedure. This structure deformation results in a permanent trap-
ping of the radioactive ions between the interlayers and thus avoids
second contamination during subsequent disposal. Also, the
K4Nb6O17 nanolamina can stay active in a lightly acidic environment

Figure 4 | TEM and HRTEM images of the K4Nb6O17 nanolaminas: (a,e) the pristine K4Nb6O17 and the sample after adsorption of (b,f) Sr21, (c,g) Ba21,
and (d,h)Cs1 ions. Insets: FFT images of the samples.

Table 1 | Kd values of Sr21, Ba21 and Cs1 sorption by K4Nb6O17

nanolamina

CK* (mol/L) Sr21 (200 ppm) Ba21 (500 ppm) Cs1 (150 ppm)

0 1060 730 3080
0.01 670 650 960
0.05 640 610 700
0.1 530 520 540

*Ck is the concentration of KCl or KNO3 in a solution.
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and can be separated from water by low-costly filtration, sedimenta-
tion or centrifugation. In summary, the K4Nb6O17 nanolaminas with
layered structure are promising candidates as adsorbents for the
removal of radioactive cations from water.

Methods
Synthesis. The K4Nb6O17 nanolaminas were synthesized by the reaction between
concentrated KOH solution and niobium pentaoxide (Nb2O5) under hydrothermal
conditions14. Specifically, 4 g of Nb2O5 was dissolved in 80 mL of 0.5 M KOH
solution under stirring 1 h. Seal the suspension in a Teflon-lined stainless autoclave at
180uC for 96 h (hydrothermal reaction) to yield potassium niobate nanolaminas.
After the hydrothermal procedure the white solid in the autoclaved mixture was
recovered and washed with deionized water. Finally, the washed powder was dried at
80uC.

Adsorption test. Considering the high toxicity of 90Sr21 and 137Cs1, the sorption
experiments were carried out using the aqueous solution of their nonradioactive
isotopes. Ba21 was also used to instead of 226Ra21 for the same reason, because these
two ions have similar ionic diameters and ion exchange behavior20. The sorption
isotherms of metal cations (Sr21, Ba21, and Cs1) sorption were determined at room
temperature by equilibrating 100 mg K4Nb6O17 with 100 mL Sr(NO3)2, Ba(NO3)2 or
CsCl solution with different concentrations for 48 h. To avoid the effect of the
formation of SrCO3 or BaCO3, the pH value of the mixtures were kept in the range of 6
to 7. After the sorption experiments the solid and liquid phase were separated by
centrifugation for further characterizations.

Characterization. The surface morphology and composition of the K4Nb6O17

nanolaminas were obtained on a scanning electron microscope (SEM; Hitachi, S-
4800 with an accelerating voltage of 5 kV) and energy-dispersive X-ray spectroscopy
(EDX) attached to the used SEM. High-resolution transmission electron microscopy
(HRTEM) images were taken on a JEOL JEM-2100F field emission electron
microscope under an accelerating voltage of 200 kV. The crystallized phases were
identified by powder X-ray diffraction (XRD) analysis using an X-ray diffractometer
(DX-2700, China) with Ni-filtered Cu Ka radiation (l 5 1.5406 Å) at 40 kV and
30 mA with a fixed slit. The concentrations of the toxic cations were determined by
atomic adsorption spectroscopy (AAS, TAS 990, China).
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