
Optimizing Strategy for Enhancing the Stability and 99TcO4
−

Sequestration of Poly(ionic liquids)@MOFs Composites
Cheng-Peng Li, Hai-Ruo Li, Jin-Yun Ai, Jing Chen, and Miao Du*

Cite This: ACS Cent. Sci. 2020, 6, 2354−2361 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Metal−organic frameworks (MOFs) are a class of
promising sorbents for effective sequestration of radioactive
99TcO4

− anions. However, their poor stability and slow sorption
kinetics in the industrial condition pose a great challenge. Herein,
we demonstrate an optimizing strategy via in situ polymerization of
ionic liquids (ILs) encapsulated in the pores of MOFs, forming
polyILs@MOFs composites with greatly enhanced TcO4

− sequestration compared with the pristine MOFs. Notably, the cross-
linked polymerization of ILs facilitates the formation of both the inside ionic filler as the active sites and outside coating as the
protective layers of MOFs, which is significantly beneficial to obtain the optimized sorption materials of exceptional stability under
extreme conditions (e.g., in 6 M HNO3). The final optimized composite shows fast sorption kinetics (<30 s), good regeneration
(>30 cycles), and superior uptake performance for TcO4

− in highly acidic conditions and simulated recycle stream. This strategy
opens up a new opportunity to construct the highly stable MOF-based composites and extend their applicability in different fields.

■ INTRODUCTION

Radioactive waste pollution, which is formed as the byproducts
of the nuclear fuel industry and nuclear weapons, is one of the
most severe threats to the international community.1−4 The
current proposed managing strategy of radioactive waste is very
complicated by the inventory of long-living radionuclides, such
as 99Tc, because of its long half-life (t1/2 = 2.1 × 105 years),
high water solubility (11.3 M at 20 °C in the form of sodium
salt), and serious perniciousness as low activity waste (LAW)
under aerobic conditions.5−8 Disposition of 99Tc during the
vitrification process of nuclear waste remains challenging due
to the generation of volatile Tc2O7.

9 Therefore, 99Tc removal
from high-level waste steam prior to vitrification is greatly
essential. The main form of 99Tc in industry is pertechnetate
(99TcO4

−), which can easily spread into the environment and
enter into the food chain after accidental release. Notably, the
large size and low charge density of TcO4

− result in its low
binding constant and the small complexing enthalpy in water,
which makes it very difficult to be selectively recognized.10−13

Removal of 99Tc in groundwater is rather hard, because of the
requirement to meet the low detection limit below the
standard of drinking water (5.2 × 10−10 M or 900 pCi L−1)
defined by the U.S. Environmental Protection Agency.14 Now,
great success has been achieved on 99Tc sequestration from
alkaline solutions, especially the high-level nuclear waste stored
in underground tanks at the Savannah River.15−18 Never-
theless, it is still a great challenge to manage TcO4

− species in
highly concentrated HNO3 medium, prior to the plutonium
uranium redox extraction (PUREX) process.19,20

For the established technologies for TcO4
− remediation, the

utilization of solid sorbents holds great promise, considering

their simple, safe, and low-cost processes and superior
performances for removal of anions at a low concentration
level and point-of-use applications.21−27 Although the pioneer-
ing endeavor of this topic was explored long ago, it is definitely
a long-term battle for 99Tc decontamination. As a matter of
fact, the traditional commercialized polymeric anion-change
resins (e.g., superLig-639 or Purolite-A-520E) have slow anion-
exchange kinetics and poor radiation resistance.28,29 The
inorganic cationic materials, such as the layered double
hydroxides (LDHs) or layered rare-earth hydroxides (LRHs),
possess a limited sorption capability and poor selectivity.30,31

As an emerging candidate to sequester TcO4
− from nuclear

waste, metal−organic frameworks (MOFs) are endowed with
the unique advantages of tailored porous structures and facile
functionalization, relying on their modular building
blocks.32−35 Some cationic MOFs exhibit good sorption
capability and selectivity to pertechnetate, but slow kinetics,
low stability, and poor recyclability under highly acidic
conditions.36−38

In fact, most MOF materials are constructed by carboxylate-
or azolate-involved ligands and thus have the neutral porous
frameworks. Considering the available database of numerous
MOFs, it can be envisioned that the incorporation of cationic
polymers into neutral MOFs will afford diverse composites,
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which can serve as the anion receptors with high density of
easily accessible anion-exchange sites. This strategy may also
endow the porous composites with fast sorption kinetics and
high stability.39,40 Nevertheless, a simple incorporation of
cationic polymers into MOFs will suffer from the size
incompatibility, owing to the limited open windows of
MOFs. On the other hand, several cationic monomers have
been used to bind to the organic ligands in MOFs, either prior
to or after the synthesis of MOFs, to obtain polymers@MOFs
composites.41−44 However, either the complex synthetic
procedure or the need of a special active group largely limits
their universal applications. As a result, a more feasible
approach has been developed to fabricate polymers@MOFs
composites, by encapsulating the small monomers into MOFs
in advance and then implementing polymerization in situ. In
this way, the intrinsic properties of both polymers and MOFs
could be reserved in the resultant composites.45−48

To demonstrate the above proof-of-concept for the design of
anion sorbents, in this work, imidazolium-based ionic liquids
(ILs) were used as the monomers given their cationic nature,
tunable sizes, and easy-to-obtain properties.49 Besides these,
ILs could be easily impregnated to the pores of MOFs, even
under the vacuum condition,50 due to their liquid nature and
extremely low vapor pressure. Moreover, the interactions
between ILs and pore walls of MOFs allow the immobilization
of ILs into MOFs.51 Up to now, some ILs@MOFs or
polyILs@MOFs composites have been developed for catalysis,
gas adsorption/separation, and ion conduction.47,52,53 In the
reported examples, ILs or polyILs are normally considered to
be entrapped within the MOFs due to size confinement.54,55

Thus, the leaching of ILs or polyILs under industrial
conditions is a significant problem to the practicability of
composites. Also, the performances of such composites will be
greatly affected by their stability toward water and acidic or
alkaline solutions.
With the above points in mind, cross-linked polyILs@MOFs

composites can be constructed and applied in pertechnetate
sequestration, considering the following features: (i) The high
density of anion-exchange sites of polyILs and hierarchical
porosity of composites could facilitate a rapid anion trans-
portation. (ii) The in situ generated cross-linked polymers may
improve the stability of composites. (iii) The highly cross-
linked polymers and hydrophobic pores of MOFs afford a high
affinity to the less hydrated anion (e.g., TcO4

−) to enhance the
selectivity. To establish the structure−property relationship
and optimize the sorption performances, a variety of ILs (linear
or cross-linked monomers) and MOFs (MIL-101, UiO-66, and
ZIF-8) were employed for de novo synthesis. Notably, the
polyILs@MOFs composites integrate the advantages of each
individual component, with highly enhanced sorption kinetics,
uptake capacity, stability, and recyclability under extreme
conditions, toward TcO4

− or ReO4
− (a nonradioactive

surrogate for TcO4
−) remediation. Further, an optimizing

strategy to enhance the stability and reusability for MOF-based
composites was proposed, which can be generally applied in
different fields.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The targeted polyILs@

MOFs sorbents were obtained by impregnation of ILs into
MOFs and then in situ polymerization (see Figure 1). By this
approach, the polyILs@MOFs composites with different
structural features and adsorption performances could be

easily achieved, through changing the IL monomers and/or
MOF precursors. In this work, we chose two series of
imidazolium-based monomers, including the linear species
bearing one vinyl group (Cn, n = 2, 6, and 12) and the cross-
linked species bearing two vinyl terminals (bis-Cn, n = 2 and 6)
with the following considerations (Figure 1): (i) Such polyILs
in hierarchical pores of polyILs@MOFs have the rich positive
charges, therefore enhancing the sorption kinetics of anions.
(ii) The cross-linked polymers may coat on the surface of
MOFs, thus protecting MOFs in extreme conditions. (iii) The
ILs modified with different substituents in polyILs@MOFs
composites may affect their sorption ability, thus providing the
opportunities to optimize these sorbents. As a result, two series
of PCn@ MOFs and bis-PCn@MOFs composites (here, MOFs
= MIL-101, UiO-66, or ZIF-8) can be achieved. Prior to the
anion-exchange, the toxic Br− anion in composites was
replaced with the Cl− ion, via treating with the saturated
NaCl solution. Herein, PC2(Cl)@MIL-101 and bis-PC2(Cl)@
MIL-101 were selected as the representatives for a thorough
illustration, owing to their superior sorption capabilities. The
enhanced sorption capacities were also observed in polyILs@
UiO-66 and polyILs@ZIF-8, compared with the corresponding
pristine MOFs, which thus were enumerated to confirm the
universality of the proposed strategy.
FT-IR spectra were taken to illustrate the polymerization of

monomers in MIL-101. All characteristic peaks of bis-C2 and
MIL-101 can be observed in the FT-IR spectrum of bis-C2@
MIL-101, where the peaks at 925 and 978 cm−1 reveal the
bending vibrations ofCH2 andCH groups, respectively
(Figure 2a). Upon polymerization, the two peaks are clearly
weakened in bis-PC2(Cl)@MIL-101 and bis-PC2. With regard
to bis-PC2@MIL-101@Re, the peak at 910 cm−1 corresponds
to the adsorbed ReO4

− anions. Similar results were also
observed in the FT-IR spectra of PCn@MIL-101 (n = 2, 6, and
12) and bis-PC6@MIL-101 composites (Figure S1). Addition-
ally, PXRD patterns illustrate the framework integrity of
composites (Figure 2b and Figure S2). Their porosity was
evaluated by N2 adsorption isotherms at 77 K (Figure 2c). The
Brunauer−Emmett−Teller (BET) surface areas are signifi-
cantly reduced for bis-PC2(Br)@MIL-101 (1055 m2 g−1) and
bis-PC2(Cl)@MIL-101 (1891 m2 g−1), compared with that of
MIL-101 (2926 m2 g−1), due to the introduction of polyILs.
The larger Br− anions result in a smaller BET surface area of
bis-PC2(Br)@MIL-101, compared with bis-PC2(Cl)@MIL-
101. Moreover, compared with MIL-101, the pore volumes
of bis-PC2(Br)@MIL-101 and bis-PC2(Cl)@MIL-101 show a
shrinkage due to the occupation of voids in MIL-101 by
polyILs (Figure S3). Such hierarchical pores in polyILs@MIL-
101 facilitate the anion transportation and/or sorption. The

Figure 1. Designing strategy of polyILs@MOFs composites for
radionuclide sequestration, by in situ polymerization of the
encapsulated imidazolium-based ILs in the pores of MOFs (MIL-
101 was chosen as the representative MOF here).
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BET surface area of bis-PC2@MIL-101@Re is further
decreased to 875 m2 g−1, and a continuous shrinking of pore
volume is found after anion uptake. This can be attributed to
the void consumption and mass increment after ReO4

−

sorption. XPS was employed to investigate the chemical
compositions of MIL-101, bis-PC2(Cl)@MIL-101, and bis-
PC2(Cl)@MIL-101@Re (Figure 2d). Compared to MIL-101,
the XPS survey for bis-PC2(Cl)@MIL-101 shows the addi-
tional peaks of N 1s (401.3 eV) and Cl 2p (197.1 eV),
revealing the existence of imidazolium and Cl−. Moreover, the
appearance of Re 4f peaks and disappearance of Cl 2p peak in
XPS of bis-PC2(Cl)@MIL-101@Re indicate the complete
anion-exchange of Cl− by ReO4

−. For free ReO4
−, the XPS

signals of Re 4f5/2 and Re 4f7/2 are observed at the binding
energies of 48.3 and 45.9 eV,56 which shift to 48.4 and 46.0 eV,
respectively, for bis-PC2@MIL-101@Re (Figure S4). This
result clearly reveals a decrease of electron density of ReO4

− in
bis-PC2@MIL-101@Re, caused by the interactions between
ReO4

− and bis-PC2@MIL-101 in the composite.
To gain a better understanding of ILs’ entrapment within

MIL-101, STEM-EDS images of MIL-101 and polyILs@MIL-
101 were further performed (Figures S5−S7). The in situ linear
polymerization of C2−ILs occurs in the inner void of MIL-101,
and the formed PC2 polymer is not observed on the crystal
surface (Figure S5). By introducing a mixture of C2 and bis-C2
IL monomers, most of the formed polyILs are located within
the pores of MIL-101, whereas a few polyILs cover on the
surface of MOF particles (Figure S6). By contrast, the use of
cross-linked bis-C2 monomers affords the bis-PC2@MIL-101
composite, where the surface of MIL-101 crystals is coated by
a mass of polyILs (Figure S7). Notably, the toxic Br− in

polyILs@MIL-101 could be fully replaced by Cl−, which
motivates us to explore its application in radionuclide polluted
water treatment. The TGA curve (Figure S8) also confirms the
presence of ILs in the pores of bis-PC2(Cl)@MIL-101,
showing additional weight loss of 13.2% at ca. 300 °C that is
not observed for MIL-101.

Sorption Kinetics. The sorption experiments of TcO4
−

ions were initially performed by mixing 5 mg of bis-PC2(Cl)@
MIL-101 with 5 mL of aqueous solution containing 26 ppm
TcO4

−. The concentration of TcO4
− in solution was traced by

the UV−vis characteristic peak at 290 nm and liquid
scintillation counting (LSC) measurements. As depicted in
Figure 3a, bis-PC2(Cl)@MIL-101 shows an extremely high
removal rate for the TcO4

− anion and the UV−vis character-
istic peak at 290 nm fully disappears within 30 s, which is the
fastest limitation for the manual experimental operation. This
result is comparable to that of SCU-CPN-1,57 an anion-
exchange polymer with the fastest TcO4

− sorption kinetics and
shortest equilibrium time thus far. For bis-PC2(Cl)@MIL-101,
the cationic polyILs coated on the outside of the MOF
particles and easily attract TcO4

− in solution via electrostatic
interactions. Then, the attracted TcO4

− anions enter into the
channels of the composite, which are trapped by the inner
network. Thus, the polymeric components and the hierarchical
pores in bis-PC2(Cl)@MIL-101 should account for the rapid
anion transportation. For the similarity in both magnitude and
trend in solubility of TcO4

− and ReO4
− anions, bis-PC2(Cl)@

MIL-101 shows similar sorption kinetics for two such anions
(Figure S9). The experiment was initially performed by mixing
2 mg of bis-PC2(Cl)@MIL-101 with a 5 mL water solution of
50 ppm ReO4

−. The ReO4
− sorption kinetics data can be fitted

Figure 2. (a) FT-IR spectra of MIL-101, bis-C2, bis-C2@MIL-101, bis-PC2, bis-PC2(Cl)@ MIL-101, and bis-PC2@MIL-101@Re. (b) PXRD
patterns and (c) N2 sorption isotherms of MIL-101, bis-PC2(Cl)@MIL-101, bis-PC2(Br)@MIL-101, and bis-PC2@MIL-101@Re. (d) XPS survey
spectra of MIL-101, bis-PC2(Cl)@MIL-101, and bis-PC2@MIL-101@Re.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://dx.doi.org/10.1021/acscentsci.0c01342
ACS Cent. Sci. 2020, 6, 2354−2361

2356

http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c01342/suppl_file/oc0c01342_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c01342/suppl_file/oc0c01342_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c01342/suppl_file/oc0c01342_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c01342/suppl_file/oc0c01342_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c01342/suppl_file/oc0c01342_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c01342/suppl_file/oc0c01342_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c01342/suppl_file/oc0c01342_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01342?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01342?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01342?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.0c01342?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://dx.doi.org/10.1021/acscentsci.0c01342?ref=pdf


by using the pseudo-second-order model, with a high
correlation coefficient of >0.9999 (Figure S10 and Table
S1). The rate constant k2 of 22.03 g mg−1 min−1 shows an
ultrafast sorption rate. The distribution coefficient Kd of bis-
PC2(Cl)@MIL-101 is 3.3 × 106 mL g−1, which is comparable
to PQA-pN(Me)2Py-Cl (1.0 × 107 mL g−1) that represents the
highest performance now.58 To evaluate its real application for
the instant radionuclide sequestration, a chromatographic
column was fabricated with bis-PC2(Cl)@MIL-101 as the
stationary phase. Notably, the water solution of ReO4

− (188
ppm) could be successfully purified (95.4% removal), via
simply passing it through the column under ambient pressure
(Figure S11). In contrast, most known sorbents require
lengthy contacting time and vigorous stirring to this aim, which
are clearly unfavorable for the fast treatment of slightly
contaminated water.
Due to the limited availability and high radioactivity of

99TcO4
−, ReO4

− was used in the experiment of the sorption
isotherm. It was initially taken by mixing bis-PC2(Cl)@MIL-
101 (5 mg) with a water solution of TcO4

− (5 mL) at a certain
concentration (0−1000 ppm). The sorption of ReO4

− by bis-
PC2(Cl)@MIL-101 follows the Langmuir isotherm model
(Figure 3b), with a high correlation coefficient of >0.99 (Table
S2). The sorption capacity is 270 mg of Re per gram of

sorbent, which corresponds to 362 mg of ReO4
− per gram of

sorbent. This value amounts to ca. 5 times that found in MIL-
101 (55 mg of Re per gram of sorbent), indicating the great
advantages of the composite optimization strategy. Notably,
bis-PC2 has a good water solubility, which thus cannot be used
for ReO4

− sorption in water.
Sorption Mechanism. To reveal the sorption mechanism,

a comprehensive comparative study on ReO4
− sorption of

MIL-101, PC2(Cl)@MIL-101, PC2(Cl)/bis-PC2(Cl)@MIL-
101, and bis-PC2(Cl)@MIL-101 (Figure 4a) was taken under
similar conditions (5 mg of sorbents; 5 mL aqueous solution of
200 ppm ReO4

−). The removal percentages for the ReO4
− ion

follow the order bis-PC2(Cl)@MIL-101 (99.86%) > PC2(Cl)/
bis-PC2(Cl)@MIL-101 (79.03%) > PC2(Cl)@MIL-101
(64.98%) > MIL-101 (53.49%), as shown in Table S3.
Accordingly, the values of distribution coefficient (Kd) and rate
constant (k2) of bis-PC2(Cl)@MIL-101 are 642 and 87 times
more than those of MIL-101. The remarkable increments in
ReO4

− uptake capacity and rate can be well ascribed to the
presence of cross-linked polymers in bis-PC2(Cl)@MIL-101.
To confirm this assumption, a full study on serial polyILs@
MIL-101 composites was taken. As a result, both the ReO4

−

removal percentages and Kd values follow the order (Table S3)
bis-PC2(Cl)@MIL-101 > PC2(Cl)/bis-PC2(Cl)@MIL-101 >
bis-PC6(Cl)@MIL-101 > PC2(Cl)@MIL-101 > PC6(Cl)@
MIL-101 > PC12(Cl)@MIL-101. Based on these results, the
composites of bis-PCn@MIL-101 produced from ILs with two
vinyl groups show better sorption performances due to the
cross-linked polymerization. In comparison, those single-chain
polymers in PCn@MIL-101 may partially pass through the
pores and transfer to the water solution during anion-exchange.
On the other hand, with the increment of the spacers in ILs of
Cn (n = 2, 6, and 12) and bis-Cn (n = 2 and 6), the resultant
polyILs have the lower charge density, thus reducing the
sorption efficiency of composites. To demonstrate the
universality of this optimizing strategy, two other well-known
MOFs (UiO-66 and ZIF-8) and their composites bis-PC2(Cl)
@UiO-66 and bis-PC2(Cl)@ZIF-8 were explored by sorption
tests (Figure 4a and Table S3). The ReO4

− removal
percentages by bis-PC2(Cl)@UiO-66 and bis-PC2(Cl)@ZIF-8
are 7 and 181 times, respectively, more than those by UiO-66
and ZIF-8. After composition, the distribution coefficient (Kd)
and rate constant (k2) show a 13 and 2 times increment to
UiO-66, and 4469 and 10 times increment to ZIF-8. These
results clearly highlight the great potential of this optimizing
strategy on MOF-based composite materials for radionuclide
sequestration.
To further elucidate the effect of in situ polymerization on

the sorption efficiency, ReO4
− sorption experiments were

performed by PC2(Cl)@MIL-101, PC2(Cl)/bis-PC2(Cl)@
MIL-101, and bis-PC2(Cl)@MIL-101 at diverse concentrations
within 50−3000 ppm (Table S4). As the removal percentage
by PC2(Cl)@MIL-101 is normalized to 1.0 in each case
(Figure 4b), with the increase of concentration for ReO4

−, bis-
PC2(Cl)@MIL-101 shows a significant superiority in removal
percentage. In a ReO4

− solution at 3000 ppm, the removal
percentage of bis-PC2(Cl)@MIL-101 is 8 times more than that
of PC2(Cl)@MIL-101. Herein, the difference between the
removal percentages of the three materials is obvious, which is
due to the fact that bis-PC2(Cl)@MIL-101 has a larger portion
of anionic components and, thus, is more stable in solution
with high ionic strength. Therefore, it is convincing that the
rational fabrication of polyILs@MOFs composites can greatly

Figure 3. (a) UV−vis spectra of the TcO4
− solution during anion-

exchange by bis-PC2(Cl)@MIL-101. (b) Sorption isotherm of bis-
PC2(Cl)@MIL-101 for ReO4

−. Inset: linear regression by fitting the
equilibrium data with the Langmuir sorption model.
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enhance their working capacities toward TcO4
−/ReO4

−

sequestration, in which both the small monomers and cross-
linking polymerization are beneficial for sorption improvement.

Considering the greatly enhanced performances after
polymerization, it is presumed that the high density of
anion-exchange sites and the coating of cross-linked polyILs

Figure 4. (a) Sorption kinetics of ReO4
− by polyILs@MOFs and the corresponding MOFs. (b) Comparison of the sorption capacities of the

ReO4
− anion by PC2(Cl)@MIL-101, PC2(Cl)/bis-PC2(Cl)@MIL-101, and bis-PC2(Cl)@MIL-101 in ReO4

− water solutions (50−3000 ppm). (c)
STEM and EDS mapping images of MIL-101, PC2@MIL-101@Re, PC2/bis-PC2@MIL-101@Re, and bis-PC2@MIL-101@Re.

Figure 5. (a) PXRD patterns of bis-PC2(Cl)@MIL-101 after immersing in the water solutions with pH values varied from 0 to 13, and in the 2, 3,
4, and 6 M HNO3 solutions. (b) Effect of pH on the ReO4

− sorption performances of bis-PC2(Cl)@MIL-101. (c) Sorption of ReO4
− by bis-

PC2(Cl)@MIL-101 as a function of solid/liquid ratio in 3 M HNO3. (d) Recyclability of bis-PC2(Cl)@MIL-101 in different sorption cycles of
ReO4

−.
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on MOFs are the fundamental contributors to the high ReO4
−

sorption efficiency of polyILs@MOFs. As shown in the STEM-
EDS images of MIL-101 and polyILs@MIL-101@Re (Figure
4c), the distribution of Re is significantly different along with
the change of IL monomers. In the mapping image of PC2@
MIL-101@Re, the coating polymer is not found outside MIL-
101, and all the Re species are inside the MIL-101 particles.
For PC2/bis-PC2@MIL-101@Re, with adding the cross-linked
monomers, the MIL-101 particles are partly coated by polyILs,
in which the Re species are dotted. Utilization of cross-linked
ILs monomers affords bis-PC2@MIL-101@Re, where cross-
linked polyILs, both inside and outside MIL-101 particles,
could capture large amounts of ReO4

−. In this case, it could be
hypothesized that in situ cross-linked polymerization of suitable
IL monomers across the voids of MOFs will lead to the
interknitting of polyILs through the MOF networks. Moreover,
the cross-linked polyILs in the composite will be sufficiently
intertangled with MOFs to serve as the tough external shield,
thus greatly improving the stability. Notably, it is of great
importance that polyILs with cross-linked IL monomers can
serve as both the filler and coating of MOF particles, which not
only provide the high density of active sites but also boost the
stability of polyILs@MOFs. Therefore, such composites can be
generally extended to wide-ranging applications, especially
under extreme conditions. Considering the superior ReO4

−

sorption capacity of bis-PC2(Cl)@MIL-101, it is reasonably
chosen for further investigation.
Stability and Recyclability. The stability and reusability

of sorbents in extreme conditions represent the substantial
prerequisite to their actual application in nuclear fuel
reprocessing and waste management. As depicted in Figure
5a, the framework structure of bis-PC2(Cl)@MIL-101 remains
unchanged after being soaked in highly acidic (6 M HNO3) or
alkaline (pH = 11) water solution for 1 week. Accordingly,
their removal percentages for ReO4

− are >90% under pH = 0−
11 (Figure 5b). In the highly alkaline solution, MIL-101 is not
stable, and the digestion of composite occurs.45 At pH = 13,
bis-PC2(Cl)@MIL-101 shows almost no PXRD peak, and its
sorption performance is poor (ca. 20% of ReO4

− removal) due
to framework collapse. The result also reveals that the survived
polyILs still show some anion-exchange ability. Although bis-
PC2 is known as water-soluble, the cross-linked polymerization
of bis-PC2 in the pores of MIL-101 can largely affect its
polymerization degree and thus the solubility in water. In order
to verify this hypothesis, the digestion of bis-PC2@MIL-101@
Re was taken, and the resultant porous floccus bis-PC2@Re
solids were insoluble in the solution. As shown in Figure S12,
almost no Cr, Br, and Cl element can be observed in the EDS
mapping, where C, N, O, and Re elements are evenly
distributed. More impressively, bis-PC2(Cl)@MIL-101 can
maintain ca. 62% of ReO4

− removal from 3 M HNO3 (NO3
−/

ReO4
− molar ratio = 1619) at a solid/liquid phase ratio of 100

g L−1 (Figure 5c). This ultrahigh selectivity for ReO4
− over

NO3
− anions can be ascribed to the hydrophobic pores in bis-

PC2(Cl)@MIL-101 with a strong affinity to the anion of lower
charge density, which is similar to MOF and polymer
systems.57−60

Encouraged by the above results, the recyclability of bis-
PC2(Cl)@MIL-101 was further evaluated, which will afford
great advantage as the cost-effective sorbents (the current cost
of bis-PC2(Cl)@MIL-101 is ∼$300 per kilogram). Notably,
almost 100% ReO4

− could be removed after five cycles, and
even after 30 cycles, above 70% removal percentage is still

retained (Figure 5d and Figure S13). These features show that
this material is highly recyclable and thus has a great priority
toward radionuclide sequestration in the real fuel repossessing
conditions.

ReO4
− Removal from Simulated Nuclear Waste. The

superior sorption performance of bis-PC2(Cl)@MIL-101
inspires us to study its practicability in a simulated nuclear
waste solution. In the simulated Hanford LAW melter recycle
stream, the amounts of NO3

−, Cl−, and NO2
− ions are over

300 times more than that of the ReO4
− ion (Table S5), which

thus poses a great challenge for TcO4
− sequestration. By

adding bis-PC2(Cl)@MIL-101 (20 mg) into the simulated
solution (5 mL), 74% of ReO4

− ions therein can be removed at
a solid/liquid phase ratio of 4 g L−1, which further reveals its
great potential in practical applications.

■ CONCLUSION

This work establishes an optimizing strategy to greatly enhance
the stability and pertechnetate sequestration for MOF-based
sorbents. By in situ polymerization of encapsulated ILs in the
pores of MOFs, the polyILs@MOF composites exhibit
superior TcO4

− removal performances compared with their
MOF parents. Notably, both the smaller monomer and cross-
linked polymerization are beneficial to achieve an optimal
sorbent with exceptional stability under highly acidic
conditions, by virtue of cross-linked polyILs as both the filler
and coating of the MOF particles, the universality of which has
also been testified by different MOFs. Considering the
excellent stability, recyclability, sorption capacity, uptake
kinetics, and the high performances in the simulated Hanford
LAW melter recycle stream, the optimal bis-PC2(Cl)@MIL-
101 can act as a promising scavenger for 99TcO4

−

decontamination. The result will expand the applicability of
MOF-based materials for radionuclide sequestration and,
further, provide a universal approach to design multifunctional
composites with high activity and stability for diverse
applications such as catalysis, sorption, and ion conduction.
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