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Abstract
The decontamination of radioactive TcO4

− from nuclear wastes is becoming increasingly crucial for spent nuclear fuel
reprocessing and environmental remediation. In this work, a series of ionic liquid–immobilized silica-based adsorbents (SVIL-
Cn, n = 1, 4, 8) were newly synthesized using the radiation-induced grafting of 4-vinylbenzyl chloride onto silanized silica and
subsequent functionalization with 1-methylimidazole, 1-butylimidazole, or 1-octylimidazole. The synthesis conditions such as
the solvent, absorbed dose, and monomer concentration were investigated in detail, and the resulting adsorbents were charac-
terized by elemental analysis, FT-IR, SEM, and TGA. In batch experiments, the adsorbents exhibited a high ReO4

− (a nonra-
dioactive surrogate of TcO4

−) removal efficiency over a wide pH range (3 ~ 8), and SVIL-C1 showed a maximum adsorption
capacity of 70.62 mg g−1 towards ReO4

−. In addition, their adsorption performance barely changed after 800 kGy radiation. The
column experiments for treating simulated radioactive wastewater showed that the SVIL-Cn adsorbents could selectively sep-
arate TcO4

−/ReO4
− from a variety of fission products, and they could be recycled four times with negligible capacity loss. Lastly,

XPS and FT-IR analysis confirmed that the adsorption proceeded via an ion-exchange mechanism. The results showed that these
adsorbents are suitable for the efficient removal of TcO4

−/ReO4
− from radioactive wastewater with complex compositions.

Keywords Silica . Ionic liquid . Radiation grafting . ReO4
− . TcO4
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Introduction

Technetium-99 (99Tc) is one of the most important radionu-
clides in nuclear waste treatment because of its long half-life
(t1/2 = 2.13 × 105 years), high fission yield (6.03%), and high
mobility (Lee et al. 2016; Shi et al. 2012). 99Tc primarily
exists in its most stable oxidation state of TcO4

−, which is
difficult to immobilize during nuclear waste disposal (Yu
et al. 2010). Thus, due to its high solubility and mobility,
TcO4

− is more likely to diffuse into the environment and
causes more severe pollution than other radionuclides. A large
fraction of TcO4

− also evaporates from the smelter into off-gas
equipment, causing hidden safety issues during the vitrifica-
tion of radioactive waste (Liu and Han 2019); therefore, it is
important to develop a strategy to efficiently capture TcO4

−

from radioactive wastewater.
Adsorption is one of the most promising techniques for

capturing TcO4
− because of its low cost, facile operation,

and high efficiency (Dong et al. 2016). A variety of materials
have been used to remove TcO4

−, such as activated carbons
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(Galamboš et al. 2015), natural polymers (Wang et al. 2021),
synthetic resins (Zu et al. 2016b), and clay minerals (Yang et al.
2019). Some new adsorbents such as metal-organic frame-
works (MOFs) (Sheng et al. 2017, 2019) and covalent organic
frameworks (COFs) (Lin et al. 2017; Wang et al. 2020) have
been recently developed to decontaminate TcO4

−, but these
materials have some shortcomings in practical applications be-
cause of the properties of radioactive wastewater. For example,
clay minerals and activated carbons are cheap and easy to ob-
tain, but they have a poor selectivity and adsorption capacity.
Traditional polymer resins efficiently remove TcO4

− but have
weak radiation resistance. The high cost, complicated synthesis,
difficulty in column packing, and poor cyclic stability of MOFs
and COFs restrict their applications in practical large-scale
treatment methods (Yang et al. 2019). Therefore, there is an
urgent need to develop a novel material that can be employed
for radioactive wastewater that is low-cost, radiation-resistant,
efficient, and suitable for large-scale applications.

Silica is a widely used adsorbent substrate because of its
excellent chemical, thermal, and radiation stability and con-
trollable structure, which make it an ideal adsorbent substrate
for treating radioactive wastewater (Morin-Crini et al. 2018).
Previously, a series of functional monomers was grafted onto
silica to absorb nonradioactive metal ions and radionuclides
(Chen et al. 2017). Ionic liquids are green functional mono-
mers with good chemical and thermal stability, radiation re-
sistance, and tunable properties, and they have been exten-
sively applied for extraction separation (Favre-Réguillon
et al. 2019; Pepper and Ogden 2013; Zsabka et al. 2019).
Ionic liquids immobilized on solid substrates have also shown
better separation performance than free ionic liquids (Dong
and Zhao 2018; Zhao et al. 2016); therefore, it is expected that
adsorbents with excellent radiation stability and adsorption
properties can be obtained by immobilizing ionic liquid onto
silica. In recent years, ionic liquids have been immobilized
onto silica for adsorption separation using traditional chemical
methods (Qian et al. 2016; Mahmoud and Al-Bishri 2011);
however, considering the low chemical reactivity between
ionic liquids and silica, there is a need to develop a more
efficient strategy for immobilizing ionic liquids onto silica.

Radiation grafting is an efficient chemical modification
method because no catalysts or additives are required, and the
grafting reaction can be easily adjusted by varying the radiation
conditions (Xie et al. 2019; Dong et al. 2019). Some organic
functional monomers such as dimethylaminoethyl methacrylate
(Zhao et al. 2011) and acrylamide (Xu et al. 2011) have been
grafted onto silica using a radiation technique, but there are few
reports about the radiation grafting of ionic liquids.

In this work, to develop cost-effective adsorbents with
good radiation stability and adsorption properties, a series of
imidazolium ionic liquids functionalized micron-sized silica
adsorbents were synthesized by the radiation grafting of 4-
vinylbenzyl chloride (VBC) onto silanized silica, followed

by modification using a series of imidazole with different
alkyl chains. Due to the radioactivity of TcO4

−, the separation
of TcO4

− cannot be carried out in a typical laboratory; there-
fore, ReO4

−, which has similar chemical properties and ionic
radius to TcO4

−, is often widely studied as a TcO4
− analog

(Banerjee et al. 2016). In addition, rhenium (Re) is one of the
rarest metallic elements on the earth, and it has been widely
used in many fields (Zu et al. 2016a). Therefore, the adsorp-
tion of ReO4

− by the prepared adsorbents (SVIL-Cn) was
studied via batch and column experiments, and the radiation
resistance and adsorption mechanism were studied.

Materials and methods

Materials

Column-layer chromatographic silica gel (SiO2, purity: 98%,
type: C116881) with diameter of 120–150 μm was purchased
from Aladdin Chemical Co., Ltd. Methacryloxy propyl
trimethoxyl silane (MPTS), 1-methylimidazole, 1-
butylimidazole, 1-octylimidazole, and 4-vinylbenzyl chloride
(VBC) were obtained from Aladdin Chemical Co., Ltd.
Potassium perrhenate and Triton X-100 were obtained from
Macklin Chemical Co., Ltd. Re standard solution was provid-
ed by NCS Testing Technology Co., Ltd. All chemicals were
used as received without further purification. Ultrapure water
was used during all experiments.

Synthesis of adsorbents

The SiO2 was activated in 6 mol L−1 HCl for 24 h. Then, it was
washed to neutral by ultrapure water and dried at 80 °C.
Subsequently, 5 g activated SiO2, 5 mL MPTS, and 45 mL
toluene were mixed into a teflon-lined stainless-steel reactor,
and heated for 24 h at 120 °C. The silanized silica (denoted as
SiO2-MPTS) was obtained after removing unreacted MPTS by
washing with ethanol and ultrapure water and dried at 60 °C.

About 1 g SiO2-MPTS was vacuum-sealed in a polyethyl-
ene bag. Then, deoxygenated 10 mL 4-vinylbenzyl chloride
solution was injected into a polyethylene bag. The samples
were irradiated at room temperature with the dose rate of 20
kGy/pass by electron beam accelerator (Wasik Associates
INC, USA) at 1 MeV. Subsequently, the homopolymers and
unreacted monomers were removed by ethanol and ultrapure
water. The SiO2-MPTS-VBC was obtained after drying at 60
°C. The grafting yield (GY) was calculated using Eq. (1),

GY ¼ Wg−W0

W0
� 100% ð1Þ

where W0 (g) and Wg (g) were the weight of SiO2-MPTS and
SiO2-MPTS-VBC, respectively.
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Finally, 1 g SiO2-MPTS-VBC, 2 mL 1-methylimidazole,
and 18 mL toluene were mixed into the teflon-lined stainless-
steel reactor, and heated for 24 h at 120 °C. The SVIL-C1 was
obtained after washing with ethanol and ultrapure water and
dried. The SVIL-C4 and SVIL-C8 were synthesized in the
same way using 1-butylimidazole and 1-octylimidazole, re-
spectively. The synthesis route of SVIL-Cn (n = 1, 4, 8) is
shown in Fig. 1. The SVIL-Cn contained ionic liquids com-
posed of the alkylimidazolium cation and chloride anion and
were used for removal of ReO4

−.

Characterization of adsorbents

Fourier transform infrared spectrometry (FT-IR) was done
using a spectrophotometer (Bruker Tensor 27) in the wave-
number range of 4000–450 cm−1. Thermogravimetric analysis
(TGA) curves were recorded on a TGA 55 (TA instruments)
in a temperature range of room temperature to 800 °C at a
heating rate of 10 °C min−1 with the oxygen atmosphere.
The surface morphology was investigated by using a scanning
electron microscope (SEM) (Hitachi SU8000, Japan). The X-
ray photoelectron spectroscopy (XPS) spectra were recorded
by an AXIS-UItra DLD instrument (SHIMADZU, Japan) and
fitted with the XPSPEAK4.1 software. The element composi-
tion of prepared adsorbents was investigated by using a Vario
Micro cube (Elementar, Germany). The N2 adsorption/
desorption measurements were performed on the
ASAP2420-4MP (Micromeritics USA). The concentrations
of ReO4

− and coexisting cations were determined by using
an inductively coupled plasma atomic emission spectrometer
(ICP-OES 5110, Agilent, USA). The concentration of Cl−was
determined by ion chromatography (Metrohm, Switzerland)

Batch adsorption experiments

The batch adsorption experiments were carried out through
mixing 10mg adsorbent and 10mLKReO4 solution in a glass
bottle and shaken at a speed of 160 rpm for a certain time.
Then the supernatant was separated using the filter with a pore
size of 450 nm. The concentrations of ReO4

− before and after
adsorption were determined by ICP-OES. The effect of pH,

contact time, initial concentration, temperature, and coexisting
ions on the removal efficiency of ReO4

− onto SVIL-Cn were
studied with a similar procedure. The adsorption capacity (qe,
mg g−1) and adsorption efficiency (E, %) were calculated by
using Eq. (2) and Eq. (3), respectively.

qe ¼ c0−ceð ÞV
m

ð2Þ

E ¼ c0−ceð Þ
c0

� 100% ð3Þ

where c0 (ppm) and ce (ppm) are the initial concentration and
equilibrium concentration, respectively. V (mL) and m (mg)
are the volume of the solution and the mass of adsorbent,
respectively.

Column adsorption experiments

About 1 g adsorbent was placed into the polypropylene col-
umn with a dimension of 5 × 60 mm. The simulated radioac-
tive wastewater (SRW) which contained 0.1 mmol L−1 Re
(VII), Ce(III), Cs(I), Eu(III), La(III), Nd(III), Sc(III), and
0.5 mol L−1 HNO3 was pumped by using a peristaltic pump
through the column at a certain flow rate. A certain amount of
SRW, deionized water, 3 mol L−1 HNO3, and deionized water
flowed through the column in turn and cycled four times. The
concentration of ReO4

− and coexisting cations in the outflow
were determined by ICP-OES.

Radiation stability experiments

In order to investigate the radiation resistance of adsorbents, a
0.1 g adsorbent was sealed in a polyethylene bag and then
irradiated using β-rays (1 MeV accelerator) and γ-rays
(60Co source) with different doses of 200, 400, and 800
kGy. The adsorption performance and FT-IR spectra of adsor-
bents after radiation were studied. The adsorption experiments
of irradiated adsorbents were carried out according to the
“Batch adsorption experiments” section.

Fig. 1 Synthesis route of SVIL-Cn
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Results and discussion

Preparation of SVIL-Cn

The prepared SiO2-MPTS formed white amorphous particles
with an average size of 180 μm with a MPTS content of about
20 wt%. Then, VBC was grafted onto SiO2-MPTS using a
simultaneous irradiation technique. VBC is a hydrophobic
monomer, and the grafting reaction of VBC is usually carried
out in organic solvents such as methanol or toluene (Wang et al.
2021; Herman et al. 2003). Ting et al. found that methanol
enhanced the VBC diffusion to grafting sites at a rate higher
than other alcohols with different alkyl chains (Ting et al.
2015). Several studies have also suggested that the GY of hy-
drophobic monomers is greater in an emulsion than in an or-
ganic solvent–mediated grafting system (Ting andNasef 2017);
therefore, methanol and emulsion systems were selected for the
radiation grafting of VBC. The effect of solvent on GY is
shown in Fig. 2a. The GY in the Triton X-100/H2O emulsion
system was higher than that obtained in methanol, mainly be-
cause there were more monomer molecules in the micelles,
which effectively supplied monomer to the grafting zone
(Ting and Nasef 2017). Therefore, an emulsion system was
applied to the subsequent grafting reaction. From Fig. 2b, it
can be found that GY increased upon increasing the absorbed
dose and gradually tended to equilibrium. This was because the
radiation graft polymerization proceeded via a free-radical
mechanism, and upon increasing the absorbed dose, more free
radicals and reactive sites were generated on SiO2-MPTS,
which accelerated the grafting reaction. As the absorbed dose
continued to increase, GY tended to equilibrium because of
accelerated side reactions such as cross-linking and chain-
transfer at higher doses. The illustration in Fig. 2b shows that
GY increased first and then decreased upon increasing the
monomer concentration, mainly because more monomers

diffused to reactive sites for the grafting reaction. Further in-
creasing the monomer concentration increased the viscosity of
the grafting system, which inhibited monomer diffusion (Ting
et al. 2015). The maximum grafting yield was 36.05% at an
absorbed dose of 160 kGy and monomer concentration of 20
wt%; therefore, this radiation grafting condition was selected to
synthesize SiO2-MPTS-VBC. Subsequently, SVIL-C1, SVIL-
C4, and SVIL-C8were synthesized by nucleophilic substitution
between SiO2-MPTS-VBC and 1-methylimidazole, 1-
butylimidazole, and 1-octylimidazole, respectively.

Characterization

The structure and morphology of the adsorbents were charac-
terized by FT-IR, XPS, TGA, SEM, and elemental analysis.
As shown in Fig. 3a, the peaks at 1726 cm−1 and 2800–3050
cm−1 were assigned to the absorption of C=O and C–H group
in MPTS (Xiao et al. 2016), which confirmed the successful
synthesis of SiO2-MPTS. The successful grafting of VBCwas
verified by the appearance of a new peak at 678 cm−1 which
was ascribed to the absorption of C–Cl bonds (Xu et al. 2010).
The characteristic peak of the imidazole ring at 1570 cm−1

demonstrated the successful introduction of imidazole (Feng
et al. 2016).

The XPS spectra of SiO2, SiO2-MPTS, SiO2-MPTS-VBC,
and SVIL-C1 are shown in Fig. 3b. The SiO2 spectrum con-
tains peaks of O 1s, Si 2s, and Si 2p. The new C 1s peak in the
SiO2-MPTS spectrum suggested that SiO2 was successfully
silanized. After the radiation grafting of VBC, the Cl 2s and Cl
2p peaks appeared, which indicated that VBC was successful-
ly grafted onto silanized silica. Finally, a new N 1s peak indi-
cated that SVIL-C1 was successfully synthesized.

The TGA and DTG curves in Fig. 3c and d show that the
thermal degradation of SiO2, SiO2-MPTS, SiO2-MPTS-VBC,
and SVIL-Cn were one-step, two-step, three-step, and four-

Fig. 2 a Effect of solvent on GY of SiO2-MPTS-VBC (monomer concentration of 30 wt%). b Effect of monomer concentration on GY of SiO2-MPTS-
VBC in the emulsion system
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step processes, respectively. The thermal degradation of SiO2

involved only one step from room temperature to 100 °C,
which was considered to be the loss of physically adsorbed
water (Zhao et al. 2011). For SiO2-MPTS, the weight-loss stage
from 250 to 400 °C was due to the degradation of MPTS (Xiao
et al. 2016). The weight loss of SiO2-MPTS-VBC between 450
and 650 °C was attributed to the degradation of grafted VBC.
The weight loss of ILs in SVIL-Cn occurred from 200 to 300
°C. The TGA curves confirm that SVIL-Cn was successfully
synthesized and was stable below 200 °C.

Figure 4 shows the SEM images of SiO2, SiO2-MPTS,
SiO2-MPTS-VBC, and SVIL-C1. The original SiO2 was
smooth amorphous particles with no bulges or cracks and a
particle size of about 150 μm. After silanization and grafting,
the surface became rough, and the particle size slightly in-
creased, indicating that SiO2 was successfully modified.

The elemental analysis and N2 adsorption/desorption iso-
therms of the three adsorbents are shown in Table 1. The
amount of N indicated how many imidazolium groups were
functionalized on the surface of SiO2-MPTS-VBC. The ele-
mental analysis results showed that the imidazolium molar
content of SVIL-Cn decreased upon increasing the alkyl chain
length. Comparedwith SiO2-MPTS-VBC, the specific surface
areas and pore volumes of all three adsorbents were lower.
The imidazolium molar content of SVIL-C8 was the lowest,

but its specific surface area and pore volume showed the
greatest decrease, which indicated that longer alkyl chains
occupied more pore volume. The above characterization re-
sults demonstrate the successful synthesis of SVIL-Cn.

Batch adsorption experiments

Influence of pH

The influence of pH on the ReO4
− adsorption was investigated at

different initial pH values from 1 to 8. As shown in Fig. 5a, the
removal efficiency of ReO4

− was unaffected by the pH value
over a wide range from 3 to 8. The removal efficiency decreased
when the pH was lower than 3, mainly because Cl− influenced
the adsorption of ReO4

− by participating in an anion exchange
(Lou et al. 2019). The adsorption trends of these three adsorbents
at different pH values were not significantly different; thus, a
natural pH was chosen for further adsorption experiments.

Adsorption kinetics, adsorption isotherms,
and thermodynamics

In order to ensure a sufficient contact time to reach ReO4
−

adsorption equilibrium, the effect of contact time on the re-
moval efficiency of ReO4

− by SVIL-Cn was studied. As

Fig. 3 FT-IR (a), XPS (b), TGA (c), and DTG (d) spectra of SiO2, SiO2-MPTS, SiO2-MPTS-VBC, and SVIL-Cn (n = 1, 4, 8)
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shown in Fig. 5b, all three adsorbents exhibited fast adsorption
kinetics, mainly because the functional groups of adsorbents
synthesized using radiation grafting were distributed on the
substrate surface. SVIL-C1 showed the fastest adsorption rate,
and it reached adsorption equilibrium in 60 min, mainly be-
cause it was more hydrophilic than SVIL-C4 and SVIL-C8,
which facilitated the diffusion of ReO4

− to the adsorption
sites. In addition, the pseudo-first-order and pseudo-second-
order models were applied to fit the adsorption kinetics data,
and the fitting results are shown in Table S1 and Fig. S1. The
adsorbents showed a high coefficient of determination R2 for
the pseudo-second-order model, which indicated that the rate-
determining step of the adsorption of ReO4

− onto SVIL-Cn
may be chemical adsorption.

The adsorption isotherms of adsorption of ReO4
− by

SVIL-Cn are shown in Fig. 5c. The experimental data were
fitted by the Langmuir and Freundlich models, and the
fitting results are shown in Fig. S2 and Table 2. The ex-
perimental data of these three adsorbents were all fitted
well by the Langmuir model, which revealed that the ad-
sorption process of ReO4

− onto SVIL-Cn was mainly
monolayer adsorption on a homogeneous surface. The ex-
periment showed that the order of the maximum adsorption

capacity (qm) was SVIL-C1 (70.62 mg g−1) > SVIL-C4
(48.78 mg g−1) > SVIL-C8 (30.57 mg g−1). This was main-
ly due to the higher molar content of imidazolium (nim) in
SVIL-C1, which was calculated from the elemental analysis
results. The qm/nim of ReO4

− adsorbed on SVIL-Cn are
shown in Table 2. SVIL-C4 exhibited the largest qm/nim
value, which was similar to another research (Lou et al.
2019). This was mainly due to the hydrophobicity and
steric hindrance of the adsorbents, where highly hydropho-
bic adsorbents with low steric hindrance possessed a greater
affinity for ReO4

− (Jie et al. 2018). The maximum adsorp-
tion capacity of SVIL-C1 is higher than that of some pre-
viously reported adsorbents, as shown in Table S2. MOFs
and COFs have exhibited a higher adsorption capacity than
SVIL-Cn, but the high cost, complicated synthesis, diffi-
cult column packing, and poor cyclic stability of these
materials restrict their applications in practical large-scale
treatment methods. Comparatively, the SVIL-Cn adsor-
bents have a lower cost and easier synthesis, and can be
used in adsorption columns for large-scale applications.
Compared with resins, the SVIL-Cn adsorbents have sim-
ilar adsorption capacities and better radiation resistance,
giving them better application prospects.

Fig. 4 SEM images of SiO2 (a),
SiO2-MPTS (b), SiO2-MPTS-
VBC (c), and SVIL-C1 (d)

Table 1 The elemental analysis
and N2 adsorption/desorption
measurement results of SiO2-
MPTS-VBC, SVIL-C1, SVIL-
C4, and SVIL-C8

Adsorbent N% Imidazolium molar
content (mmol g−1)

Specific surface area (m2 g−1) Pore volume (mm3 g−1)

SiO2-MPTS-VBC - - 32.21 38.80

SVIL-C1 1.349 0.482 3.646 7.752

SVIL-C4 0.874 0.312 2.621 5.107

SVIL-C8 0.654 0.234 1.644 2.826
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Competitive adsorption

Selectivity is a critical performance parameter for adsorbents
because many ions coexist in radioactive wastewater. To in-
vestigate the selectivity of SVIL-Cn, some representative cat-
ions in radioactive wastewater including Eu(III), Sc(III), Cs(I),
La(III), Ce(III), and Nd(III) were used for competitive adsorp-
tion experiments. As shown in Fig. 6, SVIL-Cn exhibited
good selectivity with almost no adsorption of coexisting cat-
ions. The effect of coexisting anions (Cl−, NO3

−, SO4
2−, PO4

3

−) on the removal efficiency of ReO4
− onto SVIL-Cn was also

investigated. The removal efficiency of ReO4
− by SVIL-Cn

decreased upon increasing the anion concentration, which was
attributed to the competition for ion exchange sites between
coexisting anions and ReO4

−. The high concentration of NO3
−

showed the strongest interference for ReO4
− adsorption

among the anions, because of the similar ionic radius and
same charge number of NO3

− (0.67 nm) and ReO4
− (0.70

nm) (Lou et al. 2019). The adsorption rate of ReO4
−by

SVIL-Cn remained at more than 50%, even when the
coexisting anions were present in 100-fold excess, demon-
strating the good selectivity of SVIL-Cn for ReO4

−.

Radiation resistance

Radiation resistance is one of the most important properties of
adsorbents used to treat radioactive wastewater, but many ad-
sorbents based on polymeric materials have poor radiation
resistance. To investigate the radiation resistance of SVIL-
Cn, the adsorption performance and FT-IR spectra of SVIL-

Cn before and after radiation treatment were studied. As
shown in Fig. 7 and Fig. S3, the removal efficiency and FT-
IR spectra were almost unchanged after the materials were
irradiated with extremely high doses (800 kGy) of β-rays
and γ-rays. This is a very important advantage of SVIL-Cn
over most commercial resins such as Purolite A532E and
A530E (Jie et al. 2018).

Column experiments of simulated radioactive
wastewater

To further evaluate the practical application prospects of
SVIL-Cn, the column adsorption of ReO4

− from simulated
radioactive wastewater (SRW) was investigated using SVIL-
C1 as the representative. As shown in Fig. 8, SVIL-C1 selec-
tively separated ReO4

− from SRW, while hardly adsorbing
other compounds. The elution rate of ReO4

− reached 100%,
and the separation performance remained unchanged after
three cycles. These results show that SVIL-C1 can selectively
separate TcO4

−/ReO4
− from radioactive wastewater.

Adsorption mechanism

To determine the adsorption mechanism, the FT-IR and XPS
spectra of SVIL-C1 before and after capturing ReO4

− were
obtained. In the FT-IR spectra in Fig. 9a, a new peak at 905
cm−1 of ReO4

− appeared after adsorption (Xingxiao et al.
2018). After desorption by 3 mol L−1 HNO3, the ReO4

− peak
disappeared, and a new peak of NO3

− at 1388 cm−1 indicating
that ReO4

− was replaced by NO3
− after desorption. For the

XPS spectra in Fig. 9b, the Cl peak disappeared, and a Re peak
appeared after adsorption, which indicated that Cl− was re-
placed by ReO4

−. Figure 9c shows the Re 4f spectra of
SVIL-C1 after adsorption. The peaks at binding energies of
48.45 and 46.08 eV were assigned to 4f5/2 and 4f7/2, respec-
tively. This indicated that the Re species in SVIL-C1-Re
existed as ReO4

−, indicating the absence of a redox reaction
during adsorption. As shown in Fig. 9d, the imidazolium N+

peak shifted to a higher binding energy after adsorption, sug-
gesting that there were strong interactions between the

Fig. 5 a Effect of pH on the removal efficiency of ReO4
− by SVIL-Cn (c0 = 20 ppm). b Effect of contact time on the removal efficiency of ReO4

− by
SVIL-Cn (c0 = 20 ppm, natural pH). c The adsorption isotherms of ReO4

− onto SVIL-Cn (natural pH)

Table 2 The qm/nim and parameters for Langmuir models of ReO4
−

adsorption on SVIL-Cn

Adsorbent qm
(mg g−1)

R2 nim
(mmol g−1)

qm/nim
(mg mmol−1)

SVIL-C1 70.62 0.998 0.482 146.51

SVIL-C4 48.78 0.997 0.312 156.35

SVIL-C8 30.57 0.998 0.234 130.64
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positively charged imidazole ring and the negatively charged
ReO4

− (Mu et al.).
Many reports proved that ReO4

− was difficult to be com-
plexed, and their adsorption mechanism was mainly ion ex-
change (Katayev et al. 2009; Lou et al. 2019; Ding et al.
2020). A few researchers found that ReO4

− was reduced to
ReO2 during the adsorption process (Sheng et al. 2016; Wang
et al. 2019). Besides, the adsorption mechanism of
imidazolium-based adsorbents was mainly ion exchange
(Han et al. 2018; Lou et al. 2019). In this work, FT-IR and
XPS results indicated that ion exchange occurred during ad-
sorption without a redox reaction. Therefore, we think that the
adsorption mechanism of ReO4

− by SVIL-Cn was ion ex-
change. To further determine the ion exchange mechanism,
SVIL-Cn was immersed into ReO4

− solutions with different

concentrations ranging from 10 to 120 mg L−1. The released
Cl− was measured and compared to the amount of the ReO4

−

removed from solution. As shown in Fig. S4a, the concentra-
tion of released Cl− increased with the concentration of re-
moved ReO4

−. The number of moles of released Cl− was
slightly greater than the moles of ReO4

− removed due to chlo-
rine hydrolysis of the unreacted VBC (Fig. S5). To prove this
point, SVIL-Cn was added to deionized water and shaken for
12 h, and then the released Cl− was measured (Table S3).
After deducting the Cl− generated by the hydrolysis of
SVIL-Cn, the molar ratio of the released Cl− to the removed
ReO4

− was very close to 1:1. We also measured the conduc-
tivity of the solution before and after adsorption, and the re-
sults are shown in Fig. S4b. The conductivity of the solution
after adsorption was slightly higher than that before

Fig. 6 Effect of coexisting cations and anions on the removal efficiency of ReO4
− onto SVIL-C1 (a, d), SVIL-C4 (b, e), SVIL-C8 (c, f) (The initial

concentration of ReO4
−and other coexisting cations were 20 ppm.)

Fig. 7 Removal efficiency of
ReO4

− onto SVIL-Cn after irradi-
ated by β-rays (a) and γ-rays (b)
(c0 = 20 ppm)
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adsorption, which was also due to the chlorine hydrolysis of
the unreacted VBC. After deducting the conductivity increase
due to the hydrolysis of SVIL-Cn (Table S3), the conductivity
of the solution before and after adsorption was almost equal.

To summarize, the adsorption mechanism of ReO4
− by

SVIL-C1 was an ion exchange process without a redox reac-
tion in which ReO4

− replaced Cl− on SVIL-C1 and combined
with SVIL-C1 via electrostatic interactions between ReO4

−

and the imidazole ring.

Conclusions

In conclusion, we reported a novel method for the synthesis of
ionic liquid–modified silica-based adsorbents (SVIL-Cn)
through radiation grafting. The SVIL-Cn exhibited adsorption
capacity of 30.57 ~ 70.62 mg g−1 and the good selectivity in
the presence of a large excess of other competing anions. The
difference of adsorption performance was mainly determined
by the molar content of imidazolium, and the hydrophobicity

Fig. 8 The column experiment
curves of SVIL-C1 for the sepa-
ration of ReO4

− from SRW (all
cations: 0.1 mmol L−1, HNO3:
0.5 mol L−1)

Fig. 9 a FT-IR spectra of SVIL-C1 before and after adsorption as well as after desorption. bXPS spectra of SVIL-C1 before and after adsorption. cRe 4f
spectra of SVIL-C1 after adsorption. d N 1s spectra of SVIL-C1 before and after adsorption
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and steric hindrance also have a synergistic effect. Besides,
SVIL-Cn showed excellent resistance toward strong ionizing
radiation. The column experiment results of treating SRW
proved that SVIL-Cn were able to realize the selective sepa-
ration of TcO4

−/ReO4
− from a variety of fission products. In

addition, the adsorption mechanismwas ion exchange process
between Cl− and ReO4

−, which confirmed by FT-IR and XPS
analysis. These results demonstrated that SVIL-Cn showed a
powerful application potential for efficient removal of TcO4

−/
ReO4

− from radioactive wastewater.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-020-12078-z.
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