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organic network for ultra-fast and
high-capacity removal of toxic oxo-anions from
water†

Yi-Shou Wang, * Xin-Yu Li, Rui-Rui Li, Xiao-Nan Yuan, Zhu-Qing Zhao
and Xing-Xing Gou

Water pollution has become a global concern, especially from toxic metal-derived oxo-anions like CrO4
2−,

Cr2O7
2−, and TcO4

−. Adsorption, particularly ion-exchange-driven adsorption, is a promising remediation

approach. In this study, a novel imidazolium-based cationic organic network material, ImCON1, was

designed and synthesised. Multiple characterisation techniques were used to analyse its structure and

properties, including FTIR, solid-state 13C CP-MAS NMR, SEM, TGA, XRD, and XPS. ImCON1 has a cross-

linked, irregular spherical morphology, remarkable stability, and an amorphous nature. It shows high-

efficiency removal of various toxic oxo-anions, CrO4
2−, Cr2O7

2−, and MnO4
− (as a surrogate for TcO4

−)

from water. The uptake capacities are 259 mg g−1 for CrO4
2−, 1118 mg g−1 for Cr2O7

2−, and 694.5 mg

g−1 for MnO4
−, comparable to or higher than those of previously reported materials. The sorption

kinetics follow the pseudo-second-order model, indicating rapid capture. ImCON1 is resistant to a wide

pH range and effectively captures oxo-anions even in the presence of competing anions. An ImCON1-

packed chromatographic column can efficiently remove oxo-anions from water through an anion

exchange mechanism and can be reused for at least ten cycles. This novel cationic organic network

material holds great promise for wastewater treatment applications and paves the way for developing

high-performance adsorption materials at the molecular scale.
Sustainability spotlight

The synthesis of ImCON1, a novel cationic organic network, represents a signicant sustainable advance. It enables ultra-fast and high-capacity removal of toxic
oxo-anions from water. This aligns with the UN's Sustainable Development Goal 6 (Clean Water and Sanitation) by offering an efficient solution for wastewater
treatment. With excellent pH resistance, good performance in the presence of competing anions, and reusability, it provides an environmentally friendly
approach to purifying water and protecting aquatic ecosystems.
Introduction

In recent years, the escalating issue of water pollution has
emerged as a global concern. The remediation of toxic pollut-
ants present in water bodies has thus attracted signicant
attention on a worldwide scale.1 Pollution stemming from
metal-derived oxo-anions, such as CrO4

2−, Cr2O7
2−, and TcO4

−,
has posed a pressing challenge due to their ubiquitous presence
in the environment.2–6 Notably, oxo-anions based on Cr(VI) have
been demonstrated to exhibit highly carcinogenic and muta-
genic properties concerning living systems.7–11 In light of the
tilization of Tailings Resources, Shaanxi
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tion (ESI) available. See DOI:

072–3079
signicance of this issue, the U.S. Environmental Protection
Agency (EPA) has incorporated such oxo-anions into the list of
priority pollutants.12 Various technologies have been developed
for contaminant remediation, including adsorption, precipita-
tion, and decomposition.13–17 Among these, adsorption, partic-
ularly ion exchange-driven adsorption, is promising,
demonstrating high efficiency and specicity in removing ionic
contaminants from water.18–20 Numerous materials have been
developed and employed as sorbents, such as metal–organic
frameworks (MOFs),21–29 ion-exchange resins,30 and porous
hydrogels.31 Nevertheless, the application of MOFs under harsh
conditions is hampered by their poor stability, while resins are
limited by their relatively low adsorption capacity and sluggish
kinetics. In the case of porous hydrogels, their low cost, high
specic surface areas, and considerable mechanical strength
render them potential sorbents for water remediation. However,
most reported porous hydrogels have exhibited moderate
adsorption kinetics and capacity. Hence, developing adsorbents
© 2025 The Author(s). Published by the Royal Society of Chemistry
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possessing high stability, excellent efficiency, and a straightfor-
ward fabrication process remains highly warranted.

Porous organic polymers (POPs)32,33 and covalent organic
frameworks (COFs)34–37 are fabricated through strong covalent
bonds, yielding high physicochemical stability. This remark-
able stability has propelled them to the forefront of the domain
of porous materials.38–41 In real-time applications, it has been
observed that stability is oen prioritised over direct structure–
property correlations. These compounds have attracted signif-
icant attention in various elds, such as gas adsorption, catal-
ysis, and drug delivery.42–45 However, their application in
capturing hazardous oxo-anions from water is extremely
scarce.46 The fundamental prerequisite is a cationic network
equipped with exchangeable anions to achieve anion capture
via ion exchange. Cationic organic networks (CONs) represent
a novel class of porous organic materials with signicant
potential for scavenging water contaminants. The organic
skeletons within CONs enable facile structural design and
modication. Meanwhile, the strong covalent bonds endow
them with high-level stability even under harsh conditions.47–55

More notably, the charged frameworks of CONs and abundant
counterions can enhance adsorption performance. Various
CONs have been developed and utilised to remove specic
contaminants selectively.56–62 However, research on CONs
remains in its infancy, and the design of a single material with
the capacity to adsorb a diverse range of water pollutants
remains highly desirable. The charged active sites are unques-
tionably the most critical textural factor inuencing the
Fig. 1 (a) Structure of ImCON1, (b) solid-state 13C CP-MAS NMR
spectrum of ImCON1 (the peak marked with * is the spinning side-
band), (c) FTIR spectrum of ImCON1 compared with monomers.

© 2025 The Author(s). Published by the Royal Society of Chemistry
adsorption performance of a CON material. In light of this, we
have endeavoured to optimise the efficiency of CONs by aug-
menting the density of charged sites. To this end, a novel
imidazolium-based cationic organic network material, ImCON1
(Fig. 1a), was meticulously designed and synthesised. Subse-
quently, ImCON1 was employed to uptake diverse toxic oxo-
anions present in water, and it exhibited a notably high
adsorption capacity along with rapid kinetic behaviour.

Results and discussion
Structural analysis

In the present study, the synthesis of ImCON1 was carried out
through a quaternisation reaction between 1,3,5-tris(-
bromomethyl)benzene (TBMB) and 1,3,5-tris(imidazol-1-yl)
benzene (TIMB) (Scheme S1†). Solid-state 13C cross-polarized
magic-angle spinning nuclear magnetic resonance (13C CP-
MAS NMR) was employed to investigate the chemical struc-
ture of ImCON1. As presented in Fig. 1b, the characteristic peak
at 144.3 ppm (C4) corresponds to carbon atoms from the imi-
dazolium rings, conrming the formation of intact ionic units
within ImCON1. The peak at 53 ppm (C3) validates the benzylic
methylene carbon attached to the imidazolium quaternary
ammonium group. The carbons in benzene rings and those
adjacent to the imidazolium N were identied at 136.3 and
123.3 ppm, respectively. These results suggest a quaternisation
reaction of TBMB and TIMB.63–67 These spectral assignments
were cross-validated using Fourier transform infrared spec-
troscopy (FTIR) data. As depicted in Fig. 1c, the peaks at
approximately 1212 cm−1 and 704 cm−1, associated with the –

CH2 wagging in –CH2Br groups and the C–Br stretching of
TBMB, respectively, are undetected in ImCON1. The lack of
these vibrational bands implies the successful reaction between
TBMB and TIMB. The peaks at approximately 1615 and
1506 cm−1 are attributed to the C]C and C]N vibrations of
imidazole moieties of TIMB. In ImCON1, these bands were red-
shied to around 1621 and 1549 cm−1, respectively, indicating
the existence of a quaternary ammonium group. The peak at
approximately 1444 cm−1 in ImCON1 conrms the presence of
the benzylic methylene group attached to the imidazolium
quaternary ammonium group.

High-resolution scanning electron microscopy (SEM) images
disclose the cross-linked, irregular spherical morphology of
ImCON1 (Fig. 2a). The particle diameters of this material are
approximately within the range of 1–1.5 mm. Thermogravimetric
analysis (TGA) data suggested that ImCON1 possessed
remarkable thermal stability (Fig. 2b). At temperatures
exceeding 259 °C, a signicant weight loss was observed,
possibly due to the elimination of solvent molecules from the
pores of ImCON1. The thermal degradation temperature of
ImCON1 was approximately 417 °C. The X-ray diffraction
patterns unequivocally conrm the amorphous nature of
ImCON1, indicating the existence of a complex and disordered
arrangement reminiscent of an ionic liquid-derived structure
(Fig. S1†). The absence of long-range order implies that the
framework comprises randomly packed particles instead of
crystalline domains. However, the broad diffraction peaks at
RSC Sustainability, 2025, 3, 3072–3079 | 3073
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Fig. 2 (a) SEM image, (b) TGA curve, and XPS spectra of ImCON1 (c)
survey, (d) C 1s, (e) N 1s and (f) Br 3d.
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7.5° and 23.5° indicate that ImCON1 still preserves an organi-
sation typical of ionic networks.

The chemical compositions of the ImCON1 materials were
rigorously analysed via X-ray photoelectron spectroscopy (XPS).
In the full survey spectra presented in Fig. 2c, ve distinct
peaks, located at 533.6 eV, 402 eV, 285.5 eV, 183 eV, and 68 eV,
can be readily identied. These peaks correspond to O 1s, N 1s,
C 1s, Br 3p, and Br 3d, respectively. The detection of oxygen (O)
at 533.6 eV is attributed to water absorption, a nding that is
consistent with the results from FTIR and TGA. This congruence
among the different analytical techniques validates the reli-
ability of the characterisation of the ImCON1 materials.
Turning to the C 1s spectrum, as depicted in Fig. 2d, ImCON1
exhibits three well-dened peaks at binding energies (BE) of
284.8 eV, 286.4 eV, and 288.9 eV. These peaks signify the carbon
species from aromatic rings, alkyl linkers, and the C]N+ bonds
within the imidazolium rings. The N 1s spectrum, shown in
Fig. 2e, clearly elucidates the nitrogen composition. The
dominant peak, with a relatively high BE value of 401.7 eV,
represents the highly delocalised imidazolium cations (C]N+).
Conversely, the smaller peak, with a lower BE value of 399.1 eV,
can be attributed to non-ionic nitrogen atoms within the imi-
dazolium ring.56 Regarding the Br 3d spectra, as presented in
Fig. 2f, two prominent peaks centered at 67.2 eV (3d5/2) and
68.2 eV (3d3/2) are observed. These peaks conrm the successful
incorporation of the targeted bromide anions paired with the
imidazolium cations. Overall, the XPS data provide
3074 | RSC Sustainability, 2025, 3, 3072–3079
a comprehensive and in-depth understanding of the chemical
constitution and bonding within the ImCON1 structure,
thereby contributing to a more profound knowledge of the
material's properties at the atomic and molecular levels.

To evaluate the performance of ImCON1 as an ion-exchange-
based adsorbent, it was essential to understand its physical
properties, including porosity, surface morphology, and the
surface charge of the polymer. These parameters are crucial in
determining the anion uptake performance of such materials in
an aqueous medium. Low-temperature N2 gas adsorption
experiments (Fig. S2a†) were conducted to assess the porous
properties. Before the gas uptake experiments, the ImCON1
sample was activated by heating it at 120 °C for several hours,
followed by N2 gas adsorption and desorption at 77 K. A notably
low nitrogen uptake was recorded in the low relative pressure
range (P/P0 = 0–0.6). However, a gradual increase in N2 uptake
in the relatively high P/P0 region indicated the presence of
mesopores. Employing the BET isotherm model, the surface
area of ImCON1 was determined to be 1.80 m2 g−1. The pore
size distribution calculated using nonlinear density functional
theory (NL-DFT) demonstrated the microporous nature of
ImCON1 (Fig. S2b†). The relatively low surface area resulted
from substantial blockage of the internal voids/pores by the
bromide counteranions associated with the cationic backbone
of the as-synthesised ImCON1. Field emission scanning elec-
tron microscopy (FE-SEM) micrographs revealed an agglomer-
ated morphology with evenly distributed elements (C, N, and
Br), as demonstrated by energy-dispersive X-ray spectroscopy
(EDX) mapping (Fig. S3†). The EDX data further veried the
presence of bromide counteranions within the void spaces of
ImCON1, which consequently led to a reduced specic surface
area of the ionic ImCON1.
Adsorption performance

Since ImCON1 is a highly charged cationic framework featuring
open apertures and large cavities, it exhibits potential for
application in ion exchange processes involving anionic
pollutants. To evaluate the adsorption properties of ImCON1,
CrO4

2− was initially selected as the target analyte for investi-
gation. 3 mg of freshly synthesised ImCON1 sample was care-
fully placed into a 10 mL aqueous CrO4

2− solution with an
initial concentration of 0.17 mM contained within a glass vial.
Subsequently, the adsorption kinetics were monitored via
ultraviolet-visible (UV-vis) spectroscopy of the CrO4

2− solution
at predened time intervals. Remarkably, as depicted in Fig. 3a,
the intensities of the characteristic absorbance at lmax =

372 nm diminished to zero within a mere 1 minute. The decline
in the CrO4

2− concentration was further corroborated by the
visible colour transformation of the CrO4

2− solution. As shown
in the inset of Fig. 3a, the solution underwent a distinct colour
change from yellow to colourless within just 1 minute. This can
be ascribed to the ability of CrO4

2− anions in the solution to
permeate the voids of ImCON1 through ion exchange with
bromide anions. Additionally, the colour of the powder sus-
pended in the solution shied from white to orange, which
provides strong evidence that CrO4

2− anions had been adsorbed
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-vis spectroscopy in the presence of ImCON1 at different time intervals for the water solution of (a) CrO4
2−, (b) Cr2O7

2− and (c) MnO4
−;

effect of pH value on the capture efficiency of (d) CrO4
2−, (e) Cr2O7

2− and (f) MnO4
− by ImCON1; the bar diagrams represent the removal

efficiency of ImCON1 in the presence of competing anions for (g) CrO4
2−, (h) Cr2O7

2− and (i) MnO4
−.
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into the samples. Furthermore, a new characteristic absorption
band emerged at 942 cm−1, attributable to the presence of
CrO4

2− anions, thus indicating that CrO4
2− anions had sup-

planted bromide anions within the channels of ImCON1
(Fig. S4†). The kinetic data were tted using the pseudo-second-
order equation, yielding a kinetic constant (k2) of 0.0343 g
mg−1 min−1, with a correlation coefficient R2 > 0.999 (Fig. S7†).
This result strongly suggests the rapid capture ability of the
material towards CrO4

2− ions. ImCON1 exhibited a high
adsorption capacity of CrO4

2− from aqueous solutions. The
uptake capacity reached 259 mg g−1. The adsorption capacity of
CrO4

2− is comparable to that of the recently reported adsor-
bents (Table S1†). To obtain the adsorption isotherm for
CrO4

2−, a series of aqueous K2CrO4 solutions with varying
concentrations were employed. Subsequently, the experimental
data were tted to the Langmuir model (Fig. S10†).

A similar approach was adopted to study the capture of
dichromate anion (Cr2O7

2−) from water. Aer exposing
ImCON1 to an aqueous Cr2O7

2− solution, the supernatant
liquid transitioned from yellow to colourless. The characteristic
peak of Cr2O7

2− emerged at lmax = 350 nm, and its absorbance
was monitored for time-dependent studies (Fig. 3b). Within a 3
minute interval, approximately 96% of the Cr2O7

2− was
removed from the water. Simultaneously, the white ImCON1
gradually turned yellow. A novel characteristic absorption band
© 2025 The Author(s). Published by the Royal Society of Chemistry
manifested at 940 cm−1. This can be ascribed to the presence of
Cr2O7

2−. This indicates that Cr2O7
2− had replaced bromide

anions within the channels of ImCON1, as presented in
Fig. S5.† Subsequently, the kinetic data were subjected to tting
using the pseudo-second-order equation. The kinetic constant
k2 was determined to be 0.009 g mg−1 min−1, with a correlation
coefficient R2 > 0.999 (Fig. S8†). To the best of our knowledge,
this kinetic constant is signicantly higher than those of most
reported adsorbents, which indicates the rapid adsorption
property of ImCON1 towards Cr2O7

2−. Furthermore, the
capacity of ImCON1 for Cr2O7

2− ions was calculated (1118 mg
g−1) from the UV-vis study. Notably, this value surpasses the
capture capacities of most of the adsorbent materials reported
in the existing literature (Table S2†), suggesting that ImCON1
can function as an efficient adsorbent. The adsorption isotherm
was acquired to evaluate the adsorption capacity of ImCON1 for
Cr2O7

2−. As presented in Fig. S11,† the equilibrium adsorption
capacities of Cr2O7

2− at different concentrations were obtained.
The isotherm was then tted to the Langmuir model.

In addition to Cr2O7
2− and CrO4

2−, TcO4
− ions are

hazardous water pollutants because of the radioactivity of 99Tc.
Since handling radioactive species is inconvenient in a typical
laboratory, we chose MnO4

− as a non-radioactive surrogate for
TcO4

−. Mn and Tc are in the same periodic group, making
MnO4

− a close chemical analogue of TcO4
−. Following the
RSC Sustainability, 2025, 3, 3072–3079 | 3075
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methodology for Cr2O7
2− and CrO4

2− capture, we conducted
detailed studies on removing MnO4

− from water. The capture of
MnO4

− was monitored at lmax = 525 nm. A rapid decline in the
absorption spectrum was observed, and the purple solution was
decolorised within 1 minute (Fig. 3c). Concurrently, the white
solid adsorbent, ImCON1, turned dark brown. These dual
observations strongly suggested an interaction between
ImCON1 and permanganate ions (MnO4

−). FT-IR analysis
conrmed the presence of MnO4

− in MnO4
−@ImCON1, with

the characteristic absorbance at 904 cm−1 (Fig. S6†). ImCON1
demonstrated highly promising results in the MnO4

− seques-
tration from aqueous solutions. The uptake capacity reached
694.5 mg g−1, signicantly higher than those of previously re-
ported compounds (Table S3†). To delve into the sorption rate
of ImCON1 towards MnO4

−, corresponding kinetic experiments
were carried out. As illustrated in Fig. S9,† when the treatment
duration was extended to 3 minutes, ImCON1 reduced the
MnO4

− concentration to below 54.5%. Further prolonging the
treatment time beyond 2 minutes did not result in a signicant
decrease, indicating that the sorption process had reached
equilibrium. The sorption kinetics of ImCON1 were further
analysed by tting the experimental data to a pseudo-second-
order model (Fig. S12†). The high correlation coefficient ob-
tained from the tting suggests that the sorption process is
likely governed by chemical adsorption. The ultrafast exchange
kinetics can be primarily attributed to the small particle size,
high porosity, and elevated positive charge density of ImCON1.

Given the harsh conditions of wastewater, the inuence of
pH on the sorption efficiency of oxo-anions was investigated. As
illustrated in Fig. 3d, the impact of acid–base conditions on the
sorption of CrO4

2− was negligible. The removal efficiencies
reached 100% within the pH range of 4 to 10. When ImCON1
was placed in a more acidic environment, specically at pH 2,
the removal percentage of CrO4

2− decreased to 84%. In
a strongly basic solution with a pH of 12, ImCON1 still
demonstrated a high removal rate of 87% for CrO4

2−. When
contrasted with the results obtained for the removal of CrO4

2−,
the removal efficiency of Cr2O7

2− was found to be relatively
more signicantly inuenced by the basic environment at pH
12, as depicted in Fig. 3e. At pH 12, ImCON1 could achieve
a removal rate of up to 84% for Cr2O7

2−. This phenomenon is
likely attributed to different Cr(VI) ionic forms in aqueous
solutions at various pH values. Furthermore, as presented in
Fig. 3f, it was evident that the removal of MnO4

− ions remained
unaltered by the pH value. The demonstrated acid–base resis-
tance of ImCON1 strongly suggests that the polymeric network
featuring covalent linkers plays a crucial role in maintaining
structural stability and enhancing the sorption capacity under
harsh environmental conditions. To determine the chemical
stability of ImCON1 in acidic and basic environments, samples
of ImCON1 were suspended in 0.1 M HCl and 0.1 M NaOH
solutions, respectively, for 24 hours. Fourier-Transform
Infrared (FTIR) spectroscopy was utilised to analyse the
samples. Under acidic conditions, as illustrated in Fig. S13,† the
FTIR spectra of ImCON1 treated with HCl (blue curve) exhibit
no signicant shis or disappearances of the characteristic
peaks associated with the structure of pristine ImCON1 (pink
3076 | RSC Sustainability, 2025, 3, 3072–3079
curve). This observation indicates that the chemical bonds
within ImCON1 remained largely intact under acidic condi-
tions. Under basic conditions, the FTIR spectra of ImCON1
treated with NaOH (green curve) in Fig. S13† reveal certain
alterations. Specically, the frameworks of ImCON1 undergo
a gradual loss of positive charges, which can be attributed to the
deprotonation of C2–H from the imidazolium rings in basic
solutions. Nevertheless, despite these modications, the overall
structure of ImCON1 retains a degree of stability, as the key
characteristic peaks related to its primary framework can still be
identied.

Wastewater contains competing anions (e.g., F−, Cl−, Br−, I−,
NO3

−, SO4
2−) and the target oxo-anions. Therefore, we con-

ducted binary mixture studies for all oxo-anions with a 10-fold
excess of moles of various competing anions. Notably, signi-
cant capture of the oxo-anions was still observed in the presence
of competing anions. In the case of CrO4

2− ions, efficient
removal was achieved in the presence of F−, Cl−, Br−, I−, and
NO3

− ions, as shown in Fig. 3g. However, the removal efficiency
for the SO4

2−/CrO4
2− ion mixture was relatively lower, reaching

approximately 75%. Similar phenomena were also detected in
the adsorption experiment of ImCON1 on the mixed solution
containing Cr2O7

2− (Fig. 3h). ImCON1 was able to capture over
84% of Cr2O7

2− from the mixtures. This might be attributed to
the high charge density of SO4

2− ions and their strong inter-
action with the polymer network. Moreover, the removal of
MnO4

− ions remained unperturbed by other anions, as depicted
in Fig. 3i. These binary mixture studies demonstrated the effi-
cacy of ImCON1 in capturing oxo-anions, even when competing
anions were present in the solution.

To study the effect of temperature on adsorption, we have
investigated the capacities of ImCON1 for oxo-anions at
different temperatures. As depicted in Fig. S14,† we systemati-
cally investigated the adsorption capacities of ImCON1 for
CrO4

2− ions across a range of temperatures. The results
demonstrate that the adsorption capacity of ImCON1 for
CrO4

2− ions is temperature-dependent. Starting at 20 °C with an
adsorption capacity of approximately 277 mg g−1, the capacity
steadily increased until it reached a peak value of 316.7 mg g−1

at 40 °C. Within this temperature interval, the enhancement in
adsorption capacity upon increasing temperature is likely due
to heightened molecular motion. This increased mobility
promotes more effective interactions between ImCON1 and
CrO4

2− ions, facilitating adsorption. Conversely, as the
temperature ascended beyond 40 °C (at 50 °C, 60 °C, and 70 °C),
a decline in adsorption capacity was observed. This phenom-
enon can be ascribed to the elevated thermal energy at higher
temperatures, which may induce the desorption of pre-
adsorbed CrO4

2− ions or disrupt the favourable binding inter-
actions between the adsorbent (ImCON1) and the adsorbate
(CrO4

2− ions). Our research on the temperature-modulated
adsorption of CrO4

2− ions by ImCON1 reveals that an optimal
temperature, around 40 °C in this context, can signicantly
enhance the adsorption capacity. In contrast, extremely low and
high temperatures are detrimental to adsorption. These nd-
ings offer crucial insights for the practical application of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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ImCON1 in removing oxo-anions under diverse thermal
conditions.

Furthermore, an ImCON1-packed chromatographic column
was fabricated and employed to remove oxo-anions from water.
A 0.5 mM stock solution of each oxo-anion was passed through
the column. A noticeable colour change in the eluent occurred
for Cr2O7

2−, CrO4
2−, and MnO4

− ions, indicating their capture
by ImCON1. UV-vis studies further conrmed the absence of
Cr2O7

2−, CrO4
2−, and MnO4

− ions in the eluted water, demon-
strating the utility of the ImCON1-based column for removing
toxic oxo-anions (Fig. 4a, c and e). To determine whether the
removal process within the column was anion exchange or
surface adsorption, water was passed through the column
loaded with oxo-anion@ImCON1. The colourless eluent veried
the anion exchange mechanism, ruling out surface adsorption.
Subsequently, the reusability of ImCON1 was investigated with
a NaBr solution. When 0.5 M NaBr was passed through the
column for Cr2O7

2− and CrO4
2−, a yellow solution emerged,

indicating the presence of Cr(VI) oxo-anions. ImCON1 main-
tained its efficiency with no signicant uctuations over ten
consecutive cycles (Fig. 4b, d and f). This study conrmed that
ImCON1 remained stable aer adsorbing the target oxo-anions
and being regenerated with 0.5 M NaBr, enabling repeated
capture of these anions across multiple cycles.

The validation of ImCON1's practical applicability holds
substantial signicance. Industrial wastewater samples laden
with dichromate anions were procured from Dongzheng
Fig. 4 Column adsorption experiments: UV-vis spectra for the solu-
tion of (a) CrO4

2−, (c) Cr2O7
2− and (e) MnO4

− before and after passage
through the column (inset: photograph of the column adsorption
experiment for oxo-anion capture). Recyclability of ImCON1 for
adsorption of (b) CrO4

2−, (d) Cr2O7
2− and (f) MnO4

−.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Chemical Co., Ltd in Shangnan County, Shaanxi Province,
China. Before the adsorption experiment, a comprehensive
compositional analysis of the wastewater was meticulously
executed. The analysis revealed the presence of a diverse array
of anions, including Cl−, SO4

2−, and NO3
−, cations such as Na+,

Ca2+, and Fe3+, as well as organic substances. The wastewater
exhibited a complex chemical makeup with a pH of approxi-
mately 6.5. Subsequently, adsorption experiments were con-
ducted using ImCON1 in this industrial wastewater. The
outcomes were remarkable. ImCON1 sustained a high adsorp-
tion rate for dichromate anions in this intricate wastewater
milieu. The characteristic peak of Cr2O7

2− in the wastewater
solution at lmax = 362 nm diminished rapidly. In a mere 30
seconds, approximately 82% of the chromate anions were
removed, a performance comparable to that in pure synthetic
solutions (Fig. S15†). The adsorption rate was scarcely inu-
enced by the complex components present in the industrial
wastewater. Regarding the saturated adsorption capacity,
ImCON1 continued to showcase high-capacity adsorption
performance. The saturated adsorption capacity for dichromate
anions reached 331 mg g−1. These ndings unequivocally
demonstrate that ImCON1 can efficiently sequester dichromate
anions in industrial wastewater, thereby highlighting its
outstanding adaptability and tangible practical value in real-
world applications.

Zeta potential provides crucial information about the surface
charge of the material, which is closely related to its adsorption
mechanism and stability in solution. We conducted zeta
potential measurements on ImCON1 before and aer the
adsorption of Cr2O7

2− (Fig. S16†). Before adsorption, the zeta
potential of ImCON1 in an aqueous suspension was measured
to be +25.4 mV at a pH of 7. This positive zeta potential is
consistent with the cationic nature of ImCON1, as it contains
positively charged imidazolium groups on its surface. The
positive charge on the surface of ImCON1 is responsible for
attracting the negatively charged toxic oxo-anions through
electrostatic interactions, facilitating the adsorption process.
Aer the adsorption of Cr2O7

2−, the zeta potential of ImCON1
decreased to +16.4 mV. This signicant decrease in the zeta
potential indicates that the negatively charged Cr2O7

2− anions
have been adsorbed onto the surface of ImCON1, neutralising
a portion of the positive charge. The change in zeta potential
also provides evidence for the anion-exchange mechanism, as
the adsorbed anions alter the surface charge characteristics of
the material. The change in zeta potential values of ImCON1
before and aer adsorption of toxic oxo-anions indicates that
the surface charge of ImCON1 is signicantly affected by the
adsorption process, and this change is directly related to the
anion-exchange mechanism and the overall adsorption
performance.

We employed Density Functional Theory (DFT) calculations
to elucidate the adsorption mechanism of oxo-anions on
ImCON1 comprehensively. The optimised structures depicted
in Fig. S17† vividly illustrate the spatial congurations of
ImCON1 before and aer the adsorption of CrO4

2−, Cr2O7
2−,

andMnO4
−. The specied distances, namely 2.116 Å for CrO4

2−,
2.447 Å for Cr2O7

2−, and 3.133 Å for MnO4
−, between the oxo-
RSC Sustainability, 2025, 3, 3072–3079 | 3077
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anions and the ImCON1 framework, precisely quantify the
proximity and potentially signify the interaction intensity.
Simultaneously, Table S4† furnishes the sorbates' average
isosteric heat and adsorption distances. The relatively elevated
average isosteric heats, with values of 611.961 kcal mol−1 for
CrO4

2−, 609.029 kcal mol−1 for Cr2O7
2−, and 612.196 kcal mol−1

for MnO4
−, strongly indicate an exothermic adsorption process.

These DFT-generated structural and thermodynamic data
synergistically complement our experimental ndings, thereby
establishing a robust theoretical framework for a profound
understanding of the adsorption behaviour, including the high
adsorption capacities and selectivities exhibited by ImCON1
towards oxo-anions.

Conclusions

In conclusion, we have successfully designed and synthesised
a novel imidazolium-based cationic organic network, ImCON1.
ImCON1 demonstrated outstanding performance in removing
toxic oxo-anions. It had high adsorption capacities of 259 mg
g−1 for CrO4

2−, 1118 mg g−1 for Cr2O7
2−, and 694.5 mg g−1 for

MnO4
− (a surrogate for TcO4

−), with ultra-fast kinetics following
the pseudo-second-order model. The material exhibited excel-
lent pH resistance, maintaining high removal efficiencies
across a wide pH range. In the presence of competing anions, it
still effectively captured the target oxo-anions. The ImCON1-
packed chromatographic column efficiently removed oxo-
anions via anion exchange and was reusable for at least ten
cycles. The study on the temperature-dependent oxo-anion
adsorption showed an optimal temperature of around 40 °C
for maximum adsorption. DFT calculations provided insights
into the adsorption mechanism, conrming an exothermic
process. When applied to industrial wastewater containing
dichromate anions, ImCON1 achieved a high adsorption rate
(removing about 82% in 30 seconds) and a saturated adsorption
capacity of 331 mg g−1. Overall, ImCON1 shows great potential
for wastewater treatment. Future work will focus on optimising
its synthesis and exploring large-scale industrial applications.

Data availability

Data supporting the ndings of this study, including all exper-
imental data related to the synthesis, characterisation, and
adsorption performance of ImCON1 such as FTIR, NMR, XPS,
SEM, XRD, EDX mapping image, N2 adsorption–desorption
isotherm data, kinetic and isotherm data, are available in the
paper and its ESI† and are available from the authors upon
reasonable request.
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