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The extraction of uranium from aqueous environments, including the ocean and radioactive wastewater, rep-
resents a significant challenge with profound implications for energy resources and environmental remediation.
This work presents the design and synthesis of a novel highly stable carboxylated metal-organic framework,
BUT-12-3COOH, which achieves excellent U(VI) extraction ability from water. BUT-12-3COOH features high-
density free carboxylic groups, exceptional chemical stability, fast kinetics, and high adsorption capacity for U

(VD). Dynamic sorption experiments further demonstrated the potential of BUT-12-3COOH in treating real
radioactive wastewater. The mechanisms for the U(VI) capture of BUT-12-3COOH are investigated through the
combination of EDS, FT-IR, and XPS analysis. The results of this study underscore the promising utility of BUT-
12-3COOH as an effective sorbent for extracting radionuclides from environmental specimens and liquid nuclear

waste streams.

1. Introduction

The exponential rise in human population and industrial activities
has precipitated a marked depletion of global petrochemical fuel re-
serves, coupled with an uptick in greenhouse gas emissions. This critical
scenario underscores the imperative for an immediate investigation into
sustainable and environmentally benign alternative energy sources.
Nuclear power stands out as a green energy option due to its high effi-
ciency in electricity generation and minimal greenhouse gas emissions
[1]. However, the constrained supply of nuclear fuel resources repre-
sents a salient impediment to the accelerated deployment of nuclear
energy [2]. Uranium, the essential strategic nuclear power resource, is
found in terrestrial ores with reserves of only about 6.3 million tons. The
ocean contains an enormous amount of uranium, accounting for 99.9 %
of the total uranium found on Earth, which adds up to a staggering 4.5
billion tons. Yet, the paltry concentration of uranium in seawater, a mere
3.3 parts per billion (ppb), alongside the presence of copious competing
ions, presents a formidable extraction challenge [3]. Additionally,
extracting uranium from spent fuel, which contains a significant amount
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of unreacted uranium, during the reprocessing process is also a chal-
lenge. One crucial aspect of tackling these challenges involves the cre-
ation of novel adsorbent materials that possess exceptional chemical
stability and demonstrate specific and efficient capabilities for capturing
U (VD) ions in both seawater and radioactive water [4-22].

Over the past two decades, metal-organic frameworks (MOFs), a
class of inorganic-organic hybrid materials constructed from the coor-
dination of metal centers and organic linkers, have garnered immense
attention for their intriguing architectures as well as their vast potential
applications such as gas storage [23,24], gas separation [25], hetero-
geneous catalysis [26,27], proton and/or electron conduction [28,29],
degradation of chemical warfare agents [30,31], food safety [32],
sensing [33], enantioselective separation [34], and so on. Particularly,
the remarkable design flexibility of MOFs enables the incorporation of
functional groups with precise binding sites for guest molecules within
the pores of MOFs, achieved through pre-linker or metal node design, as
well as post-synthesis modification approaches [35]. This ability allows
MOFs to effectively and specifically capture targeted substances. These
methods have been employed to develop MOF-based sorbents that
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effectively capture U(VI) from seawater or radioactive wastewater
[36,37]. For instance, we successfully incorporated amidoxime (AO),
the highly effective functional group for uranium extraction, into the
pores of UiO-66 for the first time. The obtained functional MOF, UiO-66-
AO, demonstrated selective capture of U(VI) from seawater with a
sorption capacity of 2.68 mg/g in real seawater [38]. Following a similar
approach, AO was introduced into other MOFs, such as MIL-53 and ZIF-
90, to extract uranium from seawater [39,40]. Despite the promising
extraction performance of AO-functionalized MOFs for U(VI), the cur-
rent methods for synthesizing these materials typically involve a two-
step post-synthetic modification process. In this process, the —CN func-
tional group is first introduced to the pores of MOFs and then converted
into AO [38]. The density of AO groups achieved through this approach
is thus relatively low, which hinders the full potential development of
the material. In addition to AO, the introduction of other functional
groups such as —-OH [41,42], -NH; [43-46], -COOH [47], and -H2PO4
[48-51] can also enhance the adsorption capacity of the functional
MOFs for U(VI). Among these groups, carboxyl group-functionalized
MOFs are considered excellent materials for capturing U(VI) due to
the relative strong coordination ability of carboxylic group with U(VI).
Furthermore, -COOH can be introduced into the ligands of MOFs
through rational structural design to maximize their density in the pores,
thereby increasing the adsorption capacity for U(VI). Zhao et al. studied
the adsorption performance of two reported carboxylated MOFs, UiO-
66-COOH and UiO-66-2COOH, for U(VI) sorption. The results showed
that UiO-66-2COOH with a higher carboxyl density exhibited superior U
(VI) adsorption performance [47]. Therefore, it is reasonable to believe
that constructing MOFs with high carboxyl density is an effective
strategy to improve U(VI) adsorption capacity. Additionally, the chem-
ical stability of the MOFs is an important prerequisite for the extraction
of U(VI) from seawater or radioactive water, and MOFs containing high-
valence metal ions including Zr*t, A1**, and Cr®" usually exhibit
excellent chemical stability [52].

In the previous work, we reported an excellent chemically stable Zr
(IV)-based MOF, BUT-12, prepared by reacting a tritopic carboxylic acid
ligand named H3CTTA with ZrCls in N’,N-dimethylformamide (DMF,
Fig. 1b,d). The distinctive feature of the ligand used in the construction
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Chemical Engineering Journal 486 (2024) 150251

of BUT-12 is the presence of three methyl groups attached to the central
benzene ring (Fig. 1b). These methyl groups introduce steric hindrance,
causing the three peripheral carboxyl groups to be perpendicular to the
central benzene ring. This unique configuration allows the ligand to
connect with the 8-connected ZrgO4 clusters, resulting in the formation
of the first known Zr-MOF with the the-a topology (Fig. 1d) [53].
Interestingly, by employing formic acid as the modulating agent and
DMF as the solvent, Bumstead et al. have documented the structure of
the doubly interpenetrated phase of BUT-12, STA-26(Zr) [54-56]. Given
the unique positions of these methyl groups, we anticipate that con-
verting them to carboxylic groups will not alter the structure of the
MOFs. As a result, a significant number of uncoordinated carboxylic
groups can be incorporated into the MOF pores, giving it great potential
in U(VI) capture. The ligand, 5'-(4-carboxyphenyl)-[1,1"3',1"-ter-
phenyl]-2',4,4',4",6'-pentacarboxylic acid (H3CTTA-3COOH), was suc-
cessfully synthesized using H3CTTA as the starting material through a
one-step oxidation reaction in a nitric acid aqueous solution at 180 °C,
and its reaction with ZrOCly successfully yielded the carboxylated MOF,
Zr604(OH)g(H20)4(CTTA-3COOH)g,3  (BUT-12-3COOH).  BUT-12-
3COOH represents good chemical stability, high surface areas, as well
as high density of uncoordinated carboxylic groups (6.93 mmol/g).
BUT-12-3COOH demonstrates an impressive maximum sorption capac-
ity of 235 mg/g for UO3™ ions, achieving equilibrium within a period of
360 min. Moreover, the potential practical applicability of BUT-12-
3COOH for the treatment of actual radioactive wastewater has been
validated via dynamic sorption experiments. Furthermore, the interac-
tion between UO3™" and the structural framework of BUT-12-3COOH has
been substantiated through comprehensive analyses utilizing techniques
such as energy-dispersive X-ray spectroscopy (EDS), Fourier-transform
infrared spectroscopy (FT-IR), and X-ray photoelectron spectroscopy
(XPS) analysis.

2. Experimental section
2.1. Synthesis

The detailed description of the synthesis of the ligand, H3CTTA-

coo”
CTTA*

DMFﬂBenzoic acid

STA-26(Zr)

CTTA*

DMFﬂFormic acid

coo” coo”
CTTA-3COOH*

DMA@ Formic acid

BUT-12-3COOH

Fig. 1. (a) ZrgO4(OH)g(H20)4(CO0)g cluster; (b) CTTA*> ligand; (c) CTTA-3COOH* ligand; framework structure of (d) BUT-12, (e) STA-26(Zr) and (e) BUT-12-
3COOH (H atoms are omitted for clarity. color code: Zr, violet; C, light blue; and O, red). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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3COOH, is provided in section 4 of the Supporting Information.

2.1.1. [Zrs04(0H)g(H30)4(CTTA-3COOH)g,3] (BUT-12-3COOH)
H3CTTA-3COOH (60 mg, 0.11 mmol), ZrOCl,-8H0 (64 mg, 0.20

mmol), and formic acid (4 mL) were

combined and ultrasonically dis-

solved in 8 mL of N, N-dimethylacetamide (DMA) within a 20 mL Pyrex
vial, which was then securely sealed. This mixture was subjected to
heating at 120 °C for 72 h in an oven. Upon cooling to ambient tem-

perature, the resultant yellow crystals

were collected via filtration, fol-

lowed by sequential washing with DMA and acetone. The crystals were
then left to dry in an open-air environment, yielding 32 mg of the

product.

2.2. Adsorption experiments

The details of uranium sorption
Supporting Information.

3. Results and discussion

experiments were described in

3.1. Synthesis, structure, and characterization

Solvothermal reactions of H3CTTA-3COOH with ZrOCl,-8H50 in the
presence of formic acid as the competing reagent in N,N-dimethylace-

tamide (DMA) at 120 °C yielded
21604(0H)g(H20)4(CTTA-3COOH)g 3

cubic-shaped single crystals of
(BUT-12-3COOH). Single-crystal

X-ray diffraction (SCXRD) analysis reveals that BUT-12-3COOH ex-
hibits a 2-fold interpenetrated framework structure (Fig. 1f). Structur-
ally, one individual framework within BUT-12-3COOH comprises
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classical [ZrgO4(OH)g(H20)4(CO2)g] clusters, along with CTTA-
3cooH* ligands (Fig. 1c,f). The Zr(IV) atoms in the cluster exhibit an
eight-coordinate environment, with each Zr atom coordinated to eight O
atoms, adopting a tetragonal antidipyramidal coordination geometry
(Fig. 1a). The arrangement of six clusters, combined with the coverage
of eight CTTA-3COOH?" linkers, leads to the formation of an octahedral
cage capable of enclosing a sphere with a diameter of approximately 16
A (Fig. $3d). These octahedral cages are intricately packed, resulting in
the formation of a larger cavity that can accommodate a sphere with a
diameter of approximately 27 A (Fig. S3e). From the topological
perspective, the CTTA-3COOH® ligand can be seen as a 3-connected
node (Fig. S3a) and the Zr6 cluster serves as an 8-connected node
(Fig. S3b), the 3D structure of BUT-12-3COOH can thus be simplified as
a 3,8-c binodal net, which corresponds to the the-a topology (Fig. S3f).
Importantly, two identical frameworks intricately interpenetrate, with
the second framework effectively filling the mesopores within the single
framework. This results in the formation of the BUT-12-3COOH struc-
ture, where only the smaller octahedral cages are accessible (Fig. 1f).
The total solvent-accessible volumes in frameworks of BUT-12-3COOH
is estimated to be 55.6 % of its unit-cell volume, as estimated by PLA-
TON([57]. It should be noted that the free carboxylic group density in
BUT-12-3COOH is 6.93 mmol/g, which exceeds that of UiO-66-COOH
(1.83 mmol/g) and UiO-66-2COOH (3.57 mmol/g).

The phase purity of the bulky sample was assessed through the
measurement of powder X-ray diffraction (PXRD), which revealed a
close resemblance between the experimental PXRD pattern and that
obtained from the single-crystal data, providing compelling evidence of
the exceptional phase purity of the bulky sample (Fig. 2a). The suc-
cessful functionalization of linker with carboxylic groups was further
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Fig. 2. (a) PXRD patterns of BUT-12-3COOH; (b) FT-IR spectra of BUT-12-3COOH and the ligands, H3CTTA and H3CTTA-3COOH, notation and acronym: v =
stretching, p = bending, p = rocking, ® = wagging, ip = in-plane, oop = out-of-plane, as = asymmetric, and s = symmetric; (c) CO, adsorption/desorption isotherms
at 196 K of BUT-12-3COOH (inset shows pore size distribution evaluated by using the CO, adsorption data); (d) TGA curves of BUT-12-3COOH before and

after activation.
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confirmed by comparing the infrared spectra of the ligands H3CTTA,
H3CTTA-3COOH and BUT-12-3COOH which reveals important changes
associated with characteristic bands of methyl and carboxylic groups
(Fig. 2b). Specifically, the in-plane/out-of-plan rocking (p) and bending
(B) and modes of —-CH3,[58,59] disappear in the spectrum of H3CTTA-
3COOH. The resulting COOH after oxidation is best characterized by its
strong v(C-OH) absorption at 1245 cm’l, and broad w(CO-H) band at
926 cm ! [60](see red label in Fig. 2b). In addition, an increased band at
1692 ecm ™! can be ascribed to v(C = O) mode, which overlaps with pe-
ripheral -COOH absorption. Upon forming MOF structure, the periph-
eral -COOH groups underwent deprotonation and coordinated with the
metal centers, as indicated by the loss of v(C = O) and v(C-OH), and the
appearance of v,5(CO0), v5(COO0) and v(Zr-OC) bands, which are located
at 1585, 1409 and 655 cm ™! respectively. The positions are determined
based on the former studies of carboxylate groups in MOFs [61]. The
functionalized COOH group remains unprotonated as suggested by the
persistence of its v(C-OH), (CO-H) and v(C = O) bands. Note that v(C =
0) band blue-shifts to 1722 cm™!, closer to the typical value of free
carboxylic acid, since the COOH is isolated in the MOF pore [60]. The
CO4, sorption experiment conducted at 196 K confirmed the permanent
porosity of BUT-12-3COOH (Fig. 2c). It demonstrated a saturated COy
uptake of 128 cm® (STP) g’1 and the Brunauer-Emmett-Teller (BET)
surface area is calculated to be 416 m? g~1. The pore size distribution
analysis based on the CO, adsorption data, revealed the presence of a
single type of pore within BUT-12-3COOH, with a diameter measuring
approximately 11 A (see inset in Fig. 2c). BUT-12-3COOH exhibits
comparable thermal stability to other Zr-MOFs, as evidenced by its
thermogravimetric analysis (TGA) curves up to around 420 °C (Fig. 2d).
To assess the chemical stability of BUT-12-3COOH, the samples were
subjected to immersion in a 1 M HCI aqueous solution and a NaOH
aqueous solution with a pH value of 10 at ambient temperature.
Following 24 h of immersion, the PXRD patterns revealed maintained
crystallinity and unaltered structures, underscoring the material’s
remarkable stability (Fig. 2a). The weight loss after treatment by HCI (1
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M) and NaOH (pH = 10) aqueous solution was found to be 5 % and 8 %,
respectively. Furthermore, given the critical importance of irradiation
stability in the context of radioactive nuclear wastewater treatment, we
subsequently investigated the irradiation resistance of BUT-12-3COOH.
As depicted in Fig. 2a, exposure to y-radiation ranging from 100 to 300
kGy resulted in no discernible alterations in the PXRD pattern of BUT-
12-3COOH, affirming its robustness against y-ray irradiation. This
remarkable chemical and radiation stability can be attributed to the
robust Zr-O coordination bonds present in the MOF. In terms of its high
density of free carboxylic groups, and excellent chemical and radiation
stability, BUT-12-3COOH was explored for the application of uranium
sorption from water. For comparison, we synthesized the double inter-
penetrated phase of BUT-12, STA-26(Zr), and evaluated its adsorption
capabilities for U(VI) [54-56]. The PXRD pattern of the synthesized
STA-26(Zr) is depicted in Fig. S4, where it is observed that the PXRD of
the bulk-synthesized sample aligns well with that of STA-26(Zr)-C,
confirming its successful synthesis.

3.2. Uranium(VI) sorption

3.2.1. Effect of pH

The behavior and forms of metal ions in solution are significantly
influenced by the pH level. As depicted in Fig. 3a, this is notably true for
U(VI). At lower pH values (pH < 4.0), the free UO%+ cation is the pre-
dominant form of U(VI) in aqueous environments. Yet, with an increase
in pH, U(VI) transitions into various multinuclear hydroxide complexes,
such as (U03M)3(0H)*, (UO2)4(OH)F, (UO4)3(OH)7, UO,(OH)3, and
UOZ(OH)?{, among others. This transformation in U(VI) species
composition is expected to influence its adsorption characteristics.
Consequently, we explored how the sorption efficiency of BUT-12-
3COOH for U(VI) varies across different pH levels. To guarantee the
presence of U(VI) predominantly as UO3%', our experiments were
confined to a pH range of 2-4. As illustrated in Fig. 3b, the adsorption
capacity of BUT-12-3COOH for U(VI) exhibits a clear dependence on pH.
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Fig. 3. (a) U(VI) speciation in aqueous solutions (Ciyitia1 = 50 ppm, T = 298 K, calculated by Visual MINTEQ 3.1); (b) Effect of pH on U(VI) sorption; (c) Sorption
kinetics of U(VI) by BUT-12-3COOH. Condition: [Ulinitiat = 10 ppm and Msorbent/Vsolution = 0.25 g/L. (d) Sorption isotherm of BUT-12-3COOH and STA-26(Zr) for U

(VD) uptake. Condition: Mgorpent/Vsolution = 0.25 g/L and contact time = 12 h.
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Specifically, within the pH window of 2-4, there is a consistent increase
in the sorption capacity of BUT-12-3COOH for UO3". As the pH value
increases from 2 to 4, the sorption capacity of BUT-12-3COOH towards
UO3" increases from 96 to 199 mg/g. This phenomenon is likely caused
by changes in electrostatic interactions between the adsorbent and UO3*
in water. As the pH value increases, the uncoordinated carboxyl groups
in the pores of BUT-12-3COOH lose protons and transform into -COO’,
thereby enhancing the electrostatic interactions with the positively
charged UO3". Considering the high adsorption capacity and preventing
excessive hydrolysis and precipitation of U(VI), a pH value of 4.0 was
chosen for subsequent adsorption experiments.

3.2.2. Effect of contact time

For practical use, the time required to reach equilibrium is a key
factor in assessing an adsorbent’s viability. Thus, we conducted a study
on the adsorption kinetics of U(VI) using BUT-12-3COOH as the sorbent.
As shown in Fig. 3c, the adsorption of U(VI) on BUT-12-3COOH
exhibited a rapid increase and eventually reached adsorption equilib-
rium within a span of 360 min. Although this equilibrium time is rela-
tively slower compared to some MOF-based adsorbents such as UiO-66-
AO[38] and MIL-101-NH>[44], which achieved equilibrium in just 120
min, it still outperformed certain inorganic sorbents. For example, the
time required to reach equilibrium for MCM-41[62] and carboxymethyl
cellulose-grafted multiwalled carbon nanotubes[63] was 20 and 24 h,
respectively. We employed both the pseudo-first-order and pseudo-
second-order kinetic models to interpret the adsorption kinetics. The
findings decisively demonstrate that the pseudo-second-order model
exhibits significantly higher correlation coefficients (>99 %) for U(VI)
adsorption in BUT-12-3COOH. This strongly suggests that the adsorp-
tion process is governed by a chemical mechanism (Fig. S5 and
Table S2).

Chemical Engineering Journal 486 (2024) 150251

3.2.3. Adsorption isotherm

Sorption capacity is a critical metric for assessing adsorbent perfor-
mance. A higher removal capacity significantly enhances removal effi-
ciency and helps minimize the production of secondary waste. We
determined the sorption capacities for UO3* on BUT-12-3COOH at
equilibrium by varying the initial concentrations from 10 to 900 ppm,
maintaining a material-to-solution ratio of 0.25 g/L. A reaction time of
12 h was chosen to ensure equilibrium was achieved. As shown in
Fig. 3d, sorption of UO3" by BUT-12-3COOH initially increases sharply
at lower concentrations, then gradually plateaus as it nears the adsor-
bent’s maximum capacity. The maximum sorption capacity of BUT-12-
3COOH for UO3" reached 235 mg/g, surpassing those of other
carboxylic-functionalized MOFs, such as UiO-66-COOH (83 mg/g) and
Ui0-66-2COOH (189 mg/g) [47]. For comparison, the parent material,
STA-26(Zr) exhibits no sorption ability toward UO3", highlighting the
important role of the -COOH group in the adsorption of UO3" from
water (Fig. 3d). To gain deeper insights into the adsorption mechanism,
we employed both the Langmuir and Freundlich isotherm models for the
analysis of our adsorption data. The analysis showed that the Langmuir
model closely matches the adsorption behavior of U(VI) on BUT-12-
3COOH (Fig. S6 and Table S4). This close match suggests that the ad-
sorbent’s surface is uniform and homogeneous. Moreover, it indicates
the formation of a monolayer of U(VI) species on the surface of BUT-12-
3COOH.

3.2.4. Dynamic sorption

To assess the sorption capabilities of BUT-12-3COOH in practical
scenarios, we conducted dynamic sorption experiments using BUT-12-
3COOH as the packing material (Fig. 4b). To create the experimental
setup, we packed 200 mg of BUT-12-3COOH into a chromatographic
column made from a 1 mL plastic syringe. Subsequently, a U(VI)
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aqueous solution with a concentration of 10 ppm was fed into the col-
umn at a flow rate of 3.0 mL/min. The effluent underwent analysis to
determine the residual U(VI) concentration. The findings revealed a
significant reduction in U(VI) concentration, with a residual concen-
tration (C¢/Cyp) of less than 5 % after processing 50 mL of the waste so-
lution. As more solution was processed, the column quickly reached its
saturation point, signifying that the maximum adsorption capacity of
BUT-12-3COOH had been achieved (Fig. 4a). Remarkably, BUT-12-
3COOH exhibited the capacity to treat a volume of U(VI) solution
approximately 250 times greater than its own mass. After the sorption
process, we washed and eluted the column using 40 mL of 0.05 M HNO3
aqueous solution, followed by 100 mL of deionized water. As shown in
Fig. 4a, the column can be fully regenerated. After three adsorp-
tion-desorption cycles, BUT-12-3COOH maintained its excellent
adsorption performance. This can be ascribed to the structural stability
of the MOF and reversible nature of its adsorption sites. Notably, across
three dynamic cycles of adsorption-desorption, the system consistently
maintained an adsorption efficiency greater than 99 % and a desorption
efficiency exceeding 95 % in each cycle. In addition, after the dynamic
sorption experiment, the crystallinity of BUT-12-3COOH remained well
maintained, as evidenced by the PXRD measurement (Fig. 4e). These
dynamic separation results highlight the exceptional potential of BUT-
12-3COOH for practical applications in extracting U(VI) from radioac-
tive waste.

3.2.5. Binding interaction

In order to understand the interaction between the uranyl ions and
the adsorbents, we employed various techniques including EDS map-
ping, FT-IR, and XPS analysis. The EDS mapping images revealed that
uranium is evenly distributed throughout BUT-12-3COOH (Fig. 5a and
b). Fig. 5c¢c showcases the FT-IR spectra for UO3(NO3);, BUT-12-
3COOH@UO3", and BUT-12-3COOH. The adsorption of UO3" in BUT-
12-3COOH@UO3%" is clearly indicated by a unique band at 927 cm ™.
This band signifies the symmetric U = O stretching vibration, aligning
with observations from prior research[64]. Comparing the spectrum of
UO2(NO3),, the peak center of the y(U = O) band in BUT-12-
3COOH@UO3" shows a noticeable red shift of —10 ecm ™, indicating its
favorable interaction with BUT-12-3COOH that softens the U = O bond.
The v(C = O) and v(C-OH) bands of BUT-12-3COOH also exhibit

(@)
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significant red-shifts upon adsorbing UO3". These findings clearly sug-
gest that UOZ " primarily interacts with the carboxylic groups of BUT-12-
3COOH. XPS analysis was conducted to further investigate the adsorp-
tion site of UO3™ on BUT-12-3COOH. The presence of the U 4f signal in
the survey spectrum of BUT-12-3COOH@UO3 " confirms the existence of
U (VI) oxidation state before and after adsorption (Fig. 5d). The peaks
corresponding to U 4f; /5 and U 4fs5,5 show a slight red-shift from 392.7
and 381.8 eV in the case of UO3" to 392.5 and 381.6 eV in the case of
BUT-12-3COOH@ UOZ* (Fig. 5e) [65]. This decrease in energy is
indicative of the binding between uranyl and the carboxylic groups
functionalities, which serve as an electron donor [66]. Based on these
findings, it can be inferred that BUT-12-3COOH exhibits strong binding
with uranium. Similar phenomenon has been observed in our previously
reported work [67].

4. Conclusions

In summary, we have successfully designed, synthesized, and utilized
a novel and highly stable carboxylic group-functionalized Zr(IV)-based
MOF named BUT-12-3COOH for the extraction of U(VI) from water.
BUT-12-3COOH exhibits a maximum sorption capacity of 235 mg/g for
UO%" ions, and the sorption process reaches equilibrium within 360
min. Furthermore, we have demonstrated the potential of BUT-12-
3COOH in treating real wastewater through dynamic sorption experi-
ments. The binding between UO3* and the framework of BUT-12-
3COOH has been confirmed through DES, FT-IR, and XPS analysis.
These findings highlight the great potential of BUT-12-3COOH for the
extraction of U(VI) from radioactive wastewater.
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