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A B S T R A C T   

Uranium is a key fuel for nuclear reactions, but it also causes serious public health concerns to human beings 
when leaked into the environment. Exploring new strategies for simultaneous uranium detection and extraction 
is highly desirable for public health and environmental protection. Herein, a hydroxyl-functionalized 3D covalent 
organic framework (termed TAPM-DHBD) with strong fluorescence and 3D interconnected pore channels is 
synthesized and evaluated for uranium detection and extraction. TAPM-DHBD exhibits an exceptional uranium 
extraction capacity of 955.3 mg g− 1 as well as fast kinetics due to the plentiful selective binding sites on the 
extremely accessible pore channels of 3D interconnected micropore skeleton. Interestingly, due to the signal 
amplification of the 3D conjugated skeleton, it has a rapid-response time of 2 s and an ultra-low detection limit of 
4.08 nM UO2

2+ suitable for sensitive and on-site monitoring the radioactive uranium contamination of the 
extracted water. Furthermore, TAPM-DHBD exhibits excellent regenerable performance at least six cycles. This 
study provides a new strategy for constructing high-performance 3D COFs for radioactive contamination 
monitoring and strategic nuclides extraction.   

1. Introduction 

With the advantages of low carbon and high efficiency, nuclear en-
ergy plays an irreplaceable role in tackling global climate change and 
building an economical, sustainable and efficient energy system [1,2]. 
Over the past few decades, due to large-scale uranium mining and 
smelting, improper reprocessing of spent fuel and frequent nuclear ac-
cidents, large amounts of radionuclide uranium have leaked into water 
systems mainly in the form of soluble UO2

2+ [3,4]. Thus, it is highly 
desirable to explore new strategies for simultaneous detection and 
extraction of uranium, enabling real-time detection of radioactive 
contamination and extraction of strategic nuclides. 

Some porous adsorbents, such as hydrogels [5,6], metal organic 
frameworks (MOFs) [7–9], and conjugated microporous polymers 
(CMPs) have been reported for this purpose [10–12]. Nevertheless, the 
performance of hydrogels and CMPs is often impacted by their irregular 
skeleton, burying most of the porosity and chelation sites, and limiting 
the rapid diffusion and mass transfer required for sensitive responses 
[10,12,13]. Although MOFs have regular frameworks and large specific 
surface areas, structural stability under severe conditions (strong radi-
ation, acid and base) remains a significant challenge [14–16]. High 

stability is essential for sensitive detection and efficient extraction of 
uranium, since the radionuclide sample matrix is strongly acidic and 
radioactive [17–20]. Hence, there is a stand in need of designing and 
synthesizing new materials for sensitive detection and efficient extrac-
tion of uranium. 

Covalent organic frameworks (COFs) are extended crystalline porous 
polymer materials with great merits for application in gas separation 
[21–23], optoelectronics [24,25], metal ion removal [26–29], and het-
erogeneous catalysis owing to good thermal/chemical stability, high 
porosity, tunable properties, and unique ordered channel structures 
[30–33]. COFs with excellent structural stability, facile chemical 
tunability, and ultrahigh porosity might be ideal materials for efficient 
extraction of radionuclides such as uranium [34–36]. Currently, various 
COFs based on imine bonds [37], hydrazone bonds [3], dioxin bonds 
[34,38], and sp2-carbon bonds have been developed for the extraction of 
strategic nuclide uranium [39,40]. However, so far, all studies only 
focus on 2D COFs with nearly eclipsed structures [3,37,38,40]. In 
contrast, 3D COFs have not been explored for the detection or extraction 
of radionuclides, and the functionalization of 3D COFs still remains 
largely unexplored [26]. It must be noted that the exploration of fluo-
rescent 3D COF sensing platforms is still in its infancy compared to easily 

* Corresponding authors. 
E-mail addresses: wrcui@gnnu.edu.cn (W.-R. Cui), liyibao@gnnu.edu.cn (Y. Li), jdqiu@ncu.edu.cn (J.-D. Qiu).  

Contents lists available at ScienceDirect 

Separation and Purification Technology 

journal homepage: www.elsevier.com/locate/seppur 

https://doi.org/10.1016/j.seppur.2022.122726 
Received 21 September 2022; Received in revised form 9 November 2022; Accepted 19 November 2022   

mailto:wrcui@gnnu.edu.cn
mailto:liyibao@gnnu.edu.cn
mailto:jdqiu@ncu.edu.cn
www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2022.122726
https://doi.org/10.1016/j.seppur.2022.122726
https://doi.org/10.1016/j.seppur.2022.122726


Separation and Purification Technology 306 (2023) 122726

2

synthesized and post-modified 2D COFs. In particular, the design and 
synthesis of functionalized 3D COFs with strong fluorescence, robust 
skeletons, open interconnected pore channels, and abundant binding 
sites are considered to be a great challenge. 

We herein report a hydroxyl-functional 3D fluorescent COF (termed 
TAPM-DHBD) for concurrent uranium detection and extraction by 
integrating tetrakis(4-aminophenyl)methane (TAPM) with 3,3′-dihy-
droxy-[1,1′-biphenyl]-4,4′-dicarbaldehyde (DHBD). The obtained 
TAPM-DHBD has 3D interconnected pore channels, superior photo-
luminescence properties and robust skeleton (Fig. 1). Meanwhile, the 
synergistic effect of precisely integrated imine bonds and hydroxyl 
groups in the 3D interconnected micropore skeleton significantly en-
hances the affinity of TAPM-DHBD toward UO2

2+, enabling highly se-
lective detection and adsorption of UO2

2+ under harsh conditions. 
Interestingly, due to the highly accessible pore channels of 3D inter-
connected skeleton, it has a rapid-response time of 2 s and an ultra-low 
detection limit of 4.08 nM UO2

2+ suitable for sensitive and on-site 
monitoring the radioactive uranium contamination of the extracted 
water. 

2. Experimental 

2.1. Materials 

All reagents, unless otherwise noted, were purchased from com-
mercial sources and used as received. Tetrakis(4-aminophenyl)methane 
(TAPM) was purchased from Jilin Chinese Academy of Sciences- 
Yanshen Technology Co., Ltd. 3,3′-Dihydroxy-[1,1′-biphenyl]-4,4′- 
dicarbaldehyde (DHBD) was purchased from Shanghai Tensus Bio-tech 
Co., Ltd. 1,4-Dioxane, acetic acid, and mesitylene were purchased 
from Energy Chemical Technology (Shanghai) Co., Ltd. 

2.2. Synthesis of TAPM-DHBD 

TAPM (28.5 mg, 0.075 mmol), DHBD (36.3 mg, 0.15 mmol), 0.5 mL 
mesitylene, 0.5 mL 1,4-dioxane, and 0.1 mL 6.0 M acetic acid aqueous 
solution were charged into an ampoule. The ampoule was evacuated 
through three freeze-pumpthaw cycles, and then flame sealed. After 
sealing, the ampoule was heated at 120 ◦C for 3 days. The collected solid 
was washed several times with THF and then dried under vacuum at 
80 ◦C to afford the crystalline TAPM-DHBD. The product was obtained 
as a pale yellow solid. Yield: 83.68%. Elemental analysis: calculated C 
(80.30%), H (4.55%), N (7.07%), O (8.08%) and observed C (77.25%), 
H (4.15%), N (6.93%),O (7.80%). 

2.3. Fluorescence sensing experiments 

Stock solution of TAPM-DHBD (0.2 mg mL− 1) was prepared by 
dispersion of TAPM-DHBD in deionized water. All fluorescence sensing 
experiments were excited at λex = 420 nm and the corresponding 
emission wavelengths were tested from λem = 490 to 750 nm unless 
otherwise stated. The stock solution of TAPM-DHBD (200 μL) was added 
to the solution which contains different amounts of UO2

2+ (200 μL), then 
diluted to 2 mL with deionized water in a quartz cuvette. Fluorescence 
spectra were recorded immediately after the addition of UO2

2+ solution. 
For cycling experiments, the 1.0 M Na2CO3 solution was further added 
to desorb UO2

2+ on TAPM-DHBD, and the recycled TAPM-DHBD was 
reused in the next UO2

2+ detection and adsorption. 

3. Results and discussion 

3.1. Design and synthesis of 3D fluorescent COF 

To achieve a fast, sensitive, and specific UO2
2+ binding 3D fluorescent 

COF, we had the following structural design considerations. Currently, 
various COFs had been explored for the detection or/and extraction of 
uranium [37,38,40,41]. However, so far, all studies only focus on 2D 
COFs with nearly eclipsed structures. 2D COFs are assembled by strong 
π-π interactions, making most of the 2D COFs less- or non-fluorescent 
due to the aggregation caused quenching (ACQ) effects [40,41]. In 
contrast, incorporating luminescent linkers and vertices into 3D COFs 
enables the isolation of luminescent units in 3D interconnected skeleton, 
resulting in 3D COFs with strong photoluminescence. In addition, 3D 
COFs exhibit unique features including extremely low density, high 
surface area, and abundant open sites [26,42], which are scarcely 
accomplished by using 2D COFs. Thus, constructing 3D interconnected 
skeleton with selective binding sites is an ideal strategy to effectively 
improve the mass transfer rate and permeability of COFs and achieve 
fast, sensitive, and highly selective binding of UO2

2+, while avoiding the 
ACQ effect in 3D fluorescent COFs. 

A schematic diagram of our synthesis is depicted in Fig. 2. Tetrakis(4- 
aminophenyl)methane (TAPM) and 3,3′-Dihydroxy-[1,1′-biphenyl]- 
4,4′-dicarbaldehyde (DHBD) were polymerized by Schiff base reaction, 
yielding a hydroxyl-functionalized 3D COF (TAPM-DHBD). High-quality 
TAPM-DHBD was obtained in a mixture of mesitylene/1,4-dioxane/6.0 
M acetic acid (5:5:1 by vol.) at 120 ◦C. Our synthetic strategy not only 
constructed a 3D interconnected pore channels and superior photo-
luminescence skeleton as the fluorophore, but also integrated abundant 
imine bonds and hydroxyl groups as the UO2

2+-binding open sites. The 
synergistic effect of these distinct features is promised to achieve fast 
and sensitive detection, and highly selective extraction of UO2

2+. 

Fig. 1. Schematic diagram of constructing a highly luminescent 3D TAPM-DHBD COF for concurrent uranium detection and extraction, and easy regeneration by 
adding Na2CO3. 
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3.2. Structural characterization of TAPM-DHBD 

The key of chemical structure characterization was to demonstrate 
the successful formation of imine bonds in the skeleton. In the FT-IR 
spectrum of TAPM-DHBD (Fig. S1), the characteristic vibration peaks 
of –NH2 in the DHBD and the characteristic vibration peak of C=O in the 
TAPM were completely vanished and the stretching vibration peak of 
C=N (ca. 1653.5 cm− 1) was found, suggesting that the monomers were 
highly condensed and the imine bonds were successfully constructed 
[43]. Furthermore, the 13C CP/MAS NMR of TAPM-DHBD further 
confirmed the successful construction of the imine bonds (Fig. S2), 
supported by the well-resolved peak centered at ca. 161.1 ppm corre-
sponding to the carbon atoms in the imine bonds [26]. 

TAPM-DHBD is highly crystalline with strong PXRD peaks at 5.91, 
8.39, 9.30, 11.89, 13.34, 15.54, 15.78 (2θ) correspond to the (200), 
(220), (310), (400), (111), (301), (311) facets of the space group I- 
42D (No. 122; Fig. 3a, black curve; Fig. S3). An optimized unit cell with 
parameters of a = b = 30.471 Å, c = 7.352 Å and α = β = γ = 90◦ was 
generated based on geometrical energy minimizations of the nine-fold 
interpenetrated dia net (Fig. 3b; Table S1). The experimental PXRD 
profile agreed well with the simulated PXRD pattern (Fig. 3a, blue 
curve), and the full Pawley refined PXRD profile matched well with the 

experimental one, as supported by the low values (Rwp ≤ 6.56 % and Rp 
≤ 4.12 %) and profile differences (Fig. 3a, gray curve). 

The permanent porosity of TAPM-DHBD was evaluated by N2 
adsorption-desorption isotherms at 77 K. The BET surface area of TAPM- 
DHBD was determined to be 856.9 m2 g− 1 (Fig. S4). Nonlocal density 
functional theory (NLDFT) model fitting of the adsorption data indicated 
the pore size distribution of TAPM-DHBD was mainly centered at 1.21 
nm with a total pore volume of 0.40 cm3 g− 1 at P/P0 = 0.992 (Fig. S4, 
inset), which matched well with the proposed model. Scanning electron 
microscopy (SEM) image exhibited a rod-like morphology of TAPM- 
DHBD (Fig. S5), which could effectively promote the rapid penetration 
of UO2

2+. Thermogravimetric analysis (TGA) elucidated that TAPM- 
DHBD was thermally stable up to ca. 350 ◦C (Fig. S6), confirming the 
good thermal stability of the framework. To underscore the superior 
chemical stability of our COF, we treated TAPM-DHBD under various 
harsh conditions for 3 days, including 200 kGy γ-ray irradiation, 1.0 M 
HNO3 and 1.0 M NaOH. After the treatments, the PXRD profile of TAPM- 
DHBD with sharp peaks remained unchanged (Fig. S7), confirming its 
high crystallinity and robust chemical structure. 

All of these confirmed that TAPM-DHBD possesses high crystallinity, 
3D interconnected micropore skeleton and superb stability, which are 
critical for rapid, reversible UO2

2+ detection and extraction. 

Fig. 2. Schematic diagram of the synthesis and chemical structure of TAPM-DHBD.  

Fig. 3. (a) Rietveld refinement of dia-c9 TAPM-DHBD. Observed plot (black), calculated plot (blue), difference plot (gray), and peak positions (orange). (b) Graphic 
view of TAPM-DHBD (blue, C; red, O; navy, N; white, H). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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3.3. Highly selective and sensitive sensing of UO2
2+

We then investigated the sensing performance of TAPM-DHBD for 
UO2

2+. The normalized fluorescence emission and excitation spectra of 
TAPM-DHBD dispersed in water are illustrated in Fig. S8. For fluores-
cence measurement, an aqueous solution containing UO2

2+ was added to 
the stock solution of TAPM-DHBD, and then diluted with deionized 
water. The luminescence of TAPM-DHBD was almost completely 
quenched by 20 μM UO2

2+ (Fig. S9), and the optimum pH for efficient 
sensing of UO2

2+ was at 5.0 (Fig. S10). Surprisingly, TAPM-DHBD 
responded so quickly to UO2

2+ that the system could achieve equilib-
rium within 2 s (Fig. S11), much faster than other types of materials such 
as quantum dots [44], polymers [11], MOFs [7], etc. (Table S2). These 
results suggested that the 3D interconnected micropore skeleton could 
effectively improve the diffusion efficiency and mass transfer rate of 
UO2

2+ for fast and sensitive detection. 
To test selectivity, 20 μM UO2

2+ was immediately added to the TAPM- 
DHBD stock solution, while other cations were added at 60 μM (Fig. 4; 
Fig. S12). Only UO2

2+ resulted in significant luminescence quenching, 
other competitive ions, different counter anions (Fig. S13) and even in 
acid solution (Fig. S14) have little influence on the UO2

2+ detection, 
indicating that TAPM-DHBD has excellent selectivity for UO2

2+. This 
might be attributable to the synergistic effect of precisely integrated 
imine bonds and hydroxyl groups in the 3D interconnected micropore 
skeleton significantly enhances the affinity of TAPM-DHBD for uranium, 
as well as the good fluorescence quenching property of UO2

2+ [40]. 
To further study the sensitivity, the fluorescence spectra of TAPM- 

DHBD were investigated at diverse UO2
2+ concentrations (Fig. 5a). 

With the increase of UO2
2+ concentration, the fluorescence emission in-

tensity of TAPM-DHBD decreased sharply, and about 92% of the emis-
sion intensity was quenched by 20 μM UO2

2+. Furthermore, it was clearly 
visible that a highly sensitive luminescence response to UO2

2+ under a 
365 nm ultraviolet (UV) lamp (Fig. 5a, inset). Fig. 5b exhibits a favorable 
calibration plot for the emission intensity of TAPM-DHBD at 548 nm 
versus UO2

2+ concentration (0.01–3.70 μM) with a good correlation co-
efficient of 0.997. The corresponding limit of detection (LOD) was 
calculated as 4.08 nM UO2

2+ (Fig. S15), much lower than the WHO 
contamination limit of 63 nM UO2

2+ in drinking water [40]. The above 
results revealed that the 3D fluorescent COF can achieve rapid, selective, 
and highly sensitive detection of UO2

2+. 

3.4. Interaction between UO2
2+ and TAPM-DHBD 

FT-IR and X-ray photoelectron spectroscopy (XPS) were applied to 
investigate the selective interaction between UO2

2+ and TAPM-DHBD. In 
the PXRD pattern of TAPM-DHBD after U(VI) extraction, the main 
diffraction peaks are well maintained, indicating that the adsorbed U 

does not destroy the skeleton of TAPM-DHBD (Fig. S16). In the IR 
spectrum of TAPM-DHBD after adsorption of UO2

2+ (TAPM-DHBD-U), a 
new peak appeared at ca. 904.5 cm− 1, which can be assigned to the 
characteristic antisymmetric vibration of O=U=O (Fig. S17). Further-
more, the significant shift of the characteristic vibration of O=U=O in 
TAPM-DHBD-U (ca. 904.5 cm− 1) in comparison with that in 
UO2(NO3)2⋅6H2O (ca. 960 cm− 1) further indicates the existence of a 
chemisorption process between TAPM-DHBD and UO2

2+ [37]. After 
extraction of UO2

2+, characteristic U 4f binding energy peaks appeared, 
which further indicated that UO2

2+ was successfully adsorbed onto the 
TAPM-DHBD (Fig. S18 and S19) [40]. 

In the high-resolution XPS spectrum of N 1s of the TAPM-DHBD, the 
two binding energy peaks at 398.92 and 400.00 eV are ascribed to C=N 
and C-N (Fig. 6a), respectively, which conformed to the N atoms in the 
TAPM-DHBD skeleton. After extraction of UO2

2+, a new N-U peak 
(401.30 eV) appeared in the N 1s high-resolution spectrum of TAPM- 
DHBD-U compared with TAPM-DHBD (Fig. 6b). Furthermore, the two 
N 1s peaks of TAPM-DHBD were significantly shifted to a higher binding 
energy upon adsorption of UO2

2+, indicating that the N atoms of the 
imine bonds were bound to UO2

2+. Similarly, comparing the O 1s high- 
resolution spectra of the two samples (Fig. 6c and 6d), a new O-U 
peak (531.60 eV) can be clearly observed, and the C-O peak of the 
TAPM-DHBD shifted 0.21 eV to a higher binding energy upon adsorption 
of UO2

2+. 
To further confirm the interaction mechanism between TAPM-DHBD 

and UO2
2+ at molecular level, the adsorption process was analyzed using 

density functional theory (DFT). The structural fragments involved in 
the geometric optimization and their relative free energy diagrams are 
depicted in Fig. 5e. It is evident that the relative free energy diagrams of 
TAPM-DHBD decreased sharply from 0 to − 7.56 kcal mol− 1 after 
removing proton and coordinating with UO2

2+ to form a stable complex 
state (Fig. 5f). This also fully confirms the strong interaction between 
TAPM-DHBD and UO2

2+. On account of the above research, it is inferred 
that the combination of TAPM-DHBD and UO2

2+ is mainly a chemical 
process. Both the imine bonds and hydroxyl groups in TAPM-DHBD are 
participated in the coordination with UO2

2+, which effectively improves 
the affinity of TAPM-DHBD for UO2

2+. 

3.5. Efficient extraction of UO2
2+

Given the robust 3D interconnected microporous skeleton and 
abundant high-affinity UO2

2+ binding sites on the pore walls, TAPM- 
DHBD enables high performance UO2

2+ enrichment under ambient 
conditions. The adsorption isotherm of TAPM-DHBD for UO2

2+ follows 
the ideal type-I model (Fig. 7a), suggesting an extremely high affinity for 
UO2

2+. The adsorption data are fit well with the Langmuir isotherm 
model (correlation coefficient 0.996; Fig. 7a, inset). Excitingly, the 
maximum extraction capacity for UO2

2+ on TAPM-DHBD is 955.3 mg 
g− 1, which exceeds most reported 2D COFs for UO2

2+ extraction, 
including o-GS-COF (220.1 mg g− 1) [45], COF-IHEP1 (257 mg g− 1) [46], 
Redox-COF1 (267.6 mg g− 1) [3], JUC-505-AO (395.0 mg g− 1) [34], 
COF-TpAb-AO (408 mg g− 1) [37], TFPT-BTAN-AO (427 mg g− 1) [40], 
COF-HHTF-AO (550.1 mg g− 1) [38], [NH4]+[COF-SO3

- ] (851.1 mg g− 1) 
[47], etc. The UO2

2+ content in the TAPM-DHBD skeleton was calculated 
from the ICP-MS results, and this high capacity means that about 73% 
accessibility of the high-affinity binding sites in TAPM-DHBD were used 
to extract UO2

2+. This excellent uranium extraction performance can be 
ascribed to synergistic effect of the higher accessibility of UO2

2+ in the 3D 
interconnected micropore skeleton and the abundant integrated imine 
bonds and hydroxyl groups on the pore walls. 

In addition to the exceptional extraction capacity, TAPM-DHBD is 
also outstanding in the viewpoint of extraction kinetics. As shown in 
Fig. 7b, TAPM-DHBD showed a steep adsorption kinetic curve, indi-
cating its fast adsorption kinetic process for UO2

2+. The adsorption ki-
netic data are in good agreement with the Pseudo-second-order model 
(correlation coefficient 0.999; Fig. 7b, inset). Surprisingly, TAPM-DHBD 

Fig. 4. Luminescence intensity of TAPM-DHBD at 548 nm in the presence of 
mixed ions and various metal ions. 
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Fig. 5. (a) Fluorescence spectra of TAPM-DHBD upon gradual addition of UO2
2+ (λex = 420 nm). Inset photos show that the fluorescence of TAPM-DHBD was almost 

completely quenched upon addition of UO2
2+ (under a 365 nm UV lamp). (b) Fluorescence emission intensity at 548 nm versus the concentration of UO2

2+. 

Fig. 6. High-resolution N 1s spectra of TAPM-DHBD before (a) and after treatment with UO2
2+ (b). High-resolution O 1s spectra of TAPM-DHBD before (c) and after 

treatment with UO2
2+ (d). Structural fragments involved in the geometric optimization and their relative free energy diagrams calculated by DFT (e). DFT optimized 

structure of TAPM-DHBD-U (f). 
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can reach a saturation capacity of approximately 94.5% within 45 min. 
This is in stark contrast to the long adsorption times demanded for other 
types of uranium sorbents, typically range from hours to days [48–51]. 
The fast kinetics of TAPM-DHBD is driven by the synergistic effect of the 
3D interconnected microporous structure and the abundant high-affinity 
binding sites on the pore walls, which significantly enhance the mass 
transfer rates of UO2

2+ throughout the framework [52,53]. 
Considering the actual sample environment of UO2

2+, adsorbents 
usually need to extract UO2

2+ under harsh pH conditions [54,55]. We 
then investigated the extraction efficiency of TAPM-DHBD for UO2

2+ in 
the pH range of 2–10. The results showed that TAPM-DHBD still main-
tained excellent extraction efficiency (>97%) even under extreme pH 
conditions (Fig. 7c), which is higher than most previously reported 
uranium absorbers, such as Zn-Al-Ti LMO [49], Fe3O4@ZIF-8 [15], and 
JUC-505-AO [34]. Encouraged by the excellent adsorption performance 
of TAPM-DHBD, we evaluated its applicability in real water samples 
including Ganjiang river water, seawater, and industrial wastewater, in 
which UO2

2+ was purposely added at a dilute concentration (1 ppm). 
Surprisingly, a single treatment with TAPM-DHBD decreased the UO2

2+

concentrations in these samples to below 0.1 ppb, which is over two 
orders of magnitude below the drinking water standard (30 ppb) set by 
the U.S. Environmental Protection Agency (EPA) [56–59]. The above 
results highlight the great potential of 3D COFs materials as promising 
candidates for scavenging toxic metal ions and radionuclides from 
practical environments. 

3.6. Reversible binding for regeneration 

Reversible binding is crucial for the regeneration of adsorbents and 
will provide great advantages for reducing synthesis costs and 

facilitating practical applications. We found that the fluorescence of 
TAPM-DHBD could be readily restored by Na2CO3 solution and main-
tained its intensity for at least six cycles (Fig. S20). To further verify the 
practical reusability of TAPM-DHBD as an adsorbent, we performed 
multiple adsorption-desorption experiments and confirmed the high 
elution efficiency (>88%) of Na2CO3 solution even after six cycles 
(Fig. 8a). Significantly, the good reusability of TAPM-DHBD was built 
over multiple cycles with negligible loss in adsorption capacity, con-
firming the superior regeneration performance of TAPM-DHBD. More-
over, it is evident that the retained morphology, crystallinity, and 
chemical structures of TAPM-DHBD after recycling by SEM, PXRD, and 
FT-IR results (Fig. 8b, 8c and 8d). These results fully demonstrate the 
great potential of 3D COFs materials to serve as high performance 
radionuclide sensors and adsorbents. 

4. Conclusion 

In summary, we have cleverly tailored a highly luminescent 3D COF 
for concurrent UO2

2+ detection and extraction. Different from previous 
2D COFs assembled via strong π-π interactions, our 3D COF combines 
high stability, strong fluorescence, highly accessible 3D interconnected 
pore channels and open binding sites. With these unique advantages, 
TAPM-DHBD achieved fast sensitive detection, highly selective extrac-
tion and high-performance regeneration. Therefore, the construction of 
3D interconnected skeleton with selective binding sites is an ideal 
strategy to effectively improve the detection and extraction performance 
of COFs. Given the wealth of knowledge in designing contaminant- 
specific ligands, this method will be extended to the detection and 
adsorption of other environmental contaminants. 

Fig. 7. (a) Adsorption isotherm of UO2
2+ on TAPM-DHBD (pH 5.0). Inset shows the linear regression by fitting the equilibrium adsorption data with Langmuir 

adsorption model. (b) Adsorption kinetics of UO2
2+ on TAPM-DHBD (pH 5.0). Inset shows the pseudo-second-order kinetic plot for the adsorption UO2

2+ on TAPM- 
DHBD. (c) The extraction efficiency of UO2

2+ under different pH conditions. (d) The kinetics of UO2
2+ extraction efficiency of TAPM-DHBD from different actual water 

samples spiked with UO2
2+ (1 ppm) at V/m = 10 000 mL/g. 
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