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A B S T R A C T   

Highly effective and reliable adsorbents for uranium extraction are vital significant for environmental protection 
and social development. Herein, inspired by the interaction between imidazole affinity ligand of histidine and 
uranium, a series of varying degree hydroxylation imidazole linked covalent organic polymers were developed 
for the first time via one step facile reaction without any post treatment between 2,4,6-triformylphloroglucinol 
(Tp), 2,4,6-triformylresorcinol (Bd), 2,4,6-triformylphenol (Hb) and 3,3′-diaminobenzidine (DAB), denoted as 
TpDAB, BdDAB, and HbDAB, respectively. Benefiting from the hierarchical structure of the covalent organic 
polymer and synergistic effects originating from hydroxyl groups and imidazole linkages, TpDAB, BdDAB, and 
HbDAB displayed as the promising adsorbents for uranium extraction with high extraction ability and fast 
capture kinetics. X-ray photoelectron spectroscopy results revealed that both nitrogen atoms in imidazole and 
oxygen atom in hydroxyl took part in uranium coordination. With the increasing of hydroxyl group amounts, 
TpDAB achieved highest extraction capacity of uranium. Furthermore, TpDAB with imidazole affinity group 
possessed eminent selectivity for uranium in the multiple metal ions solution, and especially overcome the un-
avoidable problem of vanadium interfering with amidoxime adsorption uranium. This work provided a prom-
ising uranium extraction strategy with high selectivity and easy preparation for environmental protection and 
human health.   

1. Introduction 

As the main fuel of nuclear industry, uranium acts a significant role 
in the development of sustainable energy supplements [1–3]. However, 
due to the improper disposal of nuclides containing waste water from 
large scale nuclear power, traditional terrestrial uranium mining, un-
predictable nuclear accident, nuclear waste post treatment, military 
action, oil and gas leakage and other accidents, radioactive uranium has 
been discharged into the environments which would cause a severe 
threat towards ecological security and human health [4–14]. Therefore, 
highly effective and reliable adsorbents for uranium extraction are vital 
significant for environmental protection and social development. 

Numerous porous materials have been developed for this purpose 
[15–20]. However, due to the relatively slow kinetics and unsatisfactory 
adsorption amounts, traditional adsorbents, such as zeolites, activated 
carbons, and clays cannot meet the practical requirements for uranium 
elimination [21–26]. With the merits of robust covalent linkage, high 

chemical stability, and tunable functionalization, covalent organic 
polymers (COPs) is a promising new generation porous materials which 
were widely applied in the related areas of environmental protection 
[27–30]. Because of relatively high affinity towards uranium, amidox-
ime were widely applied to explore the practical application of uranium 
extraction [31–35]. But the assemble of amidoxime onto porous adsor-
bents usually need complicated post-treatment, which is time 
consuming and generally cause the wastage of materials including 
productivity, stability and even porosity [36–40]. Besides, the selec-
tivity of amidoxime ligand is unsatisfactory, as it also exhibits relatively 
high affinity towards vanadium and other metal ions [41–44]. Therefore 
it is vital significant to explore novel affinity ligand towards uranium 
with easy preparation, high capacity, and excellent selectivity. 

Many biomolecules which contain multiple functional groups could 
actively coordinate with metal ions, for example, uranium would 
construct stable complexes with blood transferrin proteins, human al-
bumin proteins, and red blood cells when uranium enters the human 
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body by ingestion or inhalation, and the metal ion binding site of ura-
nium between transferrin proteins concludes histidine residue which is a 
basic and polar amino acid with imidazole side chain [45]. There were 
some evidences proving that imidazole group in the histidine took part 
in coordination with uranium, and the nitrogen atoms in imidazole 
groups act as donor to uranyl ions [46]. Therefore, imidazole was a 
promising uranium adsorption affinity ligand with high selectivity 
[47–51]. But the uranium extraction ability of imidazole was limited 
due to the relatively low coordination affinity of nitrogen atoms towards 
uranium, which severely inhibited the practical application. Fortu-
nately, depending on the Hard-Soft-Acid-Base (HSAB) theory [52], the 
oxygen atom can enhance metal ions coordination affinity. Therefore, it 
would be a promising method to improve the imidazole coordination 
affinity towards uranium by introducing hydroxyl groups. 

Hence, inspired by the interaction between imidazole in bio-
molecules with uranium, a series of varying degrees hydroxylation 
imidazole linked COPs (denoted as TpDAB, BdDAB, and HbDAB) were 
developed via one step synthesis for the first time (Fig. 1). Benefitting 
from the synergistic effect of hydroxyl groups and imidazole ring, 
TpDAB was a promising adsorbent for uranium extraction with ultrahigh 
thermal and chemical stability, high uranium extraction capacity (461.4 
mg g− 1), fast equilibrium kinetics, prominent selectivity towards mul-
tiple metal ions, and excellent recyclability. Meanwhile, the difference 
of binding energy in X-ray photoelectron spectroscopy spectrum during 
uranium adsorption process further revealed the hydroxyl groups have 
profound influences on uranium adsorption mechanism. The results of 
this work demonstrated a promising technology with high selectivity 
and easy preparation for uranium extraction from aqueous phase 
including radioactive waste water to overcome the problems of radio-
active nuclide leakage. Moreover, the coordination chemistry of imid-
azole with uranium under various degree of hydroxylation was 
investigated systematically. 

2. Materials and methods 

2.1. Materials and chemicals 

2,4,6-Triformylphloroglucinol (Tp), 2,4,6-triformylresorcinol (Bd), 
2,4,6-triformylphenol (Hb), 1,3,5-triformylbenzene (Tb), and 3,3′- 

diaminobenzidine (DAB) were obtained from Jilin Chinese Academy of 
Sciences-Yanshen Technology Co., Ltd. More details towards chemicals 
are listed in supporting information. 

2.2. Synthesis of COPs 

TpDAB, BdDAB, and HbDAB were synthesized according to a facile 
one step solvothermal method [53]. Tp (0.053 g, 0.25 mmoL), Bd 
(0.048 g, 0.25 mmoL), and Hb (0.044 g, 0.25 mmoL), respectively, with 
DAB (0.082 g, 0.38 mmoL) in mesitylene : dioxane (Mes : Diox = 1:1) 
solvent in the presence of 0.5 mL 6 M acetic acid as catalyst. The re-
actants were first dispersed in 20 mL glass tube by sonication for 30 min 
to form a complete homogeneous mixture. In order to create a vacuum 
atmosphere, the tube was flash frozen in a liquid nitrogen bath, degassed 
by three freeze–pumpthaw cycles and flame sealed under vacuum. Upon 
warming to room temperature, the sealed tube was left alone for 3 days 
at 120 ◦C. After cooled to room temperature, deep red precipitates, brick 
red precipitates, and reddish brown precipitates, were collected by 
centrifugation, respectively. Then, washed with dimethylformamide 
(DMF), dimethylacetamide (DMA), acetone and tetrahydrofuran (THF) 
respectively, and dried under vacuum at 60 ◦C for 8 h, the benzimidazole 
based covalent organic polymers (TpDAB, BdDAB and HbDAB) were 
obtained, respectively. In order to clarify the influence of hydroxyl 
groups on uranium adsorption capacity and coordination mechanism of 
imidazole group, a reference covalent organic polymer TbDAB was also 
synthesized as shown in supplementary methods section. 

2.3. Uranium adsorption experiments 

Considering the ultrastable imidazole linkage and abundant uranium 
capturing affinity groups, the COPs synthesized above were tested for 
the adsorption of uranium, which including the influence of pH and 
temperature on uranium extraction, uranium adsorption isotherms, ki-
netics, selectivity, stability and recyclability. More details of experi-
ments are described in supporting information. 

Fig. 1. Schematic diagram of the TpDAB, BdDAB and HbDAB synthesis.  
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3. Results and discussion 

3.1. Characterization of COPs 

Through solvothermal Schiff base condensation reaction, Tp, Bd, Hb, 
and Tb, were chosen to react with DAB to prepare the imidazole-linked 
COPs, respectively. The chemical characterization was to prove the 
successful formation of imidazole rings in the extended skeletons. In the 
FT-IR spectra of TpDAB, BdDAB, HbDAB and TbDAB, the appearance of 
peak at ~3438 cm− 1 proves the N–H stretching frequency of the imid-
azole ring (Fig. 2a and Fig. S1-4). Other two peaks at 1620 and 1297 
cm− 1 could be attributed to the presence of C––N and C-N of imidazole 
ring respectively [53–55]. Their 13C cross-polarization magic-angle 
spinning (CP/MAS) NMR further verified the successful synthesis of 
imidazole rings (Fig. 2b and Fig. S5–7), the peak at 181 ppm is mainly 
due to the keto carbonyl carbon. Due to the coexisting of enol and keto 
form, the TpDAB NMR signal at 160 ppm can be assigned to the C-OH in 
the enol form. The peak at 147 ppm indicates the C-N of the imidazole 
ring. Further the peak at 128 ppm is attributed to the junction carbon of 
benzidine ring [53,54]. Thus, the spectroscopic studies reveal that pre-
sent TpDAB consists of benzimidazol linkage as illustrated in Fig. 1. 

The micromorphology of four adsorbents was characterized by 
scanning electron microscopy (SEM), which indicated the porous char-
acteristic of TpDAB (Fig. 2c and Figs. S8–10). N2 adsorption–desorption 
analysis of TpDAB was performed to investigate the Brau-
naur–Emmett–Teller (BET) surface area at 77 K (Fig. 2d), and the 
calculation of BET surface area (Figs. S11–14) showed that TpDAB, 
BdDAB, HbDAB and TbDAB possessed a moderate surface area of 130.4 
m2 g− 1, 119.8 m2 g− 1, 136.9 m2 g− 1 and 188.2 m2 g− 1, respectively. In 
addition, the formations of amorphous covalent organic polymers were 
further confirmed by PXRD patterns (Fig. S15). The thermal gravimetric 

analysis (TGA) was applied to investigate the thermostability. No 
obvious weight loss in TpDAB, BdDAB, HbDAB and TbDAB were found 
up to 400 ℃, proving ultrahigh thermal stability (Fig. S16). In order to 
investigate the chemical stability of adsorbents, TpDAB was exposed to 
the γ-ray irradiation (200 kGy), boiling water, NaOH (3.0 M), HCl (3.0 
M) and saturated NaCl for 24 h, respectively. As shown in Fig. S17, the 
FT-IR spectrum of TpDAB remained after treatments with various con-
ditions, indicating chemical stability of adsorbent. In order to investi-
gate the hydrophilicity of TpDAB, the static water contact angle was 
measured. The contact angle of TpDAB was 56.7◦, indicating its superior 
hydrophilicity and benefiting for the uranium adsorption process 
(Fig. S18). Taken together, four adsorbents were successfully synthe-
sized and possessed exceptional chemical and thermodynamic stability, 
and hydrophilicity, which are benefit for radioactive nuclides 
adsorption. 

3.2. Efficient uranium adsorption 

3.2.1. Effect of pH and temperature on uranium adsorption 
As the most important determinants that having significant impact 

on the elementary speciation of uranium and the extraction capacity of 
adsorbent, the influence of pH on the adsorption capacity of TpDAB, 
BdDAB, HbDAB and TbDAB were investigated by adjusting the pH value 
from 1.0 to 4.5, respectively. As shown in Fig. 3a and Figs. S19–21, the 
adsorption ability of four adsorbents increased gradually from pH 1.0 to 
4.5. At pH 1.0, the TpDAB showed relatively high extraction capacity of 
266.8 mg g− 1, indicating the potential of this adsorbent as radioactive 
waste water uranium extraction material [3,56,57]. The maximum 
uranium recovery capacities of four adsorbents were obtained at pH 4.5, 
which were 352.5 mg g− 1 for TpDAB, 276.0 mg g− 1 for BdDAB, 230.3 
mg g− 1 for HbDAB and 184.5 mg g− 1 for TbDAB, respectively. As need to 

Fig. 2. Characterization of TpDAB. (a) FT-IR spectra of DAB, Tp and TpDAB. (b) NMR spectrum of solid-state 13C CP/MAS NMR spectra of TpDAB. Keto carbonyl 
carbon at 181 ppm is marked with 1′[53]. Spinning side bands are marked with asterisk (*). (c) SEM image of TpDAB. (d) Nitrogen adsorption–desorption isotherms 
of TpDAB. 
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be pointed out particularly, depending on uranium hydrolysis species 
distribution the uranyl in aqueous solution tend to be precipitated at 
higher pH value around the concentration ca. 300 mg L− 1 [52]. Thus pH 
4.5 was selected as optimal operation condition for the further experi-
ments. To further reveal the influence of temperature on uranium 
adsorption of TpDAB, the adsorption thermodynamics experiments were 
carried out at 298 K, 308 K, and 318 K, respectively. As shown in Fig. 3b, 
the uranium adsorption capacity increased with the enhanced temper-
ature. The ΔG values were negative at all the studied temperatures, 
indicating the spontaneous adsorption process for uranium adsorption 
on TpDAB (Fig. S22 and Table S1). The positive ΔH value revealed that 
the sorption was an endothermic process. This suggested that uranium 
adsorption on TpDAB was mainly chemisorption mechanism [58], 
which might be attributed to the chelation of imidazole and hydroxyl 
groups with uranyl ions. The positive ΔS values proved the enhanced of 
randomness during the adsorption process. Considering the common 
operation condition for practical uranium extraction, 298 K was chose 
for further experiments. 

3.2.2. Uranium adsorption isotherms 
To investigate the uranium adsorption ability, four adsorbents were 

initially tested for the uranium extraction capacity from aqueous solu-
tions. The equilibrium data were recorded according to the varying of 
uranium concentration in aqueous solutions, and the adsorbent/ 
aqueous solution ratio was 0.2 mg mL− 1 under the pH of 4.5. After 
reaching the adsorption equilibrium, the uranium concentration in 
subsequent solutions were measured. In this experiment with uranium 
concentration varying from 25 to 280 ppm, the maximum extraction 
capacities were 461.4 mg g− 1 for TpDAB, 368.3 mg g− 1 for BdDAB, 
290.9 mg g− 1 for HbDAB, and 215.0 mg g− 1 for TbDAB, respectively 
(Fig. 3c). Significantly, TpDAB endowed the highest extraction amount 
among four adsorbents, and the uranium adsorption performance was 
superior to those of most previously reported adsorbents (Table S2)), 

including some covalent organic frameworks (COFs), metal organic 
frameworks (MOFs) and porous aromatic frameworks (PAFs), such as 
COF-TpDb-AO (408 mg g− 1) [4], COF-IHEP1 (112 mg g− 1) [59], PAF-1- 
CH2AO (300 mg g− 1) [60], MOF-76 (298 mg g− 1) [61], which may result 
from the synergistic effect between hydroxyl groups and imidazole 
linkage. According to Fig. S23 and Table S3), the Langmuir model fitting 
for TpDAB, BdDAB, HbDAB, and TbDAB uranium adsorption experiment 
data were quite better than those of Freundlich model respectively, 
proving the monolayer adsorption process [62–64]. 

3.2.3. Uranium adsorption kinetics 
In addition to prominent extraction ability, just after 3 h contact 

time, TpDAB reached 90% of its equilibrium adsorption amount 
(Fig. 3d), which strongly indicating that TpDAB not only possessed high 
adsorption amount, but also endowed fast capture capability. The ura-
nium extraction behavior can be clarified by pseudo-second-order ki-
netic model as showed in Figs. S24–25 and Table S4), as the R2 were 
larger than 0.990 [35,40,58,63]. We attributed the high extraction 
ability and fast capture kinetics to the hierarchical structure of the co-
valent organic polymer and synergistic effects originating from hydroxyl 
groups with imidazole linkage. Moreover, by comparing the adsorption 
kinetics profiles of TpDAB, BdDAB, and HbDAB with TbDAB (Fig. 3d), 
the initial adsorption stages were much steeper which indicating the 
stronger affinity towards uranium coordination, hence benefiting the 
processing of adsorption. Overall, TpDAB endowed superior extracting 
performance over BdDAB, HbDAB, and TbDAB due to the introduction 
of hydroxyl groups. 

3.2.4. Effect of competitive ions on uranium adsorption 
From the encouraging results above, TpDAB endowed highest 

adsorption amount, subsequently followed by BdDAB, HbDAB and 
TbDAB. Thus, we further evaluated the selectivity of TpDAB under 
complex conditions to extract uranium with the coexisting of various 

Fig. 3. Uranium adsorption performance investigations. TpDAB extraction ability of UO2
2+ under different pH conditions (a), and different temperature (b). 

Adsorption isotherms (c) and adsorption kinetics (d) of UO2
2+ on TpDAB, BdDAB, HbDAB and TbDAB, respectively. 
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interfering metal ions. Usually diverse competitive metal ions were 
involved in radioactive waste water [36,57,59], the selectivity of ad-
sorbents was vital important for practical application of uranium con-
taining wastewater remediation and nuclear fuel partition. The 
adsorption capacity of metal ions were investigated using batch 
adsorption experiments which consisted of multi metal ions (UO2

2+, 
La3+,Ce3+, Nd3+, Sm3+, Gd3+, VO3

- , Cd2+, Ni2+, Co2+, Na+, K+, Mg2+, 
Al3+, Zn2+ and Ca2+) [59]. The extraction experiments were carried out 
according to the using of deionized water spiked with ca. 5 ppm uranium 
and above mentioned interfering metal ions with almost the same con-
centration. As shown in Fig. 4a, quantitative analysis proved that even in 
the presence of various metal interfering ions, TpDAB still could adsorb 
33.4 mg uranium per g adsorbent from the tested sample, and the 
adsorption amount for interfering ions were less than 3.5 mg g− 1. 
Because of the existing of cyclic imide-dioxime, the amidoxime ligand 
also exhibited relatively high affinity towards vanadium [65]. Given the 
complex condition for uranium, we could conclude that TpDAB with 
imidazole affinity group possessed eminent selectivity for uranium in 
the aqueous solution and overcome the selectivity problem of amidox-
ime successfully. In order to test the selectivity of TpDAB under acid 
condition, extra experiments under pH 2.0 was performed. As shown in 
Fig. S26, TpDAB still endowed high selectivity towards multiple metal 
ions, which further indicated that TpDAB may be capable for the ura-
nium recovery from radioactive waste water [59]. 

3.2.5. Uranium extraction stability and recyclability of TpDAB 
To further investigate the extraction ability of TpDAB under various 

harsh conditions, the adsorption capacity of TpDAB before and after 
treatment with HCl solution (3 M), NaOH solution (3 M), irradiation 
(200 kGy), and boiling water for 12 h were explored. The performances 
of uranium extraction for TpDAB have no obvious difference (Fig. 4b). 
With the benefit of easy to prepare, high adsorption capacity and high 
selectivity, TpDAB is a promising adsorbent for uranium extraction from 
harsh condition. Furthermore, due to the aims of environmental 

protection and economical friendliness, the recyclability for adsorbents 
is vital important. Hence, in order to test the recycle ability of TpDAB, 
uranyl-loaded TpDAB adsorbents were treated with HNO3 (0.1 M) so-
lution to release the adsorbed UO2

2+ for the next adsorption process. 
According to the FT-IR results of U-desorbed TpDAB (Fig. 4c), uranium 
could be eluted by HNO3 (0.1 M) solution with the peak at ca. 923 cm− 1 

disappearing, and the chemical structure of TpDAB remains intact. In 
order to further test the recyclability, the XPS characterizations of 
TpDAB were performed. As shown in Fig. S27, after eluted with HNO3, 
the U 4f peaks in TpDAB disappeared, which suggesting the success of 
uranium desorption. The integral area ratio of C––O to C-O indicated 
that after elution the enol structure was also the major structure in 
TpDAB, which was the same with TpDAB before uranium adsorption 
(Fig. S28). Extraction performance of materials were maintained with 
several cycles (Fig. 4d), giving rise to adsorption amount of 460.8 mg 
g− 1 and 373.2 mg g− 1 for the first cycle and after 6 cycles, respectively. 
In addition, the elution efficiency showed minor decreasing from 97% 
into 88%. All the results above indicated that TpDAB endowed suitable 
recyclability and stability for practical application. 

4. Investigation of uranyl binding interactions in the adsorbents 

To further investigate the chemical interaction mechanism between 
TpDAB, BdDAB, HbDAB, TbDAB and UO2

2+, the characterization of FT- 
IR and X-ray photoelectron spectroscopy (XPS) of adsorbents before 
and after UO2

2+ extraction were implemented. The FT-IR characteriza-
tion of adsorbents after uranium extraction showed a new vibration peak 
which was ascribed to O––U––O at ca. 930 cm− 1, which proved the 
successful adsorption of UO2

2+on TpDAB, BdDAB, HbDAB, and TbDAB, 
respectively (Fig. S29) [39]. The XPS surveys of TpDAB, BdDAB, 
HbDAB, and TbDAB after uranium adsorption were shown in Fig. S30, 
new intense double U 4f peaks appeared after extraction which indi-
cating UO2

2+ was successfully loaded onto the adsorbents. Meanwhile, 
the high-resolution XPS spectra of U 4f7/2 and U 4f5/2 also confirmed 

Fig. 4. UO2
2+ adsorption selectivity, stability 

and recycle ability investigations. (a) The 
selective adsorption of the test metal ions. 
(b) The adsorption capacity of TpDAB before 
and after treatments in different conditions. 
(c) FT-IR spectra of TpDAB, TpDAB after 
extraction of UO2

2+, and TpDAB after 
desorption of UO2

2+ by the HNO3 (0.1 mol 
L− 1) aqueous solution. (d) The UO2

2+

adsorption capacity (left axis) and elution 
efficiency (right axis) of TpDAB in six suc-
cessive adsorption–desorption cycles.   
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that UO2
2+ was extracted by adsorbents successfully (Fig. S31). 

The XPS high-resolution spectroscopy provided more details about 
the chemical coordination mechanism in four adsorbents with UO2

2+. As 
shown in Fig. 5a, the high-resolution N 1s peak of TpDAB was divided 
into two peaks before uranium adsorption, which belonging to N in the 
C––N (400.22 eV) and C-N (399.49 eV). After uranium extraction, the 
C––N shifted to 400.61 eV and C-N shifted to 399.90 eV (Fig. 5b), which 

indicating the N atoms in C––N and C-N both take part in the coordi-
nation with uranium [52]. Compared with TpDAB, the binding energy of 
N 1s of BdDAB before and after uranium adsorption shifted from 400.28 
eV to 400.37 eV (C––N) and from 398.79 eV to 398.89 eV (C-N) 
respectively (Fig. 5c, d), and the changing of binding energy was slightly 
weaker compared to the N 1s of TpDAB. The reason of this phenomenon 
may be the decreasing of hydroxyl group around imidazole affinity 

Fig. 5. High-resolution XPS spectra of N 1s. XPS spectra of the N 1s region of TpDAB (a, b), BdDAB (c, d), HbDAB (e, f), and TbDAB (g, h) before and after treatment 
with UO2

2+, respectively. 
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ligand compared with TpDAB. The N 1s high-resolution XPS spectra of 
HbDAB before and after uranium adsorption are shown in Fig. 5e, f. As 
we can see, the N 1s binding energy of HbDAB before and after uranium 
adsorption just changed slightly compared to those of TpDAB and 
BdDAB. From Fig. 5g, h, the binding energy shift of N 1s of TbDAB after 
uranium adsorption compared to before adsorption were negative (shift 
value of C––N: − 0.12 eV, shift value of C-N: − 0.10 eV), and this phe-
nomenon was coincident with the reported results [66,67]. Hence, the 
slightly binding energy shifting of N 1s in HbDAB before and after 
uranium adsorption probably was due to the mutual effects of the N 1s 
negative shift effect of TbDAB and positive shift effect of BdDAB after 
uranium adsorption, which originating from the difference of hydroxyl 
groups amount around imidazole. Therefore, the amount of hydroxyl 
groups not only influenced the uranium extraction capacity of four ad-
sorbents, but also had a profound effect on uranium adsorption 
mechanism. 

Because of the enol-keto tautomerisation, the O 1s peak in TpDAB 
can be convoluted into two peaks (Fig. 6a), which belonging to C-O 

(532.80 eV) and C––O (530.89 eV), respectively. As shown in Fig. 6b, 
after uranium adsorption, the C-O shifted to 533.21 eV and C––O shifted 
to 531.49 eV [68], the binding energy of O 1s in TpDAB after UO2

2+

adsorption shifted remarkably by compared with the binding energy 
before adsorption, which revealed that two kinds of oxygen atoms both 
take in the coordination with uranium [52]. According to Fig. 6a, b, after 
uranium adsorption, the integral area ratio of C––O to C-O was 
increased, which coincidences with the change of integral area ratio of 
C-N to C––N (Fig. 5a, b), thus further indicating the transformation of 
enol form to keto form during the TpDAB uranium extraction process. 

From the experiment results, the binding energy of C-O and C––O in 
BdDAB before uranium adsorption were 532.70 eV and 530.60 eV, 
respectively (Fig. 6c), and the binding energy of C-O and C––O after 
adsorption were 533.20 eV and 531.49 eV respectively (Fig. 6d). The 
binding energy of C-O in HbDAB shifted from 532.60 eV to 533.21 eV, 
and the binding energy of C––O shifted from 530.61 eV to 531.49 eV 
during the uranium adsorption process (Fig. 6e, f). Importantly, after 
uranium adsorption the binding energy of O 1s in three adsorbents 

Fig. 6. High-resolution XPS spectra of O 1s. XPS spectra of the O 1s region of TpDAB (a, b), BdDAB (c, d), and HbDAB (e, f) before and after treatment with UO2
2+, 

respectively. 
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(TpDAB, BdDAB, and HbDAB) were almost the same, which further 
indicating the influence of hydroxyl groups on uranium adsorption 
mechanism. As shown in Fig. 6, after uranium adsorption the integral 
area ratio of C––O to C-O were also increased in BdDAB and HbDAB 
respectively, which proved the exiting of enol-keto tautomerisation in 
BdDAB and HbDAB during uranium adsorption process. However, due 
to the lack of any hydroxyl group near imidazole ring, the TbDAB did not 
have enol-keto tautomerisation in uranium adsorption. According to the 
investigation of X-ray photoelectron spectroscopy, the oxygen atoms in 
hydroxyl groups and nitrogen atoms in imidazole linkages of TpDAB, 
BdDAB, and HbDAB covalent organic polymers both had coordination 
interactions with UO2

2+ during adsorption process. While in the adsor-
bent material of TbDAB, due to the absent of hydroxyl groups, only ni-
trogen atoms in imidazole linkage took participate in the uranium 
coordination. Overall, the introductions of hydroxyl groups had a pro-
found effect on the mechanism of imidazole affinity ligand for uranium 
adsorption. 

5. Conclusions 

In summary, inspired by the interaction between biomolecules and 
uranium, a series of varying degrees hydroxylation imidazole covalent 
organic polymers (TpDAB, BdDAB, HbDAB and TbDAB) were synthe-
sized via facile one step reaction without any post treatment for uranium 
extraction directly. The uranium adsorption capacity enhanced with the 
increasing of hydroxyl group amounts, as TpDAB showed prominent 
chemical stability, highest adsorption ability, eminent selectivity, and 
recycle ability, which overcomes the bottleneck of amidoxime groups 
successfully and is promising for practical application of radioactive 
waste water uranium elimination. At last, XPS characterization revealed 
that both nitrogen atoms in imidazole and oxygen atom in hydroxyl took 
part in the adsorption process and the hydroxyl groups have a profound 
effect on uranium adsorption mechanism. Because of the existing of 
hydroxyl groups, the transformation of enol form to keto form during 
uranium extraction process happened in the adsorbents of TpDAB, 
BdDAB and HbDAB. In conclusion, our work not only constructed a 
novel promising strategy with high selectivity and easy preparation for 
uranium extraction from aqueous phase, which was significant for 
environment protection and human health, but also investigated the 
influence of hydroxyl and imidazole groups on the uranium adsorption 
mechanism systematically. 
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