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oxygen sites in b-ketoenamine-
linked covalent organic frameworks for highly
efficient uranium adsorption through experimental
and theoretical studies†

Tao Wen, ‡ Xinjie Ma,‡ Yingzhong Huo, Ruoxuan Guo, Sai Zhang, Yanan Han,
Yang Liu, Yuejie Ai * and Xiangke Wang *

Anthropogenic activities involving unintended uranium leakage from nuclear accidents, large-scale

uranium mining, or nuclear weapon production have caused health and environmental concerns. The

increasing demand for highly efficient materials to dispose of uranium may facilitate the sustainable

development of nuclear power plants. Herein, a b-ketoenamine-linked covalent organic framework

(COF) material, named DQTP COF, was solvothermally synthesized by an imine condensation of 1,3,5-

triformylphloroglucinol (TFP) and 2,6-diaminoanthraquinone (DAAQ). The chemical and physical

properties of the synthesized DQTP COF were analyzed using various advanced techniques. Additionally,

the adsorption behaviors of DQTP COF for U(VI) were optimized by varying parameters, such as pH, ionic

strength, contaminant concentration, and reaction temperature. The produced DQTP COF showed an

enhanced adsorption capacity of 517.62 mg g−1 at pH 6.0 towards U(VI), outperforming most of the

currently reported COF-based materials. Moreover, DQTP COF exhibited favorable thermodynamics and

excellent anti-ion interference properties as well as good reusability. Experimental analysis and

theoretical DFT calculations revealed that UO2
2+ ions were bound exclusively by carbonyl groups via

intramolecular coordination and electrostatic interaction in DQTP COF. This work paves the way to

rationally develop functionalized COFs and highlights the potential of COFs for environmental remediation.
Environmental signicance

Uranium extraction from water can potentially reduce the negative environmental impact in response to the growing demand for nuclear fuel and the complexity
of nuclear waste management. Covalent organic framework (COF) materials are emerging as potential adsorbents in radionuclide immobilization owing to their
chemical stability and diversity of organic building units. This work evaluates the adsorption performance of b-ketoenamine-linked COF towards U(VI). The
maximum adsorption capacity of 517.62 mg g−1 was achieved on the synthesized DQTP COF. More detail, UO2

2+ was bounded by carbonyl group in DQTP via

intramolecular coordination. These ndings can extend new perspective for the preparation of other functional COF-based materials for radionuclides cleanup.
1 Introduction

The search for alternatives to fossil fuels has become urgent in
the face of fossil energy shortages and global warming. Nuclear
power, as a kind of highly efficient clean energy, has become
one of the main subjects of concern.1–3 However, the environ-
mental pollution associated with the development of nuclear
energy, such as groundwater pollution from nuclear fuel
reprocessing and radionuclide waste leakage from nuclear
ronmental Systems Optimization, College

, North China Electric Power University,

e314@126.com; xkwang@ncepu.edu.cn

tion (ESI) available. See DOI:
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the Royal Society of Chemistry
power plant accidents, cannot be ignored.4–7 As the primary
source of the nuclear industry, the soluble and mobile uranium
has been a serious threat to ecological balance and human
health.6,7 Therefore, it is necessary to efficiently reduce and
recover uranium from wastewater.

Over the past decades, numerous approaches have been
applied in the treatment of uranium, such as catalysis, elec-
trolysis, membrane separation, ion exchange, and
adsorption.8–13 Owing to its advantages of low cost, simple
operation, and environmental friendliness, adsorption tech-
nology has received widespread attention.14–16 Traditional
adsorption materials, such as zeolites,17 clays,18 activated
carbons,19 and metal oxides,20 have the limitations of low crys-
tallinity, limited surface area, sluggish kinetics, and poor
adsorption capacity.
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Emerging covalent organic frameworks (COFs) are assem-
bled by organic porous crystalline polymers forming strong
covalent bonds with light elements (H, C, O, N, etc.). It possesses
high crystallization, large specic surface area, well-dened
porosity, and outstanding tunable scaffolds.21–25 Tunable
molecular design of various organic linkers enables the COFs as
a novel platform among the myriad of research elds, such as
energy storage,26 sensors,27 membrane separation,28 adsorp-
tion,29,30 and other applications. Among them, 2,6-
diaminoanthraquinone-1,3,5-triformylphloroglucinol, denoted
as DQTP COF, is a type of COF material linked by b-ketoen-
amines through the Schiff base reaction of 1,3,5-triformyl-
phloroglucinol (TFP) and 2,6-diaminoanthraquinone (DAAQ).
For DQTP COF, the general advantages of COFs, such as high
crystallinity, outstanding porosity, and good thermal stability
are well preserved. More importantly, the quinone group in
DQTP COF can alter the electronic structure and chemical
characteristics of the COF material, exhibiting redox capability
and electro-activity. For instance, Chang et al. reported that
DQTP COF served as a highly efficient electrocatalyst for
boosting its oxygen evolution reaction (OER).31 Huang et al.
developed DQTP/pencil graphite electrode composite with high
catalytic activity for detecting bisphenol A and bisphenol S in
the environment.32 Simultaneously, the two-dimensional peri-
odic p-arrays of DQTP-COF improve the conductivity of p

channel in the COF, which have been utilized in the study of
electrochemical sensing of hydrazine.

In light of the above applications, DQTP COF as an effective
adsorbent has been applied in mitigating environmental
problems. Liang et al. applied DQTP COF to remove soluble
hydrazine, and its maximum adsorption capacity could reach
up to 1108 mg g−1.33 Other studies indicated that the hydrogen
bonding and p–p interaction were expected to be key mecha-
nisms behind the high removal efficiency of bisphenol A and
hormone.34,35 In addition to experimental results, Khedri et al.
combined molecular dynamics simulations, coarse-grained
simulations, and density functional theory calculations (DFT)
to reveal the adsorption capability of DQTP COF/MOF
composite on phenazopyridine (PHP) molecules.36 The zero
charge point (pHzpc) of DQTP COF was found to be 2.3, indi-
cating that there are abundant negative charges on the surface
of DQTP COF in both acidic and alkaline environments. On
account of the substantial merits of COFs and the quinone
group, such COFs may hold an excellent combination of prop-
erties that can be employed as the expedient candidate for
removing uranyl ions.

By realizing these, we pave the way to systematically inves-
tigate the adsorption behavior of uranyl ions on DQTP COF
through batch experiments and DFT calculations. In this study,
the outstanding DQTP COF was synthesized with excellent
physicochemical properties and thermal stability. Furthermore,
we investigated the adsorption performance and interaction
mechanism of DQTP COF for U(VI). The adsorption process and
kinetics of DQTP COF were systematically investigated by batch
experiments. The saturation adsorption capacity of DQTP COF
reached 517.62 mg g−1 at room temperature, and DQTP COF
showed good anti-cation interference ability and reusability
178 | Environ. Sci.: Adv., 2024, 3, 177–185
aer 6 adsorption–desorption cycles. Combining batch experi-
ments and static DFT calculations, the main adsorption
mechanism was the electrostatic interactions between the
carbonyl groups in b-ketoenamine or quinone units and U(VI).
This work provides a candidate adsorbent for U(VI) removal
from wastewater, proposing experimental and theoretical
supports for the potential of covalent organic frameworks in
environmental remediation.

2 Materials and methods
2.1 Reagents and instruments

Tetrahydrofuran, mesitylene, dimethylacetamide, ethanol, acetic
acid (AcOH), HNO3, HCl, and NaOH were purchased from Aladdin
(Shanghai, China), 1,3,5-triformylphloroglucinol (TFP) was
purchased from Yanshen (Jilin, China). 2,6-Diaminoan-
thraquinone (DAAQ) was purchased from Macklin (Shanghai,
China). All reagents were directly usedwithout further purication.

The X-ray diffraction pattern (XRD) was obtained on a Rigaku
SmartLab SE (Cu Ka radiation, l = 1.54 Å) instrument at
a scanning speed of 5° min−1. The 2q value was set from 2° to
50°. The Fourier transform infrared (FT-IR) spectra were ob-
tained using the IR Tracer 100 spectrometer. Scanning electron
microscopy (SEM) was performed on a TESCAN MIRA LMS
instrument. The porosity and Brunauer–Emmett–Teller (BET)
surface area were measured on TriStar II using the N2 adsorp-
tion–desorption method. Thermogravimetric analysis (TGA)
was performed on the STA 2500 analyzer. X-ray photoelectron
spectroscopy (XPS) was performed on a Thermo ESCALAB 250XI
(Al Ka radiation). Zeta potential analysis was performed on
a Zetasizer Nano ZSE instrument.

2.2 Synthesis of DQTP COF

In a typical co-condensation of TFP and DAAQ, TFP (0.3 mmol)
and DAAQ (0.4 mmol) were added into a thick-walled pressure
bottle with dimethylacetamide (3 mL), mesitylene (1 mL), and
AcOH (0.5 mL, 6 M). The obtained suspension was ultrasoni-
cally treated for 10 minutes. Aerward, the bottle was degassed
by freeze–pump–thaw cycles several times, sealed under
a vacuum, and nally heated at 393 K for 3 d. Aer cooling to
room temperature, the mixture containing DQTP COF was
washed with dimethylacetamide, tetrahydrofuran, and ethanol
three times. The dark red product of DQTP COF was dried at 333
K under vacuum for 12 h.

2.3 Batch adsorption experiments

Batch experiments were conducted to explore the adsorption of
uranyl ions on DQTP COF. The effect of the solution pH was
investigated using HNO3/NaOH (0.01–1 M) to adjust the pH
value (2.0–11.0). The subsequent batch experiments were per-
formed at the optimal pH value (pH = 6.0). The ionic strength
was controlled by adjusting the NaNO3 concentration between
0.001–0.1 M at 298 K. To study the thermodynamic properties of
the adsorbent, the initial concentrations of U(VI) were set from
10 ppm to 300 ppm, and the temperature was set at 298, 308,
and 318 K. To explore the impact of the co-existing ions on the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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adsorption for U(VI), a series of aqueous solutions containing
100 mg L−1 of one type of ions (Na+, K+, Cs+, Cu2+, Co2+, and
Mg2+) and 10 mg L−1 of U(VI) were prepared. The above
adsorption experiments were performed in a thermostatic
shaker for 24 h, with a rotation speed of 200 rpm. For the kinetic
analysis, the adsorption time was changed in the range of 0–
180 min. Aer the completion of each adsorption experiment,
the supernatant was obtained by membrane ltration, and the
concentration of U(VI) was determined using the arsenazo(III)
spectrophotometric method. For the reusability analysis, the
material was fully eluted with 0.1 M HNO3 solution and then
washed with ultrapure water to neutralize. The removal rate and
equilibrium adsorption capacity (qe) were determined using eqn
(1) and (2), respectively.

Removal ð%Þ ¼ ðC0 � CeÞ
C0

� 100% (1)

qe
�
mg g�1

� ¼ V � ðC0 � CeÞ
w

(2)

where C0 and Ce (mg L−1) represent the initial concentration
and equilibrium concentration of U(VI), respectively, V (L) is the
solution volume, and w (g) is the adsorbent weight. In addition,
all batch experiments were repeated at least three times.
2.4 Computational details

The optimal adsorption congurations and corresponding
adsorption energies were derived by the density functional theory
(DFT) method with the Vienna ab initio Simulation Package
(VASP).37 The Perdew–Burke–Ernzerhof (PBE) functional within
the generalized gradient approximation (GGA) was fullled to
characterize the exchange-correlation potential with a cut-off
energy of 400 eV.38,39 NO3

− in the experiment was selected to
ensure that the whole system was electrically neutral. The 3× 3×
1 Monkhorst–Pack (MP) grid was employed for the sampling of
the Brillouin zone (BZ). The lattice parameters of DQTP COF were
set as a= b= 29.83 Å, c= 3.31 Å, a= b= 90°, g= 120°, according
to the experimental XRD data. In the case of Z-direction,
a vacuum region of 15 Å was set to prevent the interactions of
those adjacent atoms in the periodic structures. 10−5 eV and
0.02 eV Å−1 served as the iterative convergence criterion of the
energy and forces, respectively. The electrostatic potential (ESP)
was explored using the Multiwfn soware and visualized by the
Visual Molecular Dynamics (VMD) soware.40,41 The adsorption
energy (Eads) was calculated using eqn (3):

Eads = EDQTP@U(VI) − (EDQTP + EU(VI)) (3)

where EDQTP@U(VI) is the total energy of the DQTP COF and U(VI)
complex. EDQTP and EU(VI) are the energies of independent DQTP
COF and U(VI), respectively.
Fig. 1 (a) Schematic diagram of DQTP COF. Low-magnification (b)
and high-magnification (c) SEM images of DQTP COF.
3 Results and discussion
3.1 Characterizations of DQTP COF

The 2D DQTP COF was solvothermally synthesized by an imine
condensation of TFP and DAAQ in a dimethylacetamide/
© 2024 The Author(s). Published by the Royal Society of Chemistry
mesitylene/AcOH solvent mixture at 393 K for three days, as
shown in the schematic illustration of Fig. 1(a). SEM images
were recorded to investigate the morphology and microstruc-
ture of DQTP COF (Fig. 1(b) and (c)). It is clear that DQTP COF
was composed of cross-linked uniform nanobers with
a diameter of about 23.05 nm, shaped like coral clusters, and
the various porosity structures were also clearly visible in the
SEM images.

The crystalline nature of DQTP COF was characterized by
XRD combing theoretical calculations. The strong diffraction
peaks at 3.70°, 6.02°, 7.33°, and 26.92°, shown in Fig. 2(a),
correspond to the (100), (110), (200), and (001) crystal facets,
respectively. Based on the Bragg equation, the p–p stacking
distance was found to be 3.31 Å. The theoretical XRD data based
on the AA and AB stacking models were compared in Fig. 2(a),
which were obtained from Materials Studio. The experimental
XRD pattern matched well with the simulated AA stacking
model, which was further veried by the Pawley renement (Rp

= 1.81%, Rwp = 2.32%). Therefore, the as-prepared DQTP COF
material presented a well-AA stacking framework.

FT-IR was employed to ascertain the chemical composition
and structural details of DQTP COF. From Fig. 2(b), the signals
at 3332 and 3427 cm−1 were assigned to the stretching vibra-
tions of the N–H bond of the DAAQmonomer, and the vibration
identied at 1600–1700 cm−1 was attributed to the stretching
vibration of the C]O bond of the TFP monomer. In the FT-IR
spectrum of DQTP COF, the C]C and C–N characteristic
peaks at 1554 and 1250 cm−1 appeared respectively, while the
N–H stretching vibration peak vanished, implying the forma-
tion of a stable keto form of Schiff base.22

The pore size distribution and specic surface area of DQTP
COF were investigated from N2 adsorption–desorption isotherm
measurements at 77 K. As shown in Fig. 2(c), the plotted curves
were in accordance with type-IV isotherm, and the adsorption–
desorption process exhibited traits of a type H4 hysteresis loop,
which are expected to provide mesoporous properties to the
adsorbent materials. Based on the nonlocal density functional
theory (NLDFT), the Brunauer–Emmett–Teller (BET) surface
area of DQTP COF was up to 619 m2 g−1, and the pore size
distributions were centered at 1.73 and 2.06 nm with an average
pore size of approximately 1.90 nm, which agreed with the
previous experiments.32 The large specic surface area and
uniform distribution of the pore channel in DQTP COF provide
the possibility to promote the migration of uranyl ions, which
will improve the adsorption rate and capacity of the adsorbent.
Environ. Sci.: Adv., 2024, 3, 177–185 | 179
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Fig. 2 (a) Overlay of the experimental and calculated XRD traces
obtained for DQTP COF, (b) FT-IR spectra of TFP, DAAQ, and DQTP
COF, (c) N2 adsorption–desorption isotherms and the pore size
distribution of DQTP COF, (d) the TGA curve of DQTP COF.

Fig. 3 (a) Adsorption kinetics of U(VI) on DQTP COF. The insets show
the corresponding fitting of adsorption kinetics by the pseudo-
second-order kinetic model. Conditions: CU(VI) = 10 ppm,m/V = 0.2 g
L−1, pH = 6.0 ± 0.1, T = 298 K. (b) Effect of pH on the U(VI) adsorption
for DQTP COF. (c) Zeta potential of DQTP COF. (d) Effect of ionic
strengths on the U(VI) adsorption for the DQTP COF, (e) adsorption
isotherms of U(VI) on DQTP COF by Langmuir (solid lines) and
Freundlich (dashed lines) models. (f) Comparison of adsorption
capacities with other COF-based materials.
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TGA revealed the thermal stability of the material
(Fig. 2(d)). DQTP COFmaintained good thermal stability up to
450 °C. There were two distinct stages of weight loss in DQTP
COF: the rst stage occurred between 100 °C and 200 °C, with
the mass loss of the DQTP COF being around 19%, which was
likely caused by the adsorption of moisture from the envi-
ronment and the evaporation of the residual solvent. A
signicant weight loss occurred above 450 °C, which was
likely caused by the collapse and fracture of the carbon
skeleton. In addition to thermal stability, we also assessed the
chemical stability of DQTP COF. As shown in Fig. S1,† the two
characteristic peaks at 3.70° and 26.92° were maintained in
the XRD pattern aer immersing DQTP COF in 3 M NaOH and
6 M HCl for three days, indicating that the crystal structure of
DQTP COF was not changed in the acidic and alkaline envi-
ronments. This paves the way for the use of DQTP COF in
extreme environments.
3.2 Adsorption performance

3.2.1 Effect of contact time. U(VI) ions were quickly adsor-
bed on DQTP COF within the rst contact of 10 min, and the
adsorption equilibrium was reached aer 1 h with the adsorp-
tion efficiency of over 95% (Fig. 3(a)). The adsorption process of
U(VI) on DQTP COF could be divided into two distinct stages:
a steep removal stage followed by a steady increase stage until
the state of equilibrium was reached. The rst stage was
predominantly dependent on the diffusion of U(VI) and the
electrostatic attraction. Owing to the electrostatic attraction, the
dissociated U(VI) ions were immediately adsorbed by DQTP COF
in the initial 20 minutes stage of adsorption. The rate of U(VI)
adsorption was gradually decreased aer 20 min as the
adsorption sites on the surface layer became exhausted, and the
diffusion of U(VI) from the surface of DQTP COF into the pores
resulted in the steady increase stage until it reached the
adsorption equilibrium. Typical pseudo-rst-order and pseudo-
second-order models were used to t these data to evaluate the
180 | Environ. Sci.: Adv., 2024, 3, 177–185
kinetic behavior of the adsorption process, eqn (4) and (5) were
used to describe both models, respectively.

ln(qe − qt) = ln qe − k1t (4)

t

qt
¼ 1

k2qe2
þ t

qe
(5)

where k1 (min−1) and k2 (g (mg−1 min−1)) are the adsorption rate
constants in the pseudo-rst-order and pseudo-second-order
models, respectively. qt (mg g−1) and qe (mg g−1) are the
adsorption capacities at time t and adsorption equilibrium,
respectively. The parameters are listed in Table 1. From Fig. 3(a)
and S2,† the kinetics of U(VI) adsorption on DQTP COF can be
predicted using a pseudo-second-order kinetic based on a high
correlation coefficient (R2 = 0.999), which suggested that
chemisorption predominates the adsorption between U(VI)
and$DQTP COF and that the adsorption process was dominated
by the strong surface complexation and/or electrostatic
interaction.42

3.2.2 Effect of pH and ionic strengths. The pH value has
a signicant impact on the adsorption process since it may
affect the surface chemistry of both U(VI) and DQTP COF. The
variation of the adsorption performance of U(VI) on DQTP COF
in the range of pH= 2.0 to 11.0 was experimentally investigated.
The removal rate of U(VI) over DQTP COF increased with the
increasing pH from 2.0 to 6.0, followed by a subsequent decline
from 6.0 to 11.0 (Fig. 3(b)). The maximum removal rate of about
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Parameters of the kinetic models for U(VI) adsorption on DQTP COF

Pseudo-rst-order Pseudo-second-order

k1 (min−1) qe (mg g−1) R2 k2 (g mg−1 mg−1) qe (mg g−1) R2

0.04401 15.49 0.9105 9.827 × 10−4 49.55 0.9999

Table 2 Adsorption isotherm parameters for the Langmuir and
Freundlich models of U(VI) on DQTP COF

T (K)

Langmuir Freundlich

KL (L g−1) qm (mg g−1) R2 KF (mg1−n Ln g−1) 1/n R2

298 0.56 517.62 0.994 190.02 0.286 0.912
308 0.36 831.44 0.971 380.17 0.210 0.684
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92% was achieved at pH = 6.0. The adsorption mechanism was
related to the distribution of U(VI) species and the surface
charge properties of DQTP COF in aqueous solutions. The
distribution of the hydrolysis products of U(VI) species is shown
in Fig. S3,† positively charged U(VI) species, such as UO2

2+,
UO2(OH)+ and (UO2)3(OH)5

+, existed at pH # 6.0. According to
Fig. 3(c), the zeta potentials of DQTP COF changed from +40 mV
to−40mV in the pH range of 2.0–11.0. The pHzpc value of DQTP
COF was calculated to be 3.9. As a result, the interaction
between DQTP COF and U(VI) species gradually transformed
from the electrostatic repulsion (pH # 4.0) to the electrostatic
attraction (4.0 < pH # 6.0), leading to increased adsorption
capacity of DQTP COF for U(VI) in the pH of 2.0 to 6.0. On the
other hand, the environment in pH = 6.0 marked the turning
point. As the pH increased from 6.0 to 11.0, the predominant
U(VI) species were negatively charged, such as UO2(OH)4

2−,
(UO2)3(OH)7

− and UO2(OH)3
−, which was not benecial for the

adsorption process, due to the enhanced electrostatic repulsion
between the negative surface charge of DQTP COF and U(VI)
species. As shown in Fig. 3(d), the ionic strength showed no
obvious impact of U(VI) adsorption onto DQTP COF, indicating
that the adsorption process was governed by inner sphere
complexation, which was predominantly dependent on pH
values and was independent of ionic strengths.

3.2.3 Adsorption isotherm. Adsorption isotherms are also
essential to investigate the interaction mechanism between
U(VI) and DQTP COF. The adsorption capacity of DQTP COF for
U(VI) ions gradually elevated with the increase in temperature
from 298 K to 318 K (Fig. 3(e)), suggesting that the adsorption
reaction was an endothermic process. The results showed that
the adsorption capacity of U(VI) ions by DQTP COF exhibited
positive concentration-dependent trends, which could be
ascribed to the formation of a concentration gradient between
the U(VI) ions and the surface of DQTP COF. However, as the
adsorption sites became saturated, the increase in the adsorp-
tion capacity gradually decelerated and eventually a dynamic
balance was achieved, as a result of the maximum adsorption
capacity of 517.62 mg g−1 at T = 298 K. The isothermal
adsorption model of Langmuir (eqn (6)) and Freundlich (eqn
(7)) models were used to simulate the adsorption process of
DQTP COF:

Langmuir model :
1

qe
¼ 1

qmax

þ 1

qmaxkL
� 1

Ce

(6)

Freundlich model : ln qe ¼ ln kF þ 1

n
ln Ce (7)

where kL (L mg−1) is the Langmuir equilibrium constants, kF (L
mg−1) and n are the Freundlich parameters. qe and qmax are the
© 2024 The Author(s). Published by the Royal Society of Chemistry
equilibrium and maximum adsorption capacities (mg g−1),
respectively. Ce (mg L−1) is the equilibrium concentration. The
relative thermodynamic functions (the free energy change
∼DG0, the enthalpy change ∼DS0, and the enthalpy change
∼DH0) were calculated from the correlation equations (as listed
in ESI†). According to the linear plots of ln K0 vs. 1/T (Fig. S4†),
the tting thermodynamic functions were correspondingly
calculated. The positive values of DH0 (55.15 kJ mol−1) and
∼DS0 (277.43 J mol−1 K−1) demonstrated that the adsorption of
U(VI) on DQTP COF was an endothermic and spontaneous
process. The mean negative DG0 decreased from
−27.52 kJ mol−1 to −33.07 kJ mol−1 with increasing tempera-
ture, suggesting that the spontaneous nature of the interaction
is inversely proportional to the temperature.

From the results in Fig. 3 and Table 2, the Langmuir model is
more consistent with experimental data. This phenomenon
demonstrated that the adsorbent-bound uranium is a homoge-
neous monolayer interaction process, which mainly occurs on
the functional groups and active sites of DQTP COF.43

Compared to most reported COF materials (shown in Fig. 3(f)
and Table S1†), DQTP COF had a better adsorption capacity for
U(VI), which is a candidate adsorbent for wastewater
remediation.

3.2.4 Effect of co-existing ions and recycling of DQTP COF.
In real wastewater conditions, there are several extra metal ions
in addition to U(VI), including Na+, K+, Cs+, Cu2+, Co2+, and
Mg2+. The competitive adsorption of these co-existing ions on
the surface of DQTP COF cannot be disregarded. As shown in
Fig. 4(a), the DQTP COF had selective adsorption of U(VI) among
the numerous competing cations. The image illustrates how the
competition impact of the monovalent metal ions such as Na+,
K+, Cs+, and U(VI) can be completely disregarded, with DQTP
COF showing a high removal efficiency of U(VI) (almost 100%).
Probably, the coordination properties and charge density of the
monovalent metal cations were signicantly different from
those of U(VI).44 However, the bivalent metal ions had a greater
signicant impact on the extraction of U(VI) by DQTP COF.
Furthermore, there was a more obvious competition between
318 0.32 1326.12 0.998 424.63 0.313 0.883
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Fig. 4 (a) Effect of co-existing ions for the U(VI) extraction efficiency
using DQTP COF. (b) Adsorption cycles of U(VI) onto DQTP COF.
Conditions:CU(VI)= 10 ppm,Cco-existing ions= 100 ppm,m/V= 0.2 g L−1,
pH = 6.0 ± 0.1, T = 298 K.

Fig. 5 SEM images of DQTP COF before (a) and after (b) U(VI)
adsorption. FT-IR spectra of (c) DQTP COF before and after U(VI)
adsorption. (d) N 1s, (e) U 4f, and (f) O 1s XPS spectra of DQTPCOF after
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Mg2+ and U(VI) among these co-existing ions. Overall, the DQTP
COF showed strong anti-ion interference properties, indicating
its suitability as an available adsorbent for wastewater
treatment.

To further evaluate the possibility of DQTP COF for the
application, we investigated the potential for regeneration and
recyclability of DQTP COF bound U(VI). The reusability of the
material shown in Fig. 4(b) indicated that DQTP COF still
exhibited satisfactory removal performance of U(VI) aer six
adsorption–desorption cycles, indicating the potential applica-
tion of DQTP COF for wastewater remediation.
U(VI) adsorption.

Fig. 6 (a) ESP map of DQTP COF. The positive and negative electro-
static potentials are represented by the red and blue zones, respec-
tively. The optimized geometries (b) and difference charge density (c)
of U(VI) adsorbed by the b-ketoenamine unit (site i). The optimized
geometries (d) and difference charge density (e) of U(VI) adsorbed by
the quinone unit (site ii).
3.3 Adsorption mechanism

To further gain insight into the interaction mechanism between
DQTP COF and U(VI), the SEM investigation of U(VI)-laden DQTP
COF was performed. Comparing Fig. 5(a) with Fig. 5(b), no
obvious change was found in the fundamental structure of
DQTP COF aer the adsorption of U(VI), suggesting certain
mechanical structure stability of DQTP COF.45,46 Similarly,
Fig. 5(c) shows the FT-IR spectrum of DQTP COF aer the
adsorption of U(VI). The characteristic peaks of DQTP COF aer
U(VI) adsorption at other positions were essentially unaltered,
demonstrating the stability of the DQTP COF structure. Besides,
it can be seen that a distinctive O]U]O peak appeared at
911 cm−1, indicating that the U(VI) target ions were successfully
adsorbed on the surface of DQTP COF.47 The XPS spectrum
gives more detailed information for the interaction mechanism
between the DQTP COF and U(VI). The ne spectra of N 1s (in
Fig. 5(d)) showed two distinctive peaks at 400.28 and 399.81 eV
that corresponded to C–N and C]N, respectively, demon-
strating the successful condensation reaction of the two
ligands, TFP and DAAQ. Aer adsorption, we found that uranyl
ions were successfully adsorbed on DQTP COF, as evidenced by
the appearance of the distinctive peak for U 4f in the XPS survey
spectrum (in Fig. S5†). Furthermore, as illustrated in Fig. 5(e),
the U 4f ne pattern demonstrated that the binding energies at
392.89 and 382.08 eV were assigned to U 4f5/2 and U 4f7/2,
respectively, and that the appearance of the two subpeaks was
probably due to multiple splitting of the unpaired electron
spins in the atomic shell layer.48 Moreover, as shown in Fig. 5(f),
the ne spectra of O 1s show the characteristic peak for the O–U
bond at 531.55 eV aer the adsorption of U(VI).42 The existence
of the O–U bond conrmed that the O atom in the DQTP COF
182 | Environ. Sci.: Adv., 2024, 3, 177–185
was involved in the complexation between the carbonyl groups
and U(VI) ions. Besides, the two typical peaks at 532.77 and
531 eV corresponded to O–H and C]O, respectively.

In order to thoroughly acquire the binding information, DFT
calculations were utilized to examine the interaction between
uranyl ions and DQTP COF in terms of the adsorption cong-
urations, energies, and electronic characteristics. Firstly, the
electrostatic potential (ESP) map was applied to identify the
potential adsorption sites for uranyl ions. As shown in Fig. 6(a),
two kinds of negative electrostatic potentials are present in the
DQTP COF, which are the carbonyl groups in b-ketoenamine
and quinone units, and their electrostatic potentials are
−29.1 kcal mol−1 and −32.67 kcal mol−1, respectively. It can be
concluded that these two are crucial regions for the interaction
© 2024 The Author(s). Published by the Royal Society of Chemistry
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with U(VI), which agrees with the experimental observations
discussed above.

Fig. 6(b)–(d) shows the optimized geometries of DQTP COF
interacting with U(VI). The U atom mainly interacted with the O
atom of carbonyl groups in b-ketoenamine and quinone units.
The U–O bond lengths in the b-ketoenamineand quinone units
are 2.37 Å and 2.35 Å, and the corresponding adsorption energy
values are −1.33 eV and −1.32 eV, respectively. Moreover,
a signicant charge transfer was observed between the carbonyl
groups in b-ketoenamine (quinone units) and uranyl ions, 0.17
e and 0.14 e, respectively, which is in line with the results of the
experiment. In addition to the coordination interactions
between DQTP COF and U(VI), a hydrogen bond network also
existed in the b-ketoenamine unit with bond lengths of around
2.35–2.55 Å, as shown in Fig. 6(b). In conclusion, DFT calcula-
tions showed that the main interaction mechanism between
DQTP COF and uranyl ion is the synergistic effect of electro-
static and coordination interactions. Hydrogen bonding also
plays a signicant role in the elimination of U(VI).

Conclusions

In this study, a b-ketoenamine-linked covalent organic frame-
work named DQTP COF was synthesized, which exhibited stable
physicochemical properties, thermal stability, and outstanding
surface area. In particular, for the extraction of uranyl ions,
DQTP COF demonstrated exceptional adsorption capacity (qmax

= 517.62 mg g−1), which was superior to that of the most re-
ported COF-based materials. The adsorption process displayed
quick adsorption kinetics, which reached adsorption equilib-
rium in about 60 min. Moreover, DQTP COF showed high anti-
cation interference ability and reusability aer six adsorption–
desorption cycles. Combining experimental analysis with static
DFT calculations, the interaction mechanisms between DQTP
COF and U(VI) were claried as follows: (1) the coordination
interactions between uranyl ions and DQTP COF enhanced the
adsorption ability; (2) there was a signicant charge transfer
between the carbonyl groups in DQTP COF and U(VI) ions. In
summary, this study proposes an efficient adsorbent for the
removal of U(VI) from wastewater, enhancing the potential of
covalent organic frameworks for environmental remediation.
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