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onodisperse micron-sized and
aldehyde-functionalized microspheres coating
with covalent organic framework for efficient and
rapid removal of copper ions from wastewater†

Xiaoqiong Wang,a Qingyan Bai,a Mingjia Yan,a Yashuai Zhao,a Shujuan Ma,c

Chunmiao Bo *a and Junjie Ou *bc

Covalent organic frameworks (COFs) possess an excellent ability for absorbing heavy metals, but their

uneven particle size, difficult separation, and poor dispersion limit their wide application in the treatment

of heavy metal pollution. In this paper, a monodisperse poly(4-allyloxybenzaldehyde-co-divinylbenzene)

microsphere (denoted as PAD) was prepared with 4-allyloxybenzaldehyde as a functional monomer and

divinylbenzene (DVB) as a crosslinker by one-step seed swelling polymerization. Subsequently,

oxalyldihydrazide (ODH) and 2,4,6-trihydroxybenzene-1,3,5-tricarbaldehyde (Tp) were chosen as the

precursors for coating the COF layer onto the surface of PAD through a one-pot method. The resulting

monodisperse particles (diameter = 6.3 mm) with a core–shell structure were assigned as PAD@COF and

possessed excellent dispersibility in water along with a high specific surface area of 163.8 m2 g−1. In

isothermal and dynamic adsorption experiments, the maximum adsorption capacity of Cu2+ reached

270.9 mg g−1, with the adsorption amount reaching 93 mg g−1 after only 10 min. The Langmuir

isothermal adsorption model and pseudo-second-order kinetic model were consistent with the

adsorption process, indicating that the adsorption of Cu2+ on PAD@COF occurred as a monolayer and

that the adsorption process was controlled by chemical processes.
1 Introduction

Covalent organic frameworks (COFs), as porous materials con-
structed by the covalent bonds of organic units, were originally
discovered in 2005.1 Due to their high specic surface area,
controllable pore structure, and surface functionalization,2 COFs
exhibit a wide range of application prospects in many elds such
as gas adsorption and separation,3 energy storage,4 catalysis,5

desalination,6 sensing,7 detection,8 photoelectric applications9

and environmental purication.10 The highly interconnected
structure of COFs provides a robust foundation for the develop-
ment of adsorption materials with exceptional selectivity and
superior adsorption properties. In recent years, COFs have been
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33773
widely utilized in water remediation,11 organic pollutant
adsorption,12 electrocatalysis,13 photocatalysis and other
elds,14,15 and their synthesis has also been investigated.16,17

However, most current COF materials involve two-dimensional
structures18 and lack regular morphology,19 making the
molding problem of COF materials a signicant challenge.

The size and shape of COF components cannot be controlled
under solvothermal conditions, oen resulting in mixed shapes
and grain sizes that are difficult to separate.20 A fewmicrospheres
or particles with controllablemorphology were synthesized as the
core, and then the COF layer was integrated onto the surfaces of
thesemicrospheres, thus improving the controllablemorphology
of COFs. For example, Gao et al. took Fe3O4 as the core and then
made surface modications for the selective enrichment of
hydrophobic peptides.21 Xu and co-workers reported a core–shell
composite of COFmaterial grown on the surface of aminopropyl-
functionalized SiO2 microspheres for enantiomeric separation by
high-performance liquid chromatography.22 Additionally, the
direct preparation method of spherical COF materials was
developed. Ma and colleagues selected 2,5-divinyltereph-
thalaldehyde and 1,3,5-tris(4-aminophenyl)benzene as precur-
sors dissolved in acetonitrile and then added acetic acid at room
temperature to synthesize a micron-scale spherical COF for the
selective enrichment of hydrophobic peptides.23 Recently, Zhu
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
et al. developed a polymerization-induced phase separation
method for the controlled synthesis of imine-linked polymers,
which was then crystallized to produce monolithic COF,
expanding a new avenue for shape-controlled COF synthesis.24

More recently, Xu et al. successfully prepared surface-
functionalized COF microspheres by the in situ linker exchange
and applied them as stationary phase for chiral chromatography
to achieve effective enantioseparation.25 However, these synthetic
approaches of spherical or monolithic COF have not been widely
applied, and the difficulty of synthesis should not be under-
estimated. At present, the organization of three-dimensional COF
synthesis oen involves secondary phases (polymers, silica, etc.)
to provide templates or supports to stabilize the structure.26 In
addition, because of the covalent mechanism of the synthesis
process, many core–shell structured materials are irreversible
once the reaction is carried out, and the materials lack reusable
characteristics and are environmentally hazardous; thus, the
recycling of materials is also a major focus of our attention. It is
well known that the imide bond is a covalent bond formed by the
condensation reaction of the aldehyde group and amino group,
which contains certain reversibility.27 Under mild conditions, the
imine bond can be hydrolyzed, resulting in the decomposition of
the product into aldehyde and amino groups. This reversibility
allows imine bonds to play an important role in some
biochemical reactions and organic synthesis, facilitating the
degradation or breakdown of materials into their original func-
tional groups.

Herein, we selected 4-allyloxybenzaldehyde, a functional
monomer containing an aldehyde group, to preparemicron-scale
monodisperse microspheres by one-step seeded swelling poly-
merization. Subsequently, 2,4,6-trihydroxybenzene-1,3,5-
tricarbaldehyde (Tp) and oxalyldihydrazide (ODH) were selected
to generate porous COF, which was graed onto the surface of
PAD through a one-pot method and named as PAD@COF. The
novel composite PAD@COF not only improves the preparation
efficiency of COFmaterials but also provides a new possibility for
its application in adsorption separation and other aspects.
2 Experimental section
2.1 Reagents and materials

4-Allyloxybenzaldehyde (97%) was obtained from Alfa Aesar
(Shanghai, China). Dibutyl phthalate (DBP), Tp and acetic acid
were from Innochem (Beijing, China). Azodiisobutyronitrile
(AIBN), styrene (St), divinylbenzene (DVB), polyvinyl alcohol
(PVA), sodium dodecyl sulfate (SDS), ODH and n-butanol were
purchased from Aladdin (Shanghai, China). Toluene and
anhydrous ethanol were acquired from Beilian Fine Chemicals
Development (Tianjin, China). Tetrahydrofuran (THF) was
supplied by Jinshan Chemical Reagent (Chengdu, China). Other
chemical reagents were of analytical grade.
2.2 Synthesis of monodisperse poly(4-allyloxybenzaldehyde-
co-divinylbenzene) microspheres

According to a previous report,28 polystyrene seeds were
synthesized via dispersion polymerization. Monodisperse
© 2024 The Author(s). Published by the Royal Society of Chemistry
poly(4-allyloxybenzaldehyde-co-divinylbenzene) microspheres
were synthesized by one-step seeded swelling polymerization
using 4-allyloxybenzaldehyde as a functional monomer and
DVB as the crosslinking agent. Typically, a certain volume of
polystyrene seeds was placed in a round-bottomed ask for
swelling at room temperature, followed by a certain volume of
the water phase (SDS and PVA). Aer that, the oil phase was
congured with a certain volume of 4-allyloxybenzaldehyde,
DVB, toluene, DBP, and cyclohexanol, and AIBN was added and
sonicated until it dissolved completely. The water and oil pha-
ses were mixed uniformly through ultrasonication until emul-
sication was completed and there were no oil droplets on the
surface. The resultant solution, aer cell disruption, was
poured into a ask, sealed under nitrogen protection, and
swollen at 25 °C for 24 h at a mechanical speed of 100 rpm, and
then reacted at 70 °C for 24 h. Aer washing, the monodisperse
poly(4-allyloxybenzaldehyde-co-divinylbenzene) microspheres
were acquired and denoted as PAD.

2.3 Surface modication of poly(4-allyloxybenzaldehyde-co-
divinylbenzene) microspheres with the COF layer

Based on our previous result,29 ODH and Tp were selected as
surface-modied monomers for monodisperse polymer micro-
spheres. The monomer material with amine and aldehyde
groups was graed onto the surface of PAD. In brief, 36 mg ODH
was added into 10 mL water and dispersed evenly by ultra-
sonication. Then, 42 mg Tp was weighed and placed in
a mixture of 2.4 mL toluene, n-butanol, and glacial acetic acid
(v/v/v = 5/5/2) and ultrasonically dispersed. Then, 135 mg
monodisperse PAD was placed in 5 mL water for ultrasonic
dispersion, and the condensation reux reaction was carried
out at 120 °C bymagnetic agitation for 24 h. Aer the precipitate
was centrifuged with THF and anhydrous ethanol two times, the
washed solid precipitate was freeze-dried for 12 h, and the dried
powder products were collected and weighed for preservation.
The dried product was denoted as PAD@COF.

For comparison, an ampoule bottle of dimensions 10 mm
(o.d.) × 5 mm (i.d.) was lled with ODH (36 mg), Tp (42 mg),
0.5 mL of anhydrous dioxane and 0.5 mL of glacial acetic acid.
Aer ultrasonic dispersion for 30 min and sealing with a ame,
the reactants were heated at 120 °C for 48 h. The washed and
dried product was denoted as COF.

2.4 Evaluation of reusability

The cyclic stability of the material was assessed through
adsorption–desorption experiments by ultrasonically washing
the adsorbed material with 0.1 mol L−1 HCl, drying the
precipitate, and reusing it for copper ion adsorption under the
same conditions for 10 cycles.

2.5 Determination of PAD@COF in real samples

The adsorption capability of PAD@COF for Cu2+ in actual
samples was measured. Lake water (Ming Lake, Yinchuan,
China) was chosen as the sample. Aer centrifugal, ltration
and the addition of Cu2+, a water sample containing Cu2+

(3.5 mg L−1) was obtained. Then, 8 mg of PAD@COF were mixed
RSC Adv., 2024, 14, 33764–33773 | 33765
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View Article Online
with 100 mL of this water sample. Aer shaking at room
temperature for 1 h, the supernatant was collected to measure
the concentration of Cu2+ and calculate the adsorption amount.
3 Results and discussion
3.1 Design and synthesis of monodisperse aldehyde-
functionalized microspheres (PAD)

A monomer of 4-allylbenzaldehyde containing an aldehyde
group was selected to synthesize monodisperse microspheres
by a one-step seed swelling polymerization method. Given the
reversible imine bonds, the synthesized microspheres contain-
ing the aldehyde group were expected to integrate with the COF-
containing terminal amine group to synthesize core–shell COF
microspheres, as shown in Fig. 1. Due to the reversible
condensation reaction between the amino group and the alde-
hyde group, the imine bond can be hydrolyzed for suitable
degradation so that the product can be decomposed into the
aldehyde group and the amino group again. Therefore, the
resulting microspheres are green and environment friendly and
can be reused.

In this case, polystyrene seeds were successfully prepared via
dispersion polymerization. The polystyrene seed exhibited
outstanding monodispersity and smooth surface characteris-
tics, and the average diameter of seed particle size was about 3
mm (Fig. S1†). To begin with, the oil phase consisted of 4-ally-
loxybenzaldehyde, DVB, and porogenic solvents, while the
aqueous solution contained 5% PVA and 0.2% SDS. Aer the
swelling and polymerization reaction, the resulting PAD resins
with different morphologies were successfully prepared. Even-
tually, the mass ratio of the seed to the total monomers, the
molar ratio of the monomer to the crosslinker, different binary
porogenic systems (DBP-toluene system, toluene–cyclohexanol
system, and DBP–cyclohexanol system) and the ratio of the oil–
water phase on the resin morphology were carefully
Fig. 1 Schematic preparation of PAD@COF.

33766 | RSC Adv., 2024, 14, 33764–33773
investigated, and the specic synthetic parameters are listed in
Table 1.

3.1.1 Effect of the binary porogenic system (DBP–toluene)
on the morphologies of PAD. Polar solvent DBP and non-polar
solvent toluene were initially selected as binary porogenic
agents. The effects of the polystyrene seed dosage, the
monomer/crosslinker (n/n) and the ratio of oil to water on the
size and morphology of the particles were investigated.

When the monomer/crosslinker (n/n) was almost 1 : 1, the
amount of polystyrene seed was 233 mg, and the oil–water
volume ratio was maintained at 3 : 25. As presented in Fig. 2a,
PAD-1 with a broken spherical shape was generated, only a few
retained the spherical structures with a particle size of 2.4 mm,
and the nal yield was only 7.0%. The mass ratio of the seed/
total monomers remained 3 : 10, PAD-2 possessed a spherical
shape but a few small particles adhered on its surface and gave
uneven morphology, the particle size of the sphere was 6.9 mm
(Fig. S2a†), and the yield was only 6.6%. It was inferred that the
seeds could not fully absorb the oil phase due to the reduction
of the seed amount, and the self-polymerization of the excess
crosslinking agent and monomer would produce more small
particles. The following experiments were attempted to be
improved by changing the proportion of the functional mono-
mer and crosslinker. When the amount of functional monomer
to crosslinker was 7 : 5, the surface adhesion of PAD-3 was
reduced but the shape was not uniform, as depicted in
Fig. S2b.† The self-polymerization of the functional monomer
and crosslinker occurred around the product; nevertheless, the
yield increased signicantly to 30.7%. When monomer/
crosslinker (n/n) was almost 1 : 1, the resulting PAD-4 was
uniformly spherical. However, compared to the initial poly-
styrene seeds (Fig. S1†), the microsphere size was only 2.6 mm
(Fig. S2c†), indicating that the seeds did not expand success-
fully. The oil phase cannot be completely absorbed due to the
lack of the water phase, and most of the resins are self-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Effects of binary porogenic agents on the morphology of poly(4-allyloxybenzaldehyde-co-DVB) particlesa

Materials
Seed/total monomers
(mg/mg)

Monomer/cross-linking
agent (n/n) Porogenic agent system (v/v)

Oil/water
(v/v) Size (mm)

Productivity
(%)

PAD-1 1 : 2 1 : 1 DBP : toluene 3 : 25 2.4 7.0
PAD-2 3 : 10 1 : 1 DBP : toluene 3 : 25 6.9 6.6
PAD-3 3 : 10 7 : 5 DBP : toluene 3 : 25 6.1 30.7
PAD-4 3 : 10 1 : 1 DBP : toluene 3 : 25 2.6 55.1
PAD-5 3 : 10 1 : 1 DBP : toluene 3 : 50 7.2 26.5
PAD-6 3 : 10 1 : 1 DBP : toluene 3 : 50 5.5 42.8
PAD-7 2 : 5 1 : 1 DBP : toluene 3 : 50 6.8 37.5
PAD-8 1 : 2 1 : 1 DBP : toluene 3 : 50 — 41.9
PAD-9 3 : 10 1 : 1 Toluene : cyclohexanol 3 : 50 5.9 19.9
PAD-10 3 : 5 1 : 1 Toluene : cyclohexanol 3 : 50 5.9 14.9
PAD-11 1 : 2 1 : 1 Toluene : cyclohexanol 3 : 50 5.4 18.9
PAD-12 3 : 10 1 : 1 Toluene : cyclohexanol 3 : 50 7.1 33.2
PAD-13 1 : 3 1 : 1 Toluene : cyclohexanol 3 : 50 6.6 35.3
PAD-14 2 : 5 1 : 1 Toluene : cyclohexanol 3 : 50 — 9.5
PAD-15 1 : 2 1 : 1 DBP : cyclohexanol 3 : 50 5.1 21.4
PAD-16 1 : 2 1 : 1 DBP : cyclohexanol 3 : 50 6.2 39.5
PAD-17 3 : 5 3 : 2 DBP : cyclohexanol 3 : 50 6.4 39.2
PAD-18 1 : 2 2 : 1 DBP : cyclohexanol 3 : 50 6.3 35.6

a In these cases, the volume ratio of binary porogenic agents (DBP/toluene, toluene : cyclohexanol, DBP : cyclohexanol) was 1 : 1. “—” indicates
uneven size. For PAD-12, ve times the amount was added compared to PAD-9, and similarly, for PAD-16 compared to PAD-15.
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View Article Online
polymerized precursors. As a result, the oil–water volume ratio
was changed to 3 : 50 and the monomer/crosslinker (n/n) was
almost 1 : 1. As depicted in Fig. S2d,† the prepared PAD-5 resin
exhibited a uniform spherical structure, but the particle size of
the spherical resin reached 7.2 mm, and the nal yield was
26.5%. Subsequently, the amount of polystyrene seed was
doubled (PAD-6), the size of the acquired microspheres was
reduced to 5.5 mm (Fig. 2b), the product adhesion slowed down,
but the surface of the microspheres became rougher, whose
yield reached 42.8%. By changing the total amount of mono-
mers (4-allyloxybenzaldehyde and DVB), the acquired PAD-7
(Fig. S2e†) and PAD-8 (Fig. S2f†) were not satisfactory. In short,
these results demonstrated that the DBP–toluene system is not
suitable for the fabrication of the PAD spheres.

3.1.2 Effect of binary porogenic system (toluene–cyclo-
hexanol) on the morphologies of PAD. To further investigate the
effect of porogenic agents on PAD morphology, polar cyclo-
hexanol and non-polar toluene were selected as the binary
porogenic agents. The oil-water ratio of the whole system was
3 : 50, and the morphology of the product was controlled by
changing the dosage of polystyrene seeds or the monomer/
crosslinker (n/n). PAD-9 was obtained with the monomer/
crosslinker (n/n) ratio of almost 1 : 1, when the volume ratio of
cyclohexanol/toluene was 1 : 1 and the dosage of polystyrene
seed was 155 mg. As shown in Fig. S3a,† the prepared spherical
resin exhibited goodmonodispersity, particle size of 5.9 mm and
yield of 19.9%, but the surface was rough. Adjusting the mass
ratio of seed/total monomers at 3 : 5 (PAD-10), the resin
possessed excellent monodispersity, and its size was 5.9 mm
(Fig. 2c), but the yield further decreased to 14.9%. When the
mass ratio of seed/total monomers was 1 : 2 (PAD-11), the
particle size of the sphere was 5.4 mm but it was broken, and the
adhesion was serious (Fig. 2d), resulting in a low yield of 18.9%.
© 2024 The Author(s). Published by the Royal Society of Chemistry
It was hypothesized that the limited amount of seeds could not
adequately absorb the monomers, leading to the formation of
small particles that adhered to the surface of PAD. Therefore,
the polystyrene seeds were increased by 1.5 times (PAD-10),
which was the best choice. Based on PAD-9, the monomer,
crosslinker, initiator, aqueous phase and polystyrene seeds
were expanded by ve times in equal proportions. Although the
product (PAD-12) displayed spherical morphology and particle
size of 7.1 mm (Fig. S3b†), the adhesion was more serious. It was
presumed that the change in the reaction conditions, mass
transfer problem and the difference of solvent selection in the
scale-up experiment may lead to signicant differences in the
morphology of the microspheres. As depicted in Fig. S3c,† when
the amount of the functional monomer to the crosslinker was
1 : 1, the mass ratio of seed/total monomers remained 1 : 3, and
PAD-13 exhibited a spherical shape but was not uniform.
Subsequently, when the mass ratio of the seed/total monomers
remained at 2 : 5, the resulting PAD-14 contained a few spheres
and most of the irregular particles (Fig. S3d†), whose yield was
only 9.5%. Compared with the DBP–toluene system, the
morphology of the products fabricated with the toluene–cyclo-
hexanol system was improved but the adhesion of small parti-
cles still existed.

3.1.3 Effect of the binary porogenic system (DBP–cyclo-
hexanol) on the morphologies of PAD. According to the exper-
iments, it can be deduced that the addition of alcohol had
a tremendous effect on the morphology of the product. We tried
to select polar DBP and cyclohexanol as the porogenic agent,
adjusting the monomer/crosslinker (n/n), or changing the
amount of polystyrene seeds, to further improve the product.
When the oil–water volume ratio was maintained at 3 : 50 using
DBP and cyclohexanol as porogenic agents, the prepared resin
(PAD-15) possessed uniform morphology and the particle size
RSC Adv., 2024, 14, 33764–33773 | 33767
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Fig. 2 SEM images of (a) PAD-1, (b) PAD-6, (c) PAD-10, (d) PAD-11, (e) PAD-17, (f) PAD-18, (g) COF and (h) PAD@COF.
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was 5.1 mm (Fig. S4a†), but a few small particles adhered on its
surface, and the yield was 21.4%. Similarly, when the amounts
of the monomer, crosslinker, initiator, aqueous phase and
polystyrene seeds were expanded by ve times in equal
proportions (PAD-16), the monodisperse microspheres were
acquired, the particle size of the microspheres reached 6.2 mm
(Fig. S4b†), and the yield was signicantly increased to 39.5%.
33768 | RSC Adv., 2024, 14, 33764–33773
Although the homogeneity and monodisperse of the spheres
were signicantly improved by the above experimental
improvement, the surface of the resin ball was still rough. When
the monomer/crosslinker (n/n) was 3 : 2 (PAD-17), the surface
roughness of the microspheres was reduced, the particle size
was 6.4 mm (Fig. 2e), and the yield reached 39.2%. When the
monomer/crosslinker (n/n) was 2 : 1 (PAD-18), the surface
© 2024 The Author(s). Published by the Royal Society of Chemistry
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roughness of the prepared microspheres changed signicantly,
the particle size of the microspheres was 6.3 mm (Fig. 2f), and
the yield was 35.6%. Ultimately, the product PAD-18 was
selected for following modication.
3.2 Characterization of materials

As the PAD contains aldehyde groups, it can react with the
amino groups of ODH to produce hydrazone bonds. As a result,
ODH and Tp were mixed with PAD to coat a layer of two-
dimensional COF via a “one-pot” method. Fig. 2g depicts the
morphology of powdered COF, while Fig. 2h presents the SEM
image of PAD@COF. Compared with the pristine PAD micro-
spheres, the color is remarkably changed from white to yellow.
Additionally, a layer of material appears on the surface of the
PAD microsphere, which also proved the successful fabrication
of PAD@COF.

The FT-IR spectra of PAD, COF and PAD@COF are depicted
in Fig. 3a. The peak at 1260 cm−1 in the PAD spectrum was the
stretching vibration peak of ]C–O–C, and the stretching
vibration peak of C]O was proved at 1731 cm−1. In the COF
spectrum, the peak at 1681 cm−1 is related to the C]O
stretching vibration, the peak at 1623 cm−1 corresponded to the
–C–N stretching vibration, and the vibration peak at 3235 and
3419 cm−1 is considered to be the symmetric and asymmetric
stretching vibration mode of –NH2 groups in ODH. It is worth
noting that in the PAD@COF spectrum, the C]O stretching
vibration peak at 1683 cm−1 corresponded to the stretching
vibration peaks of PAD and COF, and the symmetric and
Fig. 3 (a) FT-IR spectra of PAD-18, COF and PAD@COF, (b) nitrogen ad
PAD@COF.

© 2024 The Author(s). Published by the Royal Society of Chemistry
asymmetric stretching vibration modes of –NH2 groups at 3236
and 3417 cm−1 corresponded to the N–H stretching vibration of
ODH in the COF monomer. The appearance of these three
characteristic peaks conrmed the successful synthesis of
PAD@COF.

The elemental composition of PAD and PAD@COF was
determined by XPS. As presented in Fig. S5a,† the existence of
carbon, oxygen and nitrogen elements was detected in PAD@-
COF, while nitrogen element was not observed. Additionally,
the elemental analysis of PAD demonstrated that the composi-
tion of PAD is primarily comprised of 84.99% carbon and
15.01% oxygen (Table S1†), indicating the absence of nitrogen.
PAD@COF mainly contains carbon, oxygen and nitrogen
elements with contents of 75.64%, 20.72% and 3.65%, respec-
tively. Among them, nitrogen was mainly derived from ODH.
For PAD@COF, it can be observed from Fig. S5b–d† that the C
1s prole consisted of four tting peaks, where C]O, C–N, C–O,
and C–C were centered at 288.2, 285.8, 285.5 and 284.3 eV,30

respectively, while the O 1s also consisted of three tting peaks,
viz., O]C, O–H and O–C, centered on 531.3, 532.8 and 532.5 eV,
respectively.31 The N 1s prole of the PAD@COF consisted of
two tting peaks, including –NH2 and –N centered on the
binding energy of 398.8 and 399.7 eV, respectively.32 Chemical
shis of C]O, C–O, and O]C were observed in the spectrum of
PAD@COF compared to PAD, as well as new C–N peaks and N 1s
peaks, indicating that the COF was successfully coated onto
PAD.

The pore structure and specic surface area pore structure of
PAD and PAD@COF were analyzed, and the results are listed in
sorption isotherms and (c) pore diameter distribution of PAD-18 and
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Table 2. The specic surface area of PAD-6 synthesized in the
DBP-toluene system was measured to be 10.7 m2 g−1, while that
of PAD-11 synthesized in the toluene–cyclohexanol system was
measured to be 12.9 m2 g−1. PAD-15, PAD-17, and PAD-18 were
synthesized using DBP–cyclohexanol as the porogenic agent,
resulting in specic surface areas of 26.7, 60.9, and 71.8 m2 g−1,
respectively. According to our previous report,29 the specic
surface area of COF was 835 m2 g−1. PAD-18 was coated with
COF to obtain PAD@COF with a specic surface area of 163.8
m2 g−1. The BET curves of all the samples in Fig. 3b show a IV-
type isotherm pattern based on IUPAC, indicating the existence
of mesopores.33–35 The rapid uptake of nitrogen from 0.8–1.0
was observed, indicating that PAD@COF possessed a macro-
porous structure. All these indicated that the material had
a porous structure. The pore volume and specic surface area of
PAD@COF increased by 35.0% and 56.2%, respectively,
compared with PAD-18. It was due to the increase in the
adsorption pores on the surface of the microspheres aer the
modication of the COF layer, which also indicated that the
COF layer was successfully graed to the surface of PAD. With
the increase in relative pressure, the slope of the curve
decreased, and the adsorption from single layer to multi-layer
gradually changed.36 The pore size distribution depicted in
Fig. 3c also conrmed the presence of mesopores and macro-
pores within the range of 10–60 nm in the PAD@COF material,
thereby providing adsorption sites for heavy metals. Further-
more, the existence of these large macropores was conducive to
enhancing the mass transfer rate.
3.3 Adsorption ability

As presented in Fig. 4a, the adsorption performance of PAD@-
COF can be investigated through isothermal adsorption exper-
iments. When the concentration of Cu2+ was less than
20 mg L−1, with the increase in Cu2+ concentration, the
adsorption of Cu2+ by PAD@COF rapidly increased. When the
concentration of Cu2+ was about 40 mg L−1, the adsorption
equilibrium was reached, and the maximum adsorption
amount of Cu2+ was 270.9 mg L−1. The equilibrium adsorption
isotherm was tted through the experimental data, as shown in
Table S2 and Fig. S6a–d.† It could be observed that the Lang-
muir model (RL = 0.999) possessed a higher degree of tting
and correlation coefficient.
Table 2 Specific surface area, pore size, and pore volume of PAD and
PAD@COF

Materials
Specic surface
area (m2 g−1)

Pore volume
(cm3 g−1)

Average pore
diameter (nm)

PAD-6 10.7 0.02 8.9
PAD-11 12.9 0.03 7.7
PAD-15 26.7 0.19 29.4
PAD-17 60.9 0.23 14.9
PAD-18 71.8 0.26 14.5
COF 835 0.89 15.5
PAD@COF 163.8 0.40 9.7

33770 | RSC Adv., 2024, 14, 33764–33773
The experimental results demonstrated that the Langmuir
model (RL = 0.999) featured a higher degree of tting and
higher correlation coefficient than that of the Freundlich model
(RF = 0.932). The adsorption was chiey carried out on the
surface of PAD@COF. During the isothermal adsorption
experiment, an increase in Cu2+ concentration resulted in
a corresponding increase in Qe. This phenomenon can be
attributed to the disparity in Cu2+ concentration, which conse-
quently led to enhanced mass transfer of Cu2+ onto the adsor-
bent surface.37

The kinetic adsorption properties of PAD@COF for Cu2+

were investigated at 30 mg L−1 concentration and different
adsorption times. As shown in Fig. 4b, the kinetic adsorption
results showed that the adsorption capacity increased rapidly
within the initial 50 min and then gradually slowed down,
reaching the adsorption equilibrium at about 180 min. The
faster rst stage could be explained by the fact that abundant
binding sites enhance the contact between PAD@COF and Cu2+,
and the adsorption reaction mainly occurs on the surface of the
adsorbed material. When the adsorption sites on PAD@COF
tend to be saturated, the effective adsorption sites are occupied
by Cu2+, resulting in a slowing down of the increase in the
adsorption capacity until equilibrium. The linear regression
equation was adopted to t the adsorption data, as shown in
Fig. S6e and f.† The relevant kinetic parameters determined by
the pseudo-rst-order and pseudo-second-order models are
listed in Table S3.† The correlation coefficient (R2 = 0.999) of
the pseudo-second-order model was higher than that of the
pseudo-rst-order (R1 = 0.982). It could be concluded that the
experimental data t the pseudo-second-order model well,
which indicated that chemical adsorption mainly occurred on
its surface.

The comparison of this kind of microsphere with other
materials on the adsorption of Cu2+ is exhibited in Table 3. Li
and his group prepared amagnetic cellulose nanober hydrogel
to remove Cu2+ from wastewater using cellulose nanober
materials prepared from agricultural waste soybean residue,
poly(vinyl alcohol) with excellent biocompatibility, hydrophilic
diatomite, and nano-Fe3O4. The adsorption equilibrium of
magnetic hydrogel reached 720 min and the maximum
adsorption capacity was 100 mg g−1.38 Bai et al. synthesized
spherical Cu2+-imprinted polymer using methacrylic acid as the
monomer and poly(glycidyl methacrylate-co-polyethylene glycol
dimethacrylate) as a matrix through atom-transfer radical
polymerization. The adsorption equilibrium of the product was
reached within 30 min and the maximum adsorption capacity
reached 85.6 mg g−1.39 Lu and co-workers adopted surface ion-
imprinting technology to selectively adsorb and detect Cu2+ in
lake water using mesoporous silica-modied rice husk as the
carrier and organosilane as the ion-acceptor, and the maximum
adsorption capacity was 87.8 mg g−1.40 Zou et al. selected cicada
shells as raw materials and prepared a porous nitrogen-doped
activated biochar by chemical activation treatment, which
exhibited excellent electrochemical properties and was applied
to manufacture Cu2+ sensors, and the maximum adsorption
capacity of Cu2+ was 110 mg g−1.41 Xu et al. collected sludge
from a paper mill to prepare sludge-chitosan nanocomposite
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Adsorption (a) isothermal and (b) kinetic curves of copper ion on PAD@COF.

Fig. 5 Reusability of PAD@COF.
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beads with a maximum adsorption capacity of 115 mg g−1 for
Cu2+.42 There are also studies using 2,4,6-triformylphlor-
oglucinol and tri(4-aminophenyl)amine as raw materials to
successfully synthesize two-dimensional imine-based COF
material,43 which manifested a large specic surface area (686
m2 g−1) and also exhibited high sensitivity in the uorescence
test. At pH = 6, the adsorption capacity of Cu2+ reached 229 mg
g−1, which can be utilized as an adsorbent and uorescence
probe for Cu2+ removal and detection. Our group previously
reported a COF synthetic strategy using exible alkyl amine as
the building unit and intramolecular hydrogen bonding as the
network connection.29 By exploring ODH and Tp, a type of COF
material was acquired and its specic surface area was as high
as 835 m2 g−1, exhibiting a superior adsorption capacity of
324 mg g−1.29 Herein, although the maximum adsorption
capacity of PAD@COF was marginally lower than that of the
hydrazone-linked COF, it exhibited superior adsorption
performance compared to other six kinds of Cu2+ adsorption
materials. Furthermore, PAD@COF demonstrated a shorter
equilibrium adsorption time in comparison to the magnetic
hydrogel, activated carbon and imine-based COF materials.

The reusability of the adsorbent is a crucial factor in prac-
tical applications. Multiple cycles of adsorption and desorption
can be utilized to evaluate the adsorption performance of the
adsorbent and reduce the adsorption cost. The reusability of
PAD@COF was investigated aer 10 cycles of adsorption and
desorption experiments. The amounts of adsorption for each
Table 3 Comparison of this work with other reported adsorbents for th

Materials
Maximum adsorption
capacity (mg g−1)

TpODH 324
Magnetic hydrogel 100
CD@Cu-IIP 85.6
Cu-IIP 87.8
Activated carbon 110
Sludge-chitosan beads 115
Imine-based COF 229
PAD@COF 270.9

© 2024 The Author(s). Published by the Royal Society of Chemistry
cycle were 136.30, 131.45, 130.06, 125.90, 124.51, 123.82, 121.74,
116.19, 112.73, and 107.18 mg g−1, respectively. As shown in
Fig. 5, the adsorption capacity of PAD@COF slightly decreased,
but the adsorption efficiency remained over 78.6% aer the 10
cycles. It was evident that the washing process has minimal
impact on the porous structure and chemical properties of
PAD@COF. Therefore, PAD@COF possessed good cyclic
stability and regeneration properties.
e adsorption of Cu2+

Equilibrium
time (min) Ref.

300 18
720 28
30 29
80 30

360 31
150 32
350 33
180 This work
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The adsorption ability of PAD@COF in real environments
was assessed. The adsorption amount of PAD@COF for Cu2+

was 43.75 mg g−1 within 1 h, and the LOD did not change
signicantly in the lake water sample. This indicated that
PAD@COF enabled the rapid adsorption of Cu2+.
3.4 Degradation and recovery

PAD@COF was added into different concentrations of acid
solution. As shown in Fig. S7,† PAD@COF appears similar to the
COF as the coating was gradually hydrolyzed with the increase
in the concentration, achieving recovery and reuse of the
aldehyde-containing microspheres.
4 Conclusion

In this work, monodisperse resin microspheres (PAD) with
a great quantity of aldehyde groups on the surface were
synthesized via seed swelling polymerization, and the effect of
different porogenic systems on the morphology of the resin
microspheres was mainly investigated. Subsequently, PAD was
utilized as the matrix, and COF was graed onto the surface of
the microspheres by a simple one-pot method (PAD@COF). The
obtained PAD@COF exhibited controllable particle size and
potential for the rapid removal of Cu2+ in water. Furthermore,
due to the presence of aldehyde groups of the PAD micro-
spheres, it could be reused by a reversible condensation reac-
tion, which presented the extensive integration of other COFs.
Additionally, the microspheres are apt to be modied through
the Ugi reaction with aldehyde groups. It is optimistically ex-
pected that this kind of aldehyde-containing monodisperse
microspheres can be utilized as chromatographic stationary
phases in the future.
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