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Organic pollutants, a pivotal factor in water pollution, have persistently menaced the aquatic ecosys-
tem, as well as the sustainable development of human health, economy, and society. Consequently, there
is an urgent need for advanced techniques to efficiently eliminate organic micropollutants from water.
Here, we present the synthesis of three nonporous cavitand-crosslinked polymers capable of adsorbing
diverse organic pollutants from aqueous solutions. These polymeric adsorbents exhibit outstanding ad-
sorptive performance towards the tested micropollutants, characterized by high apparent adsorption rate
constants (kops) and maximum adsorption capacities (qmaxe)- Notably, Compound NCCP-1 demonstrated a
remarkable gmaxe of 459 mg/g for bisphenol A (BPA), ranking among the highest values reported for or-
ganic polymer adsorbents. In-depth investigation of the adsorption mechanism of the nonporous polymer
revealed that it involves the recognition of pollutants by the deep cavities of the cavitand moieties and
the interstitial spaces between them, primarily mediated by the hydrophobic effect. Furthermore, NCCP-1
was applied in situ water purification simulations and was proven to maintain its removal efficiency over

more than four cycles, highlighting its potential for practical applications in water treatment.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Water pollution represents a preeminent threat to the safety
and survival of life cycles on Earth, presenting a formidable chal-
lenge to the sustainable development of human health, the econ-
omy and society [1,2]. Anthropogenic organic chemicals, such as
petroleum products, plasticizers, pesticides, pharmaceuticals, tex-
tile dyes and other industrial chemicals, have contaminated surface
and groundwater, precipitating an environmental crisis that endan-
gers the well-being of hundreds of millions of people [3]. In re-
sponse, scientists have been actively developing diverse methods,
including membrane filtration, flocculation, chemical oxidation and
adsorption, to remove these predominantly non-biodegradable or-
ganic micropollutants from water. Among water purification treat-
ment technologies, adsorption processes hold great promise due
to their efficiency, versatility, and cost-effectiveness [4,5]. Activated
carbon (AC) has long been the most popular and widely used ad-
sorbent, owing to its effectiveness, scalability, high porosity, and
substantial adsorption capacity [6-8]. However, AC has limitations,
such as low affinity for relatively more polar pollutants and the
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requirement for harsh, energy-intensive regeneration procedures
(heating up to 500-900 °C), and its original performance often
cannot be fully restored. As such, there remains an urgent need for
alternative adsorbents that can efficiently and renewably remove
organic micropollutants from water.

In addition to traditional inorganic adsorbents, advanced or-
ganic materials have emerged as attractive alternatives because of
their thermal stability and milder regeneration conditions. Porous
organic polymers (POPs) have garnered significant attention in re-
cent years, attributed to their inherent advantages, including good
chemical and thermal stability, high and tunable porosity, low
density, and excellent structural diversity and variability [9-12].
POPs are constructed entirely from organic materials through var-
ious network-forming reactions and can be classified into sub-
classes such as covalent organic frameworks (COFs) [13-16], hy-
percrosslinked polymers (HCPs) [17,18], porous aromatic frame-
works (PAFs) [19], conjugated microporous polymers (CMPs) [20-
23], and polymers of intrinsic microporosity (PIMs) [24]. Tradition-
ally, POPs are typically built from two-dimensional planar build-
ing blocks, which, to some extent, restricts their structural diver-
sity. For non-planar building blocks, tetra-substituted-methanes are
mainly used and they lack additional functions beyond linkage. Re-
cently, porous macrocycle-based polymers have been developed as
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Scheme 1. (a) Porous macrocycle-based polymers (previous works). (b) Nonporous
macrocycle-crosslinked polymers (this work).

a new class of POPs, especially for the removal of organic microp-
ollutants (Scheme 1a) [25-27]. By integrating a macrocycle host
module into the network, these materials offer both diverse three-
dimensional structures and host-guest encapsulation capabilities
[28]. In 2016, the Dichtel group made a breakthrough by report-
ing a cross-linked B-cyclodextrin polymer that could rapidly ad-
sorb various organic micropollutants from water, with sorption rate
constants 15 to 200 times higher than those of other commercial
adsorbents [29]. Since then, different macrocyclic hosts have been
incorporated into cross-linked polymer adsorbents [30,31], includ-
ing other cyclodextrins [32-36], calixarenes [37-42], pillararenes
[43-46], calix[4]pyrroles [47], and amide naphthotubes [48]. High
specific surface area is a key feature of these materials, and ad-
sorbates are primarily captured and retained through their porosi-
ties. Therefore, the cross-linking of macrocycle-based POPs gener-
ally employs rigid linkers to create sufficient porosity through ro-
bust channels. For cylindrical macrocycles with rigid cavities, such
as cyclodextrin and pillararene, both sides of the host have linking
groups to construct channels from two directions. For cone-shaped
macrocycles, like calix[4]arene and calix[4]pyrrole, linkage usually
occurs on the upper-rim side, and the conformation of the host is
fixed to form rigid channels.

Here, as depicted in Scheme 1b, we report the design and syn-
thesis of nonporous macrocycle-crosslinked polymers using flex-
ible linkers for the adsorption of organic micropollutants. Cavi-
tand, which has rarely been involved in this research area, was
selected as the macrocycle module, and the linkage was posi-
tioned on the “foot” side rather than the upper-rim side. This de-
sign preserves the integrity and independence of the cavity and
its supramolecular function. The flexible “feet” of the cavitand and
the flexible linkage prevent the formation of rigid channels, re-
sulting in the nonporous nature of the polymer. Consequently, in-
trinsic porosity is no longer the dominant factor in adsorption;
instead, the supramolecular function of the macrocycle host and
the interval spaces between them serve as the sources of the ad-
sorptive mechanism. Unlike previously reported polymers incor-
porating corn-shaped macrocycles, in which the host conforma-
tion is rigidly fixed to form robust channels, the cavitand mod-
ules in our polymer feature an adaptable cavity. Prior to the pres-
ence of guests, these modules assume a kite conformation. How-
ever, once guest pollutant molecules infiltrate the cavity, they un-
dergo a transformation, adopting a vase conformation. The cav-
itand modules function like molecular tweezers, reversibly seiz-
ing pollutants from water. During the desorption processes, they
proficiently release these captured pollutants, demonstrating their
highly efficient and reversible adsorption-desorption behavior. Cav-
itands are deep, vase-shaped molecular containers based on a re-
sorcin[4]arene core with covalently attached aromatic walls. They
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can bind a wide range of molecules [49-53] and have been ex-
tensively applied in molecular recognition, self-assembly processes
and organic reaction regulation, both in their organic-soluble and
water-soluble forms [54-61]. In previous reports, water-soluble
cavitands were used in liquid/liquid separation of xylenes [62] and
inter-phase selective adsorption of alkanes [63,64]. In this work,
we utilize cavitand as the core linking module to construct non-
porous macrocycle-crosslinked polymers and apply them to re-
move frequently-detected pollutants from water. The structures
and properties of these polymers are comprehensively character-
ized and investigated. Adsorptive kinetics and isothermal studies
confirm their excellent performance. The polymer adsorbent can
be recycled multiple times without any loss of its adsorptive func-
tion upon regeneration and can be used for the simultaneous re-
moval of multiple pollutants from water.

As shown in Fig. 1a, three different polymers (NCCP-1, NCCP-2
and NCCP-3) were synthesized to explore the influence of the cav-
itand host itself and the linkers. The synthesis started from cav-
itand S1a and S1b (Figs. S1 and S5 in Supporting information),
which were used to construct water-soluble containers [49-56].
This was achieved by treating the chlorinated “feet” with sodium
azide. In comparison to cavitand S1b, the upper rim of cavitand
S1a [59] is covalently bridged with hydrocarbon chain spacers. This
modification rigidifies the open end, maintaining it in a receptive
vase conformation and preventing it from unfolding into the un-
receptive kite conformation. The new compounds were character-
ized with 'H and 3C NMR spectroscopy, high-resolution electro-
spray ionization mass spectrometry (ESI-HRMS), and Fourier trans-
form infrared (FT-IR) spectrometry (Figs. 1b and c, Figs. S2-S4, S6-
S8 in Supporting information). The polymerization of cavitand S2
was accomplished through the “Click” reaction with diyne com-
pounds (1,4-diethynylbenzene or 1,6-heptadiyne), which gave rise
to the final cavitand-crosslinked polymer products in good yields
(Fig. 1a). These products were then characterized by diverse an-
alytical methods (Figs. 1b and ¢, Fig. 2; Figs. S10, S11, S13, S14
in Supporting information). In the FT-IR spectra (Fig. 1b), both
azide-functionalized cavitand S2a and S2b display intense absorp-
tion peaks at approximately 2100 cm~!, which can be attributed
to the -N3 group. Notably, this characteristic peak vanishes in the
corresponding FT-IR spectra of polymer product NCCP-1, NCCP-2
and NCCP-3. This observation indicates that the azide groups of the
monomeric cavitands were completely converted during the “Click”
reaction for polymerization. To further confirm the formation of
the polymer products, solid-state cross-polarization magic angle
spinning (CP/MAS) 3C NMR spectroscopy was conducted (Fig. 1c).
The signals of the cavitand backbone were all preserved, suggest-
ing the recognition ability is retained in the polymers. Moreover,
the characteristic signals at around 145 and 125 ppm correspond
to the 3- and 4-positions of the triazole ring, respectively. These
comprehensive characterization results provide strong evidence for
the successful synthesis of the cavitand-crosslinked polymer prod-
ucts.

The polymers were subsequently subjected to thermogravimet-
ric analysis (TGA) to assess their thermal stability. As illustrated in
Fig. 2a, during the initial stage, the weights of the polymers grad-
ually declined, presumably due to the loss of adsorbed water. The
evident weight loss of the polymers commenced at approximately
400 °C, which can be ascribed to the decomposition of the poly-
mers. The porosity of the polymers was characterized using N,
gas adsorption/desorption experiments (Fig. 2b, Figs. S10 and S13
in Supporting information). The adsorption isotherms of the poly-
mers could be categorized as type IIl, where multilayer adsorption
occurs without the formation of a monolayer, and such isotherms
are commonly observed on nonporous materials. This implies that
the adsorption mechanism of the cavitand-crosslinked polymers
does rely on their porosity but rather on the recognition and ad-
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Fig. 1. (a) Synthesis of NCCP-1~3 and the cartoon illustration of the polymer structure. (b) FT-IR spectra of S2a, $2b, NCCP-1~3. (c) *C NMR spectra of S2a, $2b and
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Fig. 2. (a) TGA curves of NCCP-1~3. (b) N, adsorption and desorption curves of NCCP-1. (c) PXRD spectra of NCCP-1~3. (d) SEM images of NCCP-1.

sorption of the adsorbates into the cavities of the cavitands and
the inter-cavitand space. Furthermore, the Brunauer-Emmett-Teller
(BET) surface areas were determined to be 12.3 m2/g for NCCP-
1, 10.7 m?/g for NCCP-2, and 14.3 m2/g for NCCP-3. These values
also indicate the probable nonporous nature of the polymers. This
may be attributed to the flexibility of the linkers, which disrupts
the formation of channels within the polymer networks. In their
powder X-ray diffraction (PXRD) spectra (Fig. 2c), all three poly-
mers exhibited broaden signals, indicating their amorphous state
in the solid state. This was further corroborated by scanning elec-
tron microscopy (Fig. 2d, Figs. S11 and S14 in Supporting informa-
tion). All the polymers displayed dense amorphous particles, which

also implies a nonporous characteristic. The particle sizes ranged
from hundreds of nanometers to several micrometers, resulting in
large solid-liquid contact surfaces that are conducive to the effec-
tive removal of organic micropollutants. The water regain values of
NCCP-1, NCCP-2 and NCCP-3 were 13.6%, 5.8%, and 6.4%, respec-
tively. These relatively low values also point to the probable non-
porous feature of the polymers. To sum up, various characteriza-
tions have collectively demonstrated that the cavitand-crosslinked
polymers are nonporous.

Five representative and frequently-encountered organic pollu-
tants (Fig. 3a) were selected to test the adsorption ability of the
polymer adsorbents: 1-naphthylamine (an aromatic model com-
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Fig. 3. (a) Structures and classification of the selected organic micropollutants. (b-d) Time-dependent removal efficiencies for the adsorptive removal of micropollutants by
NCCP-1~3. (e-g) Fits to the Ho and McKay’s pseudo-second-order model for the adsorption of micropollutants by NCCP-1~3. (h) Fits to the Langmuir adsorption isotherms

for the adsorptive removal of micropollutants by NCCP-1.

pound), bisphenol A (BPA, a plastic component), phenacetin (a
pharmaceutical), atrazine (a herbicide), methylene blue (a dye
molecule). For the standard adsorption analysis, 3.0 mg of the poly-
mer was added to 3.0mL of a 0.10 mmol/L aqueous solution of the
pollutant and stirred vigorously for a specific duration. After fil-
tration, the filtrate was analyzed using UV-vis spectroscopy. The
removal efficiency was calculated from absorbance changes rela-
tive to the stock solution, with calibration curves (Figs. S16-S20 in
Supporting information). A qualitative assessment of the polymer
adsorbents’ adsorption abilities (Figs. 3b-d and Figs. S21-S23 in
Supporting information) shows that all three polymer adsorbents
could rapidly adsorb the pollutants within 1 h. From Figs. 3b-d,
we can generally conclude qualitatively that polymer NCCP-1 is
the most effective in terms of both adsorption speed and capac-
ity. The performance of NCCP-2 and NCCP-3 is relatively inferior,
indicating that both the cavitand module and the linkage part play
crucial roles in influencing the polymers’ adsorptive capacity. More
flexible and aliphatic linkers may affect the formation of adsorp-

tive spaces between cavitand modules, and the host-guest inter-
actions between the macrocycle module and the adsorbates are
also significant. For all three polymers, pollutants such as BPA, 1-
naphthylamine and phenacetin could be mostly adsorbed (>90%)
very rapidly, within minutes and even seconds. This may be due
to their relatively high hydrophobicity and affinity for the cavitand
host.

To quantitatively compare the adsorption capabilities of the
three polymers, the adsorption kinetic data were fitted using Ho
and McKay’'s pseudo-second-order model [65]. Subsequently, the
apparent adsorption rate constants [kops (g mg~' min~')] were de-
termined (Figs. 3e-g and Figs. S24-S26 in Supporting information).
The quantitative data were listed in Table 1. The results indicated
that, on average, NCCP-1 outperformed NCCP-2 and NCCP-3 in
terms of removal efficiency, uptake ge, and the apparent adsorp-
tion rate constant k. Notably, NCCP-1 also surpassed many pre-
viously reported adsorbents in terms of k. Polymer NCCP-1 was
further subjected to adsorption studies at equilibrium. The equilib-
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Table 1
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Summary of binding constants (K,) of micropollutants with S3a, S3b and apparent adsorption rate constants (kops) for the adsorptive removal of micropollutants by NCCP1~3

together with water solubility and logKo, of micropollutants.

Micropollutants K, of S3a K, of S3b Kkops of NCCP-1 kops of NCCP-3 kobs of NCCP-2 Solubility @ logKow °
(L/mol) (L/mol) (gmg™' min~') (gmg' min~') (gmg’ min”') (g/l)

1-Naphthylamine 2.6x10° 3.7x10° 1.0080 2.8933 0.5580 0.97 2.25

BPA - - 0.9132 0.2331 0.3562 0.17 3.32

Phenacetin 1.6 x 10° 4.0x10* 0.3267 0.1971 0.1506 249 1.58

Atrazine 5.0 x 10* - 0.0612 0.0547 0.0318 0.21 2.61

Methylene blue 1.2 x 108 3.7x10° 0.0307 0.0123 0.0065 43.60 0.75

3 Water solubility data were taken from PubChem chemistry database.

b K,w is the partition/distribution coefficient in n-octanol/water, and logK,, data were taken from PubChem chemistry database.
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rium adsorption quantities of the micropollutants by NCCP-1 in-
crease with the increasing amount of adsorbates (Fig. 3h). The ad-
sorption isotherms fit well to the Langmuir model [66]. The max-
imum adsorption capacity [gmaxe (mg/g)] was calculated for each
micropollutant (Fig. S27 in Supporting information), and the values
are presented in Fig. 3h. The gmaxe of BPA by NCCP-1 is 459 mg/g,
which is the highest among all reported nonporous materials. To
the best of knowledge, it also ranks second among all reported
macrocycle-crosslinked polymer adsorbents and third among all
reported organic polymer materials.

To mimic the actual wastewater scenarios where multiple or-
ganic pollutants co-exist at environmentally relevant concentra-
tion (2.5-100pg/L), a mixture of five pollutants (0.3 pmol/L for
each one; ie, 43.0ug/L 1-naphthylamine, 68.5ug/L BPA, 53.8 ug/L
phenacetin, 64.7nug/L atrazine, 96.0ug/L methylene blue) was
tested. In a standard simultaneous adsorption experiment, 10.0 mg
NCCP-1 was pre-washed with 10.0mL deionized water for 3 min
and filtered. The washed NCCP-1 was added to 300.0 mL above-
mentioned mixed solution and stirred vigorously at room temper-
ature to reach equilibrium. After filtration, the filtrate was sub-
jected to UV-vis spectroscopy. NCCP-1 was shown to thoroughly
adsorb all these pollutants (Fig. 4a), and the color of the pre-
adsorbed solution changed from light blue to colorless (Fig. 4b).
Impressively, this performance translates to a practical purification
capacity of 1.0g NCCP-1 per 30.0 L wastewater, demonstrating sig-
nificant potential of NCCP-1 for in situ wastewater purification. At

the same time, we conducted the flow-through adsorption exper-
iment (Fig. 4c). 5.0mg of the polymer was loaded onto the filter
membrane and an injection pump was used to elute it with the
abovementioned mixed solution at a rate of 12 mL/h. UV-vis anal-
ysis revealed complete elimination of all target micropollutants, as
evidenced by the absence of characteristic absorption peaks. The
color of the solution also faded after the filter membrane. Based
on the experimental results, our polymers may offer a promising
solution for rapid removal of multiple organic micropollutants co-
exist at environmentally relevant concentration of natural pollutant
solutions. Subsequently, the recycling performance of NCCP-1 was
evaluated. After the standard adsorption process with BPA, NCCP-
1 was filtered. The collected solid was then vigorously stirred in
EtOH at 50 °C for 12 h. Following filtration, the desorbed polymer
was recovered, thoroughly dried under vacuum, and then reused
for the next adsorptive cycle. The regenerated adsorbent exhibited
nearly quantitative removal efficiency. Even after four adsorption-
desorption cycles, the adsorbent retained its original efficiency for
BPA removal (Fig. 4d and Fig. S28 in Supporting information).

As demonstrated above, the new polymers are classified as non-
porous. This implies that the cavitand host sites and the inter-
cavitand spaces are likely to be pivotal in governing their ad-
sorption capabilities. To elucidate the role of cavitand modules
within the polymer adsorbents, we probed the binding behav-
iors of the corresponding water-soluble cavitands towards organic
pollutants in an aqueous medium. By mixing the water-soluble
host (S3a, S3b, see Fig. S15 in Supporting information for de-
tails) and pollutant guest in 1:1 ratio and comparing the changes
of the host signals in TH NMR spectra (Figs. S29-S38 in Sup-
porting information), we found cavitand S3a could strongly bind
atrazine, 1-naphthylamine, phenacetin and methylene blue. Sim-
ilarly, S3b could strongly bind 1-naphthylamine, phenacetin and
methylene blue. Isothermal titration calorimetry (ITC) titrations
were then carried out to determine the binding constants (K;)
quantitatively (Figs. S39 and 40 in Supporting information), which
are listed in Table 1 along with the k,,, data of the corresponding
cavitand-crosslinked polymers for comparison. The binding ther-
modynamic parameters (AH® and —TAS®) were also recorded.
The results indicated that the binding between hosts and guests
is generally enthalpically driven, with either favorable or unfavor-
able entropic contributions (Tables S1-S8 in Supporting informa-
tion). Among the two cavitand hosts, a higher K, value was of-
ten associated with a higher kg, value for the corresponding poly-
mer. For example, the K; of 1-naphthylamine with S3a and S3b
were 2.6 x 10° and 3.7 x 10° L/mol, respectively. Correspondingly,
the kqps of 1-naphthylamine for NCCP-1 and NCCP-3 were 1.0080
and 2.8933 g mg~! min!, respectively. Similar trends were also ob-
served among different pollutant compounds. For example, the K,
of 1-naphthylamine and phenacetin with S3a were 2.6 x 10° and
1.6 x 10° L/mol, respectively; while the kg, of 1-naphthylamine
and phenacetin for NCCP-1 were 1.0080 and 0.3267 g mg~! min™!,
respectively. These trends strongly suggest that the cavitand moi-
eties within the polymer play a cruical role in adsorbing microp-
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ollutants through host-guest recognition. However, the counterex-
amples observed for methylene blue compared to other pollutants
(highlighted in green) and the series of S3a-containing polymer
NCCP-2 (highlighted in blue) indicate the host-guest interaction is
not the sole determinant of the polymers’ adsorption ability. An-
other factor is the inter-cavitand spacing created by the linkers. It
is well known that host macrocycles bind guest molecules through
a variety of noncovalent interactions. Pollutant molecules may also
be adsorbed into the spaces between cavitand units and the linkers
via similar recognition processes. For example, NCCP-2 shares the
same cavitand as NCCP-1 but has a different linker. As a result, it
exhibits distinct and inferior adsorption performance. This implies
that the linker also plays a role in the adsorption behavior of the
polymer. Compared to the aromatic linker of NCCP-1, the aliphatic
linker of NCCP-2 is more flexible and prone to folding, which may
reduce the inter-cavitand space. Additionally, its aliphatic nature
weakens the attraction for pollutant molecules to enter the inter-
val spaces of the polymer. Furthermore, hydrophobicity is also a
considerable factor (the water solubility and logK, values of each
pollutant are also integrated into Table 1). Hydrophobic pollutants
are forced from the aqueous phase into the interior of the poly-
mer, and their expulsion from water accelerates the adsorption
process. The binding constants of methylene blue with S3a and S3b
are relatively high, yet its corresponding adsorption rate constants
are comparatively low. This could be attributed to the dye’s high
water solubility (43.60¢g/L, logKow =0.75), which weakens the hy-
drophobic driving force. To summarize, given the nonporous na-
ture of our polymers, three primary factors influence their ad-
sorption abilities: (1) The cavitand host sites dispersed within the
polymers can bind the pollutant molecules within their cavities
through host-guest recognition, as evidenced by the positive cor-
relation between kg, and K; values in most cases; (2) The spaces
created by the linkers between cavitand modules can also bind
and adsorb pollutants through non-covalent interactions, which ex-
plains the counterexamples and the different adsorption abilities
between NCCP-1 and NCCP-2; (3) Hydrophobicity can also serve
as a driving force for the adsorption process, as exemplified by the
reduced k,,s for methylene blue. These three factors jointly de-
termine the adsorption capacity of cavitand-cross linked polymer
adsorbents.

In conclusion, three nonporous cavitand-crosslinked polymer
adsorbents were synthesized and characterized. These polymer
adsorbents exhibited excellent adsorptive performance towards
representative and commonly detected organic pollutants, such
as 1-naphthylamine, bisphenol A (BPA), phenacetin, atrazine and
methylene blue. The removal efficiencies of the polymers for mi-
cropollutants reached as high as >99%, and their adsorptive ki-
netics and isotherms were systematically investigated. The appar-
ent adsorption rate constants (k,,s) and the maximum adsorp-
tion capacity (gmaxe) of NCCP-1 for the tested micropollutants sur-
passed those of most previously reported adsorbents. Notably, the
Qmaxe for BPA is 459 mg/g, which, to the best of our knowledge, is
the highest among reported nonporous materials and is compara-
ble to the top-performing organic polymer adsorbents. Our stud-
ies revealed that the high performance of these adsorbents stems
from the recognition by cavitands, adsorption into the interstices,
and hydrophobic effects. Significantly, these adsorbents could effi-
ciently adsorb mixtures of different pollutant families from water
at environmentally relevant concentration in flow-through man-
ner. The new adsorbents could be readily regenerated by treat-
ment with EtOH and reused for over four cycles without any
loss of efficiency. These results suggest that nonporous organic
polymers based on macrocycle host molecules hold great promise
for the research and applications of adsorption processes, par-
ticularly for the removal of diverse organic micropollutants from
wastewater.
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