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Exploring novel porous adsorbents for efficient water purification is a significant and urgent task. Two novel
calixarene-based porous organic polymers (POPs) namely POP-8F and POP-10F were synthesized via a simple
and mild reaction using octafluoronaphthalene and decafluorobiphenyl as the crosslinker. The Fourier transform
infrared spectrometer, solid-state 13C NMR spectra prove the successful construction of the POPs, and thermal
gravimetric analyzer curves demonstrate the good thermal stabilities. Combining the advantages of porous
structures, abundant adsorption sites and electronegative natures, both POP-8F and POP-10F exhibit extraor-
dinary adsorption capacities and rates towards cationic dyes including Rhodamine B (RhB), methylene blue (MB)
and crystal violet (CV). Especially for RhB, the removal efficiency can reach nearly 99 % within 4 min and the
pseudo-second-order rate constant of POP-8F is 0.04386 g mg™ ' min~!. Notably, the maximum adsorption ca-
pacity of POP-8F towards RhB is 2433 mg g~ !, surpassing all the previously reported porous adsorbents including
covalent organic frameworks, metal organic frameworks, POPs, biomass adsorbents, activated carbons, etc. In
addition, both POP-8F and POP-10F can selectively adsorb cationic dyes among the mixtures of cationic dyes and
anionic dyes. More importantly, the calixarene-based POPs can efficiently remove cationic dyes through a simple
column filtration and exhibit excellent reusability properties. All the above characteristics make POP-8F and
POP-10F excellent porous adsorbents for water pollutant treatment and purification.

1. Introduction

The rapid development of chemical industries over the past decades
has fabricated massive chemical pollutants, which are hard to be natu-
rally degraded and have caused global contamination to the surrounding
water, seriously threatening the dwelling environment and human
health [1-5]. Among these chemical pollutants, the organic dyes are the
most frequent and harmful ones owing to the broad applications in the
paper, textile, cosmetic, wood, paint industries and the irreversible
damage to the genital system of humans, even increasing the probability
of suffering from cancers [6-9]. Therefore, water purification, especially
efficient removal of dyes has become an urgent topic, which needs the
joint efforts of the scientists all around the world. Currently, several
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removal approaches including photocatalysis [10-12], membrane
filtration[13], oxidative degradation [14], biological treatment [15,16]
and adsorption [17-19] have been adopted. Among them, adsorption
has attracted growing worldwide attention and recognition owing to the
unique advantages including high removal efficiency, low cost,
simplicity and convenience [19]. The most common adsorbents are
porous materials such as covalent organic frameworks (COFs) [20],
metal-organic frameworks (MOFs) [21], activated carbons [22], bio-
composite microspheres [23,24], etc. However, the disadvantages
including difficulies of synthesis, high cost, instability, low adsorption
rate and capacity have severely limited the development of the above
adsorbents. Consequently, exploring novel porous adsorbents with the
superiorities including simplicity of preparation, low cost, high
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adsorption rate and capacity, selectivity and reusability should be a
preferential research area.

Porous organic polymers (POPs), a new kind of porous adsorbents
synthesized only using organic building blocks and connected via strong
covalent bonds, with high specific surface areas, adjustable porosities,
tunable structures, excellent stabilities, diverse functionalities and
abundant active sites, have attracted increasing attentions and exhibited
infinite potentiality [25-29]. Because of the multiple selections of
building blocks and polymerization reactions, the modularity of POPs is
very high and the porosities, structures and functional groups of POPs
can be conveniently designed and adjusted [30], thus the POPs are
capable to be used for various applications including photocatalysis
[31], fluorescence sensing [32], energy storage [33], adsorption
[34-36], etc. The efficient removal of organic dyes is an essential hot-
spot in the application of POPs-based adsorbents, and numerous POPs
with different building blocks have been designed and synthesized in the
last several years [37].

Calix[n]arene derivatives, synthesized through the condensation of
phenols and formaldehydes derivatives, with the cuplike shapes, are one
of the most burgeoning building blocks of POPs [38-40]. Currently, a
variety of calix[n]arene-based POPs have been designed and prepared
for the porous adsorbents of heavy metals, iodine [41,42], phenols [43],
pesticides [44], perfluoroalkyl substances [45] and organic dyes
[46,47]. Owing to the high specific surface areas, suitable pore sizes and
aromatic skeletons, the calix[n]arene-based POPs theoretically exhibit
good affinity towards organic dye molecules via intermolecular in-
teractions. For example, Sessler and coworkers [48] prepared three new
calix[4]pyrrole-based POPs for removing micropollutants including
methylene blue (MB), paraquat and diquat, and the maximum adsorp-
tion capacity (qmax) for MB is 454 mg g~ '; Li and coworkers [49] syn-
thesized a calix[4]arene POP using 1,3,5-tris(4-aminophenyl) benzene
as the crosslinker for the efficient adsorption of cationic dyes, and the
Qmax for MB can reach 1806 mg g~ *.

Like the above two types of POPs, the currently calixarene-based
POPs for removal of organic dyes usually possess high adsorption ca-
pacities, but relatively low adsorption rates, no selectivity, even with
thermal instabilities, which greatly limit the further development of
calixarene-based POPs. Therefore, exploring novel calixarene-based
POPs with ultrahigh adsorption capacity, superfast removal rate and
excellent selectivity towards organic dyes is of great significance [39].

Herein, we synthesized two novel calix[4]arene-based POPs namely
POP-8F and POP-10F through a facile and direct strategy using C-phe-
nylresorcin[4]arene as the building block, and octafluoronaphthalene
(abbreviated as M—8F) and decafluorobiphenyl (abbreviated as M—10F)
as the crosslinker, respectively. The introduction of the fluorine-rich
crosslinkers, M—8F and M—10F is the key novelty in the structures of
the calixarene-based POPs, which significantly improves the adsorption
performance. Especially M—8F, as far as we know, has not been used as
the crosslinker to synthesize calixarene-based POPs in the previously
reported literatures. Compared to the commonly used crosslinker, tet-
rafluoroterephthalonitrile (abbreviated as M—4F) [46], the M—8F has
more active sites and more electronegative fluorine atoms, thus the
synthesized POP-8F is more negatively charged, which significantly
improve the adsorption performance including adsorption rate and
maximum adsorption capacity (Table. S1).

Owing to the porous structures, hydrophilicity, good dispersity and
abundant active sites, both POP-8F and POP-10F exhibit superfast
adsorption rates, ultrahigh adsorption capacities and good selectivity
towards cationic dyes. Notably, the adsorption capacity of POP-8F to-
wards Rhodamine B (RhB) can reach 2433 mg g™ *. To the best of our
knowledge, this is the highest adsorption capacity and surpasses all the
previously reported adsorption materials including POPs, COFs, MOFs,
porous carbon materials, biomass materials, etc. Benefiting from all the
above features, the POP-8F and POP-10F can be promising porous ad-
sorbents and exhibit potential applications in the water treatment and
deep purification. Moreover, we also expect the M—8F and M—10F can
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provide a new avenue for the synthetic strategy of calixarene-based
POPs.

2. Experimental section
2.1. Materials

All materials in the synthetic process and the organic pollutants used
in the adsorption experiments were purchased from TCI (Shanghai)
Development Co. Ltd. All reagents were obtained from Sinopharm
Chemical Reagent Co. Ltd and used as received, without further purifi-
cation, unless otherwise stated.

2.2. Synthetic procedure

2.2.1. Synthesis of monomer

Resorcinol (2.2 g, 20 mmol) and anhydrous ethanol (30 mL) were
poured into a 200 mL flask, then concentrated hydrochloric acid (10 mL,
12 M) was added dropwise under stirring and ice-bathing condition.
After p-hydroxybenzaldehyde (2.44 g, 20 mmol) was dissolved in 10 mL
anhydrous ethanol, the acquired solution was dropwise added into the
above reaction system. When finishing dripping, the ice bath was
removed and the reaction was heated to reflux for 9 h with stirring. After
the reaction was completed, the mixture was cooled to room tempera-
ture and filtered, then the filter cake was washed with anhydrous
methanol, acetone and ether successfully and dried at 60 °C in vacuum
to obtain a pink powder with a yield of 72 %. 'H NMR (400 MHz,
DMSO-dg, ppm): 6 7.78 (s, 1H), 7.38 (s, 2H), 5.58 (d, J = 7.6 Hz, 2H),
5.41 (dd, J = 21.1, 13.4 Hz, 3H), 5.02 (s, 1H), 4.46 (s, 1H). (Fig. S1) The
geometry of the monomer is shown in Scheme S1.

2.2.2. Synthesis of POP-8F and POP-10F

Synthesis of POP-10F: Monomer (0.3 g, 0.35 mmol), potassium
carbonate (0.41 g, 3 mmol) and anhydrous DMF (1.5 mL) were added
into a 50 mL Schlenk tube. This Schlenk flask was bubbled with nitrogen
for 5 min. M—10F (0.334 g, 1 mmol) was dissolved in 10 mL anhydrous
THF in another Schlenk flask and also bubbled with nitrogen for at least
5 min, then was added into the above reaction system dropwise with a
syringe. Then the tube was degassed by three freeze-pumpthaw cycles,
sealed under vacuum and then heated at 85 °C for 48 h. After the re-
action was completed, the mixture was cooled to room temperature and
washed with dilute hydrochloric acid (1 M) until no more bubbles
appeared. The obtained mixture was filtered and the filter cake was
washed with distilled water, THF and dichloromethane successfully,
then the filter cake was dried through freeze-drying with a yield of 62%.

Synthesis of POP-8F: The synthetic procedure of POP-8F was similar
to that of POP-10F, only changing the crosslinker to M—8F and the yield
was 65%.

The optimal feeding ratio of monomer and crosslinker is 0.35: 1, and
the optimal reaction time is 48 h, which are confirmed by q. and water
regain experiments, and the related contents are shown in Fig. S2-S3
and Table S2.

2.3. Adsorption isotherms

To evaluate the maximum adsorption capacities of (qmax) both POP-
8F and POP-10F towards different dyes, the adsorption isothermal ex-
periments were taken. In a typical test, 15 mL of the dye solution was
charged with 5 mg adsorbents and stirred vigorously until the adsorp-
tion equilibrium was reached. Then the UV-Vis spectrophotometry was
conducted to calculate the dye concentrations according to the change of
the maximum absorbance intensity. The adsorption capacity (qe, mg
g™ 1) is calculated according to Equation 1:
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Scheme 1. (a) The design strategy and synthesis route of the calix[4]arene-based polymers, POP-8F and POP-10F. (b) Schematic presentation of the adsorption
process of POP-8F towards cationic dyes in aqueous solutions, especially RhB. Sythetic conditions of the POPs: THF, DMF, K,CO3, N5, 85 °C, 48 h.

where C; and C, (g L1 are the initial and final concentrations of tar-
geted pollutants, m (g) is the weight of the adsorbents used in the
adsorption experiments, and V (L) is the volume of the solutions of
targeted pollutants.

In this experiment, two adsorption isothermal models including the

Freundlich model and the Langmuir model are adopted.
The Freundlich model is:

1
Ing. =In K¢+ — In C, 2
n

The Langmuir model is:
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Fig. 1. (a) The FT-IR and (b) solid state >C NMR spectra of POP-8F and POP-10F; the nitrogen adsorption-desorption isotherm and the corresponding pore size

distribution curves of (¢) POP-8F and (d) POP-10F.
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where g (mg g~!) is the adsorption capacity in equilibrium; Ky and Ky,
are the constants of Freundlich and Langmuir models, respectively; 1/n
is an empirical parameter of the Freundlich model; C. (mg g’l) is the
concentrations of dyes or phenolic organic pollutants in equilibrium; qn,
(mg g 1) is the maximum adsorption capacity under ideal conditions.

2.4. Adsorption kinetics

In a typical experiment, 15 mg POP-8F or POP-10F was added into
the dye solutions (50 ppm, 30 mL) and then the mixture was stirred at
the rate of 600 rpm at room temperature. At different time intervals, 3
mL of the solution was drawn out and filtered using a 0.22 pm syringe
filter to monitor the adsorption process. The UV-Vis spectrophotometer
was taken to analyze the UV-Vis spectra of filtrates and the change of
maximum absorbance intensity was recorded for further analysis of
adsorption kinetics. The adsorption kinetics were analyzed by pseudo-
first-order and pseudo-second-order kinetic models.

The pseudo-first-order kinetic model is:

ln(qe - q:) = ln‘h - klt (4)
And the pseudo-second-order kinetic model is:

t 1 t
= +— )
q, kZ qZ e

where g, (mg g™ ) is the adsorption capacity in equilibrium; q; (mg g ™)
is the adsorption capacity in t (min); k; (min~!) and ko (g mg™! min™1)
are the constants of pseudo-first-order and pseudo-second-order models,
respectively.

2.5. Dye selective adsorption experiment

To investigate the selective dye adsorption abilities of POP-8F and
POP-10F, the cationic dyes including MB, RhB, crystal violet (CV) and
the anionic dye methyl orange (MO) were chosen. 20 mL of MB or RhB
aqueous solutions (100 ppm) were mixed with 20 mL of MO solution
(100 ppm). Then the MB-MO, RhB-MO, RhB-MB and RhB-CV mixtures
(all 4 mL) were charged with 4 mg POP-8F or POP-10F and then the
resultant mixtures were sonicated for 2 min at room temperature. Af-
terwards, the mixtures were filtered using 0.22 pm syringe filter and
then the changes of UV-Vis spectra were investigated to analyze the
selective dye separation properties. All the selective experiments are
performed at pH = 3, 7, 11 and the buffer solutions are prepared using
0.1 M HCI or NaOH aqueous solutions.

2.6. Recycling experiment

In a typical recycling experiment, 10 mg POP-8F or POP-10F was
added into 10 mL of RhB solution (50 ppm) and stirred for 5 min at the
rate of 600 rpm at room temperature. The mixture was centrifuged and
the UV-Vis spectrophotometer was taken to calculate the removal effi-
ciency according to Equation 6:
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where 1 is the removal efficiency, C; is the initial concentration of dyes
and C, is the remaining concentration of dyes after the stirring process.
Afterwards, the adsorbents were soaked in the ethanol-HCl mixture (1 M
HC]) to realize the desorption of RhB from adsorbents. Then the adsor-
bents were washed with Na;CO3 solution (1 M), distilled water and
ethanol successfully and dried at 60 °C under vacuum for the next cycle.

2.7. Materials characterization

'H NMR spectra were recorded using Bruker-300 NMR spectrome-
ters, with DMSO-de and CDCl;3 as the solvent and tetramethylsilane
(TMS) as the internal standard at ambient temperature. Solid-state 3¢
NMR (*3C ss-NMR) spectra were recorded on a Bruker INOVA-400 NMR
spectrometer at ambient temperature. Power X-ray diffraction (PXRD)
of the crosslinking polymers was measured on an X’Pert-Pro MPD to
analyze the crystallographic structure of the adsorbent materials.
Fourier transform infrared (FT-IR) spectra were tested on a Nicolet-4700
spectrometer. Thermo-gravimetric Analysis (TGA) were carried out on a
TA dynamic TGA 2960 instrument, rising from 25 °C to 800 °C with a Ny
flow rate of 50 mL min~! at a heating rate of 10 °C min~'. Scanning
electron microscopy (SEM, Hitachi S-4700) together with SEM mapping,
and transmission electron microscopy (TEM, Hitachi H600, 200 kV)
were employed to observe the morphology, pore sizes, elemental dis-
tribution and content of the POPs. The UV-vis spectra were tested using
a CARY 50 spectrometer equipped with integrating sphere. The zeta
potential was tested on Zetasizer Nano zs laser particle size analyzer at
25°Cand pH = 3,5, 7,9, 11.

3. Results and discussion
3.1. Structural characterization

As shown in Scheme 1 and Scheme S2, the calix[4]arene-based
porous organic polymers, POP-8F and POP-10F, were synthesized via
the reaction between C-phenylresorcin[4]arene and M—8F, M—10F
under alkaline and relatively mild conditions. The obtained POPs are
hydrophilic and can be well dispersed in water. Moreover, the solubil-
ities of the as-prepared POPs are comparatively poor and insoluble in
water and most common organic solvents in our laboratory. Therefore,
the structures of both POP-8F and POP-10F are determined via FT-IR
and solid state 13C NMR spectra. The results are shown in Fig. 1 (a-b).
In the solid state 13C NMR spectra, the crosslinking reactions are random
and complicated, thus resulting in the aromatic ether linkages with the
multiple peaks at the center of § = 140 ppm and in the range of § =
100-160 ppm. The peaks at around § = 40 ppm and § = 240 ppm can be
ascribed to the alkyl carbons of the monomer and the C-F bonds in the
benzene rings, respectively. Moreover, in the FT-IR spectra, the broad
peaks in the range of 2900-3000 cm™! and 3000-3600 cm ™! are
attributed to the stretching vibrations of aromatic C-H bonds and the
aromatic hydroxyl groups, respectively. In addition, the peaks at 1487
cm ! and 1515 cm ™! are due to the stretching vibrations of the aromatic
C = C bonds for POP-10F and POP-8F. For POP-10F, the stretching vi-
brations of the C-F bonds and C-O-C bonds are located on 1209 cm ™! and
1079 ecm ™, and those data for POP-8F are 1207 cm ™! and 1080 cm L.
Consequently, the results of 3C ss-NMR and FT-IR spectra confirm the
successful construction of the polymeric networks.

The thermogravimetric analysis (TGA) spectra of both POP-8F and
POP-10F are shown in Fig. S4, revealing that the temperatures of POP-
8F and POP-10F are 321 °C and 247 °C when reaching 10 % weight
losses. The higher degradation temperature of POP-8F is mainly attrib-
uted to the rigidicity of M—8F, that is, the structure of M—8F molecule is
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Table 1
The data of adsorption kinetics of POP-8F and POP-10F towards RhB and MB.
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Pollutants Adsorbents Pseudo-first-order Pseudo-second-order
ky (min~") e (mg g™ R? k; (g mg ™" min™") ge (mg g™ R
RhB POP-8F 1.154 68.450 0.9423 0.04386 105.042 0.9919
POP-10F 0.8482 68.177 0.9609 0.03425 104.275 0.9933
MB POP-8F 0.6984 59.638 0.9641 0.02717 105.152 0.9996
POP-10F 0.6472 106.528 0.9794 0.00771 128.205 0.9939
Table 2
The data of adsorption isotherms of POP-8F and POP-10F towards RhB, MB, CV and MO.
Pollutants Adsorbents Langmuir model Freundlich model
K. (Lmg ™) am (mg g™ h) R? 1/n Ke (mg g 1) R?
RhB POP-8F 0.1834 2433.08 0.9930 0.1482 1028.70 0.9268
POP-10F 0.0253 1729.89 0.9905 0.1925 596.16 0.9247
MB POP-8F 0.0528 862.07 0.9916 0.2702 192.91 0.9803
POP-10F 0.0317 793.65 0.9897 0.3476 111.63 0.9156
Ccv POP-8F 0.0527 1181.02 0.9979 0.0799 691.06 0.9491
POP-10F 0.0941 925.93 0.9958 0.0738 585.01 0.9085
MO POP-8F 0.6660 93.721 0.9941 0.0678 70.199 0.9053
POP-10F 0.4418 89.606 0.9959 0.0902 60.405 0.9179
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Fig. 3. (a) The chemical structures of organic dyes; the adsorption isotherms of (b) POP-8F and (c) POP-10F towards dyes including RhB, CV, MB and MO.

more rigid than that of M—10F, which further construct more rigid
porous skeletons, thus leading to the higher degradation temperature of
POP-8F. Moreover, the char yields of POP-8F and POP-10F are 56.8 %
and 54.4 % at 600 °C, respectively, indicating the good thermal stabil-
ities of both POP-8F and POP-10F.

The morphologies of POP-8F and POP-10F are characterized via SEM
and TEM. The SEM images show that the morphologies of POP-8F and
POP-10F are block-like with rough surfaces, suggesting a porous struc-
ture of the polymers. The SEM images also display the irregular porous
skeletons of both POP-8F and POP-10F, which can be usually observed
in the morphologies of POPs owing to the irregular and unmanageable
crosslinking reactions during the preparation process. The TEM images

show obvious porous structures with relatively uniform pore sizes
(Fig. S5). Additionally, the PXRD curves of both POP-8F and POP-10F
show no peaks in the range of small angles, but an obvious and strong
peak at about 20° (Fig. S6), indicating that the two POPs both possess
amorphous structures and strong intramolecular 7-m interactions
[49,50].

To further investigate the Brunauer-Emmett-Teller (BET) surface
areas (Spgr) and pore size distributions of POP-8F and POP-10F, the
nitrogen adsorption-desorption experiments were conducted at 77 K
and the results are shown in Fig. 1 (c-d). Sggr of POP-8F and POP-10F
are calculated to be 192.42 and 167.60 m? g™, respectively. More-
over, the micropore and mesopore size distributions of POP-8F are
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Table 3
Comparison of some recently reported adsorbents with high maximum adsorp-
tion capacities towards RhB.

Adsorbent qm (mg Sper (m? Adsorption mechanism Reference
g g
DAPS-TP- 59.2 4.279 Van der Waals force, [51]
POP hydrogen bonding and
electrostatic interactions
DMPBP[5] 396.1 1347.4 High surface areas [52]
Biochar 533.77 1156.25 Abundant active groups, [53]
meterial high surface area and
electrostatic interaction
aMOC-1 565 unreported Electrostatic interaction [54]
and host-guest interaction
HPP-1 653.6 1511 High surface areas and - [55]
interaction
IL-PVB-pc- 693.5 464 Electrostatic interaction [56]
80% and hydrogen bonding
Chitosan 990 unreported Abundant amine groups, [57]
electrical neutralization
effect and bridging
adsorption among colloid
particles
POP-O 1012 619 Abundant polar oxygen- [58]
containing groups, high
surface areas and
hierarchical pore
structures
BOPs 1388 unreported Anion-cation interaction [59]
AzoPPOP 1357.58 232.72 Electrostatic interaction, [50]
existence of -NH; and n-n
interaction
CTT-POP-1 1160 476 Hydrogen bonding, n-n [60]
interaction and
electrostatic interaction
HCPs-5% 1400 1165 High surface areas [61]
THPP 1402 915 Surface area, hierarchical [62]
porous structure and ultra-
large pore volume
HPP-3 1666 1910 Suitable pore size and n-1t [63]
interaction
PAF-111 1666 857 High surface areas [64]
OBPS-HPP- 1817 1500 High surface areas and ©-n [65]
3 interaction
Py-BF-CMP 1905 1306 Surface area and suitable [66]
pore size
BFTB- 2127 1133 Surface area, porosity, [67]
PyTA morphology and n-n
interaction
POP-10F 1729.89 167.60 Electrostatic interaction, This work
POP-8F 2433.08 192.42 suitable pore width,

hydrogen bonding andn-n
interaction

mainly centered at 1.64 nm and 2.17 nm, and the values of POP-10F are
1.72 nm and 2.24 nm. There are also some mesopores located at the
range of 4-16 nm. In addition, the total pore volume of POP-8F and POP-
10F calculated from the nitrogen gas are 0.202 cm ™! g~ ! and 0.165 cm ™!
g7}, respectively, indicating both POP-8F and POP-10F possess hierar-
chical pore structures.

3.2. Adsorption studies of dyes

3.2.1. Adsorption kinetics

Benefiting from the porous structures, high specific surface areas,
good thermal stability, highly hydrophilicities (Fig. S7) and electro-
negative natures, as well as the aromatic skeletons and abundant
phenolic groups, which can potentially form intermolecualr interaction,
such as strong 7-7 interactions and hydrogen bonding with dyes mole-
cules, both POP-8F and POP-10F are candidates for excellent adsorbents
towards cationic dyes.

RhB and MB, as the representative cation dyes, are chosen to
investigate the adsorption kinetics of POP-8F and POP-10F. In this
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experiment, the initial concentration of dyes and adsorbents are 50 ppm
and 0.5 mg mL~!. The UV-Vis spectra were recorded to determine the
remaining concentrations at different time intervals upon the addition of
adsorbents. As shown in Fig. 2 and Fig. S8, for RhB, the removal effi-
ciencies are 76.76 % (POP-8F) and 71.40 % (POP-10F) when stirring for
1 min, and the data can reach 98.57 % for POP-8F within 4 min and
98.26 % for POP-10F within 5 min, both nearly completely adsorption.
Moreover, for MB, the removal efficiencies are 75.43 % (POP-8F) and
48.44 % (POP-10F) when stirring for 1 min, and the data can reach
97.89 % for POP-8F and 96.66 % for POP-10F when time is 5 min. To
investigate the adsorption kinetics of both POP-8F and POP-10F,
pseudo-first-order and pseudo-second-order kinetic models are adop-
ted and the detailed data are summarized in Table 1. The correlation
coefficient values (Rz) of pseudo-second-order for POP-8F towards RhB
and MB are 0.9919 and 0.9996, and those for POP-10F towards RhB and
MB are 0.9933 and 0.9939, respectively. The R? of pseudo-second-order
model for both POP-8F and POP-10F are close to 1 and higher than the
values of their corresponding pseudo-first-order model, indicating the
time-dependent adsorption process of RhB fits better with pseudo-
second-order model and chemical adsorption is the main factor influ-
encing the adsorption rate. In addition, the pseudo-second-order con-
stant (k) of POP-8F for RhB is 0.044 g mg~' min ", which is higher than
that of POP-10F (0.034 g mg ™! min~1); the ky of POP-8F for MB is 0.027
g mg~! min~!, which is nearly four times higher than that of POP-10F
(0.007 g mg~! min~1). Moreover, the comparison of ky of POP-8F and
POP-10F with other reported adsorption materials is shown in Table S3.
The results shows the ky of POP-8F is higher than that of POP-10F,
indicating the faster adsorption rate of POP-8F, and considering the kg
of POP-8F is higher than majority of other reported adsorbents,
demonstrating the POP-8F is a more promising adsorption material for
the ultrafast removal of cationic dyes from wastewater.

3.2.2. Adsorption isotherms

The adsorption isotherms and capacities are usually used to deter-
mine the adsorption mechanisms and abilities of the adsorption mate-
rials. In this experiment, the maximum adsorption capacities (qmax) Of
both POP-8F and POP-10F towards three cationic dyes MB, RhB, CV and
one anionic dye MO have been investigated. 5 mg of adsorbents were
added into 15 mL of dyes solutions with different initial concentrations
(RhB: 800-1400 ppm; CV: 300-800 ppm; MB: 100-550 ppm; MO:
30-80 ppm) and then vigorously stirred until the adsorption equilibrium
reached. Afterwards, the data of equilibrium concentration (C.) and
adsorption capacity (qe) were fitted by the Langmuir and Freundlich
models. The isotherm parameters are summarized in Table 2 and more
details are displayed in Fig. 3, Fig. S9-S13.

As listed in Table 2, the correlation coefficients (R?) of Langmuir
models (POP-8F: 0.9930 for RhB, 0.9916 for MB, 0.9979 for CV; POP-
10F: 0.9905 for RhB, 0.9897 for MB, 0.9958 for CV) are approxi-
mately 1 and higher than their corresponding R? of Freundlich models
(POP-8F: 0.9268 for RhB, 0.9803 for MB, 0.9491 for CV; POP-10F:
0.9247 for RhB, 0.9156 for MB, 0.9085 for CV), indicating the Lang-
muir isotherm model can more accurately describe the adsorption per-
formance of both POP-8F and PO-10F. Meanwhile, it means the
adsorption process of the organic dyes is primarily monolayer and ho-
mogeneous adsorption. Moreover, both POP-8F and POP-10F exhibit
more affinity and much higher adsorption capacities towards cationic
dyes than anionic dyes. The qmax of POP-10F calculated from the
Langmuir equation reaches 793.65, 1729.89, 925.93 mg g~ * for MB,
RhB, CV respectively. The qmax of POP-8F is higher and reaches 862.07,
2433.08, 1181.02 mg g~! for MB, RhB, CV respectively. Clearly, both
POP-8F and POP-10F exhibit the highest adsorption capacities towards
RhB, thus the qmax of both POP-8F and POP-10F are comparable with
some other excellent recently published adsorbents and the results are
shown in Table 3. Notably, as far as we know, the maximum adsorption
capacity of POP-8F (2433.08 mg g~!) is higher than the values of all the
previously reported adsorption materials, including POPs, COFs, MOFs,
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Fig. 4. (a) The zeta potentials of POP-8F and POP-10F at different pH at 25 °C; (b) The zeta potentials of POP-8F and POP-10F before and after the adsorption of RhB
at 25 °C and pH = 7; (c) The different forms of RhB under different pH conditions; (d) The g, of POP-8F and POP-10F at different pH.

biomass adsorbents, activated carbon materials, etc, demonstrating the
superiority of POP-8F and its potential application in ultrafast and
highly-efficient removal of cationic dyes from water.

3.2.3. Adsorption mechanisms

Under neutral conditions, the zeta potentials of POP-8F and POP-10F
are —34.0 mV and —31.6 mV, respectively, indicating that the POPs are
negatively charged with electronegative natures (Fig. 4a). Under acidic
and alkaline conditions (pH = 3, 5, 9, 11), both POP-8F and POP-10F are
also negatively charged, more easily combining with cationic dyes via
an electrostatic interaction, thus explaining the lowest adsorption ca-
pacities towards anionic dye MO. As shown in Fig. 4 (b), the zeta po-
tentials of the POPs after adsorption of RhB increase a lot compared with
the values before adsorption, further indicating the electrostatic inter-
action plays an important role in the adsorption mechanism. Moreover,
the electrostatic interaction can also be proved by the changes in the FT-
IR spectra before and after the adsorption process (Fig. S14). The peaks
at 1207 cm ™! for POP-8F and 1209 cm ™! for POP-10F are attributed to
the aromatic C-F bonds, and these peaks substantially decrease after the
adsorption of cationic dyes, demonstrating the formation of fluorine-
cation interaction resulting from the abundant electronegative fluorine
atoms in POP-8F and POP-10F [46].

However, as shown in Fig. 4 (¢, d), when pH > 4, RhB has a zwit-
terionic form, which goes against the adsorption performance owing to
the charge repulsion. With the further increasing pH (pH > 7), RhB is
inclined to aggregate and form a dimer structure with a larger molecular
size, increasing the difficulty of entering into the porous skeletons of the
POPs [68]. However, the q. of POP-8F and POP-10F still reach 1758 and
1327 mg g~! at pH = 11, respectively, demonstrating the electrostatic
interaction is not the only reason for the excellent adsorption

performances of the POPs.

The peak position shifts corresponding to the aromatic C = C bonds
in the FT-IR spectra are also obvious. As the green lines show, the peaks
attributed to the aromatic C = C bonds at 1510, 1614 cm™~! for POP-8F
and 1510, 1612 cm™! for POP-10F slightly shift after adsorption of RhB,
MB and CV, proving the n-m stacking interaction and/or electrostatic
interactions between the POPs and cationic dyes [67]. The peaks at 36
ppm for POP-8F and 36 ppm, 31 ppm for POP-10F obviously decrease or
completely disappear after adsorption of cationic dyes in the solid state
13C NMR spectra, while the peaks located at other places remain the
same (Fig. S15). These changed peaks are attributed to the alkyl carbons
of the calixarene-based skeletons, and the decrease or disappearance of
these peaks indicate that some of the cationic dyes are probably adsor-
bed and trapped in the pores of calixarene-based skeletons, thus leading
to the changes of chemical environment of the alkyl carbons, and
demonstrating the importance of the porous structures and the suc-
cessful adsorption of cationic dyes.

Moreover, the different adsorption capacities of POP-8F and POP-
10F towards cationic dyes are also related to the different molecular
sizes of RhB, MB, CV, and the detailed information is shown in Table S4.
The adsorption capacities follow the order of RhB > CV > MB, in
accordance with the order of cationic dye molecular sizes RhB (1.59 x
1.18 x 0.56 nm®) > CV (1.41 x 1.21 x 0.18 nm®) > MB (1.26 x 0.77 x
0.65 nmg) [60]. The BET analysis exhibits that the pore size distributions
of POP-8F and POP-10F are centered at 1.64 and 1.72 nm. For MB, a
cationic dye with smaller size, it is too small to be captured and can
easily leave the pores, thus the adsorption capacity of MB is the lowest
among the three characteristic cationic dyes. While the RhB molecules
with relatively larger size can block the micropores and bind in the
mesopores, thus resulting in the higher adsorption capacities. In
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addition, the hydrogen bonding formed between the carboxyl group of Consequently, the electrostatic interaction, porous structures and n-n
RhB and the residual phenolic hydroxyl groups of POPs also contributes stacking interaction contribute to the excellent adsorption performance
to the higher adsorption capacities towards RhB. of POP-8F and POP-10F towards cationic dyes, and the hydrogen
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bonding and suitable molecular size further result in the highest
adsorption capacities towards RhB.

Additionally, compared with POP-10F, POP-8F possess higher sur-
face area, smaller pore sizes, lower zeta potentials, endowing POP-8F
more spaces and more electronegative natures for adsorption. Further-
more, the pore width of POP-8F is more suitable for the adsorption of
cationic dyes. Therefore, these factors all contribute to the better
adsorption performance of POP-8F.

3.2.4. Dye selective adsorption

An excellent adsorbent should not only possess the disadvantage of
high adsorption capacity, high removal efficiency, fast adsorption rate,
hypotoxicity, but also good dye selective adsorption properties. Ac-
cording to the results in Section 3.2.2, both POP-8F and POP-10F display
extremely high adsorption capacities towards cationic dyes including
RhB, MB and CV, but much lower adsorption capacities towards anionic
dyes such as MO. Therefore, POP-8F and POP-10F might be promising
adsorbents for separating charged dyes. Moreover, the selectivity be-
tween different cation dyes were also investigated. All the selective
experiments were performed at pH = 3, 7, 11 to investigate the selective
performance of the POPs under different pH, and the images of each
individual target dye at different pH are shown in Fig. S16.

When at pH = 7, the selectivity between dyes with opposite charges
are remarkable and the performances are displayed in Fig. 5. For RhB-
MO mixture, after being sonicated for 2 min, the n of POP-8F and
POP-10F towards RhB reach 98.3 %, while those for MO are only 17.4 %
and 4.9 %, respectively. For MB-MO mixture, the 1 of both adsorbents
can reach 99.9 %, approaching complete adsorption, but those for MO
are 20.0 % and 0.96 %, respectively, demonstrating the extraordinary
selectivity between the cationic dyes and anionic dyes. Additionally, for
mixtures containing different cationic dyes, the adsorption rates of ad-
sorbents towards MB and CV are faster than those towards RhB. For RhB-
MB mixtures, after being sonicated for 2 min, the n of both POP-8F and
POP-10F towards MB reach 99.9 %, but those towards RhB are 99.5 %
with a very light pink residual color. And for RhB-CV mixtures, although
the n towards CV are 99.9 %, but those towards RhB are only 93.2 % and
94.3 %, respectively, and the residual pink color of RhB is obvious. The
faster adsorption rates towards MB and CV can be mainly attributed to
the smaller molecular sizes (details listed in Table. S2), compared with
RhB, which allows MB and CV molecules more easily diffuse into the
porous skeletons of the adsorbents. In addition, the selective adsorption
performance of POP-8F and POP-10F at pH = 3, 11 are almost the same
and the detailed graphs are displayed in Fig. S17-S18, indicating the
excellent charge selective abilities of POP-8F and POP-10F under acidic,
neutral and alkaline conditions.

3.3. Purification of simulated industrial wastewater

The real industrial wastewater usually contains several types of
pollutants, hence the removal rate, removal efficiency and selective
adsorption capability of multi-component pollutants are significant
factors for evaluating the adsorption performance of adsorbents.
Therefore, a column adsorption experiment was chosen as a simulator to
investigate the potential application in purification of real wastewater
and POP-8F was chosen for this experiment. As shown in Fig. 6 (a), 20
mL of RhB solution (500 ppm) was passed through a column filled with
50 mg POP-8F without air pressure, the solution turns to colorless
immediately, which can be clearly observed with naked eyes. In addi-
tion, a mixture of cationic dyes including RhB, MB and CV (500 ppm)
can also be completely adsorbed through the column and the purple
color absolutely disappears. These results demonstrate the calixarene-
based POPs have the practical applications in the sewage treatment.

3.4. Recycling experiments and cost analysis

Finally, we investigate the recyclability and reusability of POP-8F

10

Chemical Engineering Journal 433 (2022) 134442

and POP-10F, which are crucial indicators for the potential practical
applications of adsorbents. Considering POP-8F and POP-10F showing
highest adsorption capacities and adsorption rates towards RhB, it is
chosen as a representative pollutant to investigate the desorption and
recyclability properties of the adsorbents. 10 mL of RhB solution (50
ppm) was stirred for 5 min with the addition of 10 mg adsorbents to
prove the adsorption equilibrium had been reached. After adsorption,
the RhB can be easily released by soaking the adsorbents into ethanol
containing 1 M HCI and continuously washed with 1 M sodium car-
bonate solution, distilled water and ethanol. As shown in Fig. 6 (b), after
five cycles, both POP-8F and POP-10F maintain excellent removal effi-
ciencies, only slightly decrease from 99.9 % to 98.7 % and 98.9 %,
respectively. The minor weight loss of adsorbents during the recycling
process is inevitable, and the RhB molecules might not be completely
desorbed, thus these two factors mainly contribute to the slight decline
of removal efficiencies. In addition, the FT-IR spectra of both POP-8F
and POP-10F after five cycles are shown in Fig. S19. The spectra after
five cycles match well with those of the original adsorbents, confirming
the good stabilities of both POP-8F and POP-10F. Consequently, owing
to the high removal efficiency and easy regeneration, POP-8F and POP-
10F might be excellent candidates for the adsorbents used in water
treatment and purification.

Additionally, if industrial applications are required, the cost analysis
of these two novel adsorbents is of great concern. As shown in Table S5-
S7, we have taken all the raw materials and solvents into account, and
the cost of POP-8F and POP-10F are estimated to be 46 $ kg—* and 49 $
kg ™}, respectively, which are higher than standard and advanced com-
mertial Activated carbons (ACs), but are almost the same with some ACs
with high qualities. However, considering higher qp,, higher adsorption
rates, excellent selectivities and convenient reusabilities of POP-8F and
POP-10F, the two novel adsorbents are expected to be ecnomically
competative with ACs when wholescale production is performed.

4. Conclusion

In summary, two novel calixarene-based porous organic polymers
namely POP-8F and POP-10F using C-phenylresorcin[4]arene and two
types of perfluoro-aromatic compounds as the monomers were suc-
cessfully synthesized via a simple and mild crosslinking reaction. The
introduction of crosslinker M—8F and M—10F is the key novelty of this
work. The obtained POPs have the advantages of the porous structures,
abundant active sites, good thermal stability and electronegative na-
tures. These advantages endow both POP-8F and POP-10F with
extraordinary adsorption properties including ultrafast adsorption rates,
extremely high adsorption capacity, good reusability and remarkable
selectivity towards cationic dyes. The pseudo-second-order rate constant
of POP-8F towards RhB is 0.04386 g mg~! min ', higher than most
recently reported POPs. Notably, the maximum adsorption capacity of
POP-8F towards RhB can be up to 2433 mg g~*, outpacing all the pre-
viously reported porous adsorbents including COFs, MOFs, POPs, bio-
adsorbents, activated carbons, etc. Owing to the above prominent
characteristics, the novel calixarene-based POP-8F and POP-10F can be
promising adsorbents and potentially used in the application of water
pollutant treatment and wastewater efficient purification.
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