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ARTICLE INFO ABSTRACT

Keywords: Rigid triptycene- and pentiptycene-based monomers, with intrinsic hierarchical structures, were polymerized
Triptycene-based crosslinked polymers using tetrafluoroterephthalonitrile as the crosslinker to fabricate crosslinked porous architectures named P1 and
Adsorption

P2. The reaction is simple and can be conducted at a relatively mild temperature. Both P1 and P2 exhibit good
thermal stability, and good adsorption performance for dyes and phenolic organic pollutants including MB, MO,
Pol and BPA. The removal efficiency of P2 is >99% within 10 min for BPA and an adsorption equilibrium for Pol
can be reached within 5 min. The adsorption kinetics fit the pseudo-second-order model and the adsorption
isotherms follow the Langmuir model and the maximum adsorption capacity of P1 and P2 for BPA can reach
212.06 mg g~ and 330.02 mg g~ *, respectively. In addition, the obtained crosslinked polymers show a highly
selective adsorption capacity towards phenolic organic pollutants. Featuring a simple synthesis, porous archi-
tecture and efficient adsorption capability, such triptycene-based and pentiptycene-based crosslinked polymers
may be ideal adsorbents for water treatment and purification.

Phenolic organic pollutants

1. Introduction

In the past few decades, the rapid development of industry has
caused serious environmental pollution, resulting in water contamina-
tion and lack of clean water; this threatens the daily life and health of
millions of people [1]. Persistent organic pollutants (POPs) including
organic raw materials, dyes, pharmaceuticals, and phenolic pollutants
are mainly derived from industrial waste and are the main problems
associated with drinking water safety[2,3]. Owing to their biotoxicity,
mutagenicity, carcinogenicity and oncogenicity, POPs dramatically in-
crease the probability of suffering from various unexpected diseases but
they are hard to effectively remove under natural conditions due to their
high stability[1,4-6]. Especially bisphenol A (BPA), as representative
phenolic organic pollutants and one of the most broadly used raw ma-
terials to prepare epoxy resins and polycarbonate plastics, has been re-
ported to have been widely spread in the sea, groundwater, even
drinking water owing to the indiscriminate discharge of industrial waste
water[7,8]. The main harm of BPA to human body are reflected in
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biotoxicity and carcinogenicity, probably leading to endocrine dyscrasia
[9,10].

Therefore, the development of approaches to achieve efficient
removal of POPs are of great importance. Currently, essential ap-
proaches to remove POPs include adsorption, photocatalysis, biodeg-
radation, and membrane filtration, etc. [11-21].Among these methods,
adsorption with high efficiency, low cost, simplicity and convenience
have been widely adopted and studied.[22-28]

The adsorbent is the key part of the adsorption process. Crosslinked
polymers have attracted significant attention owing to their stable
structure, designability, diversity, low density, and highly efficient
adsorption, [29-33]. One of the current synthetic strategies for the
preparation of crosslinked polymers involves the selection of functional
monomers with intrinsic pores or specific properties which can be
polymerized with suitable connecting molecules to give highly cross-
linked porous structures[34-37]. Due to the simplicity, designability
and tunable porosity, this synthetic strategy is still the most commonly
used at present [38-40]. Triptycene and its derivatives with rigid and
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hierarchical structures have been widely reported as functional mono-
mers to prepare crosslinked polymers for adsorption applications
[41,42]. Xu and coworkers[43] developed a one-pot Friedel-Crafts
alkylation polymerization of triptycenes using formaldehyde dimethyl
acetal as a cross-linker and synthesized a triptycene-based crosslinked
polymer with excellent capacity for dye adsorption. Additionally, Das
and coworkers[44] used a Cu(l) catalyzed azide-alkyne Click reaction to
synthesize a triptycene-based and 1,2,3-triazole crosslinked polymer
with high CO4 capture capability and organic dye adsorption. However,
as far as we know, the use of triptycene-based or pentiptycene-based
crosslinked polymers with applications in the adsorption of phenolic
organic pollutants, especially BPA are quite rare.

Herein, we synthesized two triptycene- and pentiptycene-based
crosslinked polymers, P1 and P2, respectively, using tetra-
fluoroterephthalonitrile (TFTP) as the crosslinker. (Scheme 1) The
polymerization reaction occurred at a relatively mild temperature under
the catalysis of 1,5-diazabicyclo(5,4,0)undec-5-ene (DBU). The synthe-
sized pentiptycene-based polymers were characterized in terms of
chemical structure, thermal properties and their adsorption perfor-
mance with regards to dyes and phenolic organic pollutants at low
concentration. The twisted triptycene-based monomers crosslinked by a
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representative crosslinker contribute to the construction of a porous
skeleton for both P1 and P2, endowing rapid and efficient adsorption
capacity for phenolic organic pollutants such as phenol and bisphenol A
at low concentration in aqueous solution. Additionally, the adsorption
performance of both P1 and P2 for non-hydroxyl aromatic organic
pollutants and common alcohols was also investigated to evaluate their
potential as materials for the selective adsorption of phenolic organic
pollutants.

2. Experimental
2.1. Materials

All materials were purchased from TCI (Shanghai) Development Co.
Ltd and all reagents were obtained from Sinopharm Chemical Reagent
Co. Ltd and used as received, without further purification, unless
otherwise stated. All chemical reagents and solvents were used without
further purification.
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Scheme 1. Synthetic procedure towards crosslinked polymers termed P1 and P2. i: Xylene; ii: KOH, CH3CH,OH; iii: TBSCl; iv: Chloranil, CH3COOH; v: NaBHy,

CH3OH; vi: DBU, DMF.
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2.2. Synthetic procedure

2.2.1. Synthesis of (9r,10r)-9,10-dihydro-9,10-[1,2]benzenoanthracene-
13,16-dione (Compound 1)

Anthracene (7.1 g, 40 mmol) and 1,4-benzoquinone (4.39 g, 40
mmol) were dissolved in xylene (50 mL) under an argon atmosphere,
then the reaction mixture was stirred and heated at reflux for 3 h. After
the reaction was complete, the mixture was cooled to room temperature.
Then the mixture was filtered, washed with ethanol and dried at 60 °C
under vacuum to obtain 10.4 g light yellow product with a yield of 91%.
The product was directly used in the next reaction procedure without
further characterization.

2.2.2. Synthesis of (9r,10r)-9,10-dihydro-9,10-[1,2]benzenoanthracene-
1,4-diol (Compound 2)

Compound 1 (8.52 g, 30 mmol) was dissolved in glacial acetic acid
(70 mL) in a 250 mL flask under an argon atmosphere. A few drops of
hydrobromic acid (40%) were added and the mixture was heated to
reflux for 2 h. After the reaction was complete, the mixture was cooled to
room temperature. A white powder (7.95 g) was obtained by filtration
with a yield of 93%. The product was directly used in the next reaction
procedure without further characterization.

2.2.3. Synthesis of (9r,10r)-1,4-bis((tert-butyldimethylsilyDoxy)- 9,10-
dihydro-9,10-[1,2]benzenoanthracene (M1)

Compound 2 (2.86 g, 10 mmol) and imidazole (1.7 g, 25 mmol) were
dissolved in dichloromethane (40 mL) in a 250 mL flask. Tert-
butyldimethylsilyl chloride (3.75 g, 25 mmol) was dissolved in 10 mL
dichloromethane and then added dropwise to the above mixture. The
reaction was stirred at room temperature overnight and monitored by
thin layer chromatography (TLC). After the reaction was complete, the
mixture was filtered and the filtrate was concentrated by rotary evap-
oration. The crude product was purified by silica-gel column chroma-
tography with a mixture of dichloromethane and petroleum ether (1/5,
v/v) to give a white powder (4.4 g) with a yield of 86%. 1H NMR (400
MHz, DMSO-dg, ppm) § 7.38 (s, 2H), 7.00 (s, 2H), 6.43 (s, 1H), 5.72 (s,
1H), 1.10 (s, 9H), 0.17 (s, 6H). 13C NMR (101 MHz, CDCl3) 6 144.61,
143.44, 135.49, 123.82, 122.66, 115.36, 47.09, 24.86, 17.27. HRMS:
calc. Mass: m/z 514.2723, found 514.2720.

2.2.4. Synthesis of (5r,7r,12r,14r)-5,7,12,14-tetrahydro- 5,14:7,12-bis
([1,2]benzeno)pentacene-6,13-dione (Compound 3)

Anthracene (7.1 g, 40 mmol), chloranil (9.8 g, 40 mmol) and 1,4-
benzoquinone (2.6 g, 24 mmol) were dissolved with glacial acetic acid
(200 mL) in a 500 mL flask under an argon atmosphere. The mixture was
heated at reflux for 16 h and monitored by TLC. After the reaction was
complete, the mixture was cooled to room temperature and then filtered.
The solid was washed with anhydrous ether and ethanol continuously,
and dried at 60 °C under vacuum to give 8.1 g of a yellow powder with a
yield of 88%. The product was directly used in the next reaction pro-
cedure without further characterization.

2.2.5. Synthesis of (5r,7r,12r,14r)-5,7,12,14-tetrahydro- 5,14:7,12-bis
([1,2]benzeno)pentacene-6,13-diol (Compound 4)

Compound 3 (6.9 g, 15 mmol) and sodium borohydride (1.14 g, 30
mmol) were dissolved in anhydrous tetrahydrofuran (60 mL) in a 100
mL two-necked flask under an argon atmosphere. Then, 30 mL anhy-
drous methanol was added dropwise into the mixture and the reaction
was stirred at room temperature for 1 h. After the reaction was
completed, the mixture was filtered and dried under vacuum at 60 °C to
give 6.2 g of a white powder with a yield of 89%. The product was
directly used in the next reaction procedure without further
characterization.
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2.2.6. Synthesis of (5r,7r,12r,14r)-6,13-bis((tert-butyldimethylsilyl)oxy)-
5,7,12,14-tetrahydro-5,14:7,12-bis([1,2]benzeno)pentacene (M2)

Compound 5 (4.62 g, 10 mmol) and imidazole (1.7 g, 25 mmol) were
dissolved with 60 mL THF in a 250 mL flask. Tert-butyldimethylsilyl
chloride (3.75 g, 25 mmol) was dissolved in 10 mL THF and then
added dropwise to the mixture. The reaction was stirred at room tem-
perature overnight and monitored by TLC. After the reaction was com-
plete, the mixture was filtered and the filtrate was concentrated by
rotary evaporation. The crude product was purified via silica-gel column
chromatography with a mixture of dichloromethane and petroleum
ether (1/3, v/v) to give a white powder (5.7 g) with a yield of 83%. Bii
NMR (400 MHz, CDCls, ppm) 6 7.27 — 7.24 (m, 8H), 6.96 — 6.84 (m, 8H),
5.63 (s, 4H), 1.31 (s, 18H), 0.42 (s, 12H). 13C NMR (101 MHz, CDCl3) 6
144.61, 143.44, 135.49, 123.82, 122.66, 115.36, 47.09, 24.86, 17.27.
HRMS: calc. Mass: m/z 690.3349, found 690.3350.

2.2.7. Synthesis of P1

Compound 3 (0.515 g, 1 mmol) and tetrafluoroterephthalonitrile
(0.2 g, 1 mmol) were added into a 50 mL Schlenk tube under an argon
atmosphere. The tube was purged three times with argon and then
charged with 5 mL DMF. The mixture was heated to 90 °C with stirring
until the solid was completely dissolved and then 1,8-diazabicyclo
[5.4.0]lundec-7-ene (DBU, 30 pL, 0.2 mmol) was added dropwise to
the reaction mixture. The reaction was stirred for 72 h and a red pre-
cipitate appeared. The mixture was poured into 200 mL anhydrous
methanol with vigorous stirring and filtered. The obtained red precipi-
tate was Soxhlet extracted with THF for 24 h and the residue was dried at
60 °C under vacuum. A scarlet-colored product (0.5 g) was obtained
with a yield of 70%.

2.2.8. Synthesis of P2

Compound 6 (0.691 g, 1 mmol) and tetrafluoroterephthalonitrile
(0.2 g, 1 mmol) were added into a 50 mL Schlenk tube under an argon
atmosphere. The tube was purged three times with argon and then
charged with 5 mL DMF. The mixture was heated to 90 °C with stirring
until the solid was completely dissolved and then DBU (30 pL, 0.2 mmol)
was added dropwised to the reaction mixture. The reaction was stirred
for 72 h and a red precipitate appeared. The mixture was poured into
200 mL anhydrous methanol with vigorous stirring and filtered. The
obtained red precipitate was Soxhlet extracted with THF for 24 h and the
residue was heated at 60 °C under vacuum. A scarlet-colored product
(0.55 g) was obtained with a yield of 62%.

2.2.9. Preparation of chromogenic reagent for phenolic organic pollutants

Reagent 1: 20 g ammonium chloride was dissolved in 100 mL
ammonium hydroxide in a 100 mL brown volumetric flask. Reagent 2:
2 g 4-aminoantipyrine was dissolved in 100 mL distilled water in a 100
mL brown volumetric flask. Reagent 3: 8 g potassium ferrricyanide was
dissolved in 100 mL distilled water in a 100 mL brown volumetric flask.
All the above reagents were sonicated to make sure the solutes were
completely dissolved and then stored at 2 °C. When needed, a 3 mL
solution containing phenolic organic pollutants was collected in a 5 mL
vial, then 10 pL reagent 1, 20 pL reagent 2 and 20 pL reagent 3 were
added successively. The obtained solution was vigorously shaken and
immediately tested using a UV-vis spectrometer.

2.3Adsorption experiments

The adsorption capacity (qe, mg g~ ) is calculated through the dif-
ference between the initial and final concentrations according to the
following equation:

G —C,
="y
m

9qe

where Cj and C. (mg L' are the initial and final concentrations, m (g) is
the weight of the crosslinked polymers used in the adsorption experi-
ments, and V (L) is the volume of the solutions of dyes or phenolic



S. Zhou et al.

organic pollutants.

Two mainly used models including the Freundlich model and the
Langmuir model were adopted to investigate the maximum adsorption
capacities of both P1 and P2.

The Freundlich model is:

1
Ing, = InKr +—1InC,
n

The Langmuir model is:

C G 1
=+

qe a Klqm

where q. (mg g!) is the adsorption capacity in equilibrium; Kg and K
are the constants of Freundlich and Langmuir models, respectively; 1 is
an empirical parameter of the Freundlich model; C. (mg g~ ') is the
concentrations of dyes or phenolic organic pollutants in equilibrium; qp,
(mg g~ 1) is the maximum adsorption capacity under ideal conditions.

The adsorption kinetics were analyzed by pseudo-first-order and
pseudo-second-order kinetic models.

The pseudo-first-order kinetic model is:
In(q. — q;) = Ing, — k¢
And the pseudo-second-order kinetic model is:

t_ 1 +l‘
4 kg q.

where g (mg g7 1) is the adsorption capacity in equilibrium; q; (mg g~1)
is the adsorption capacity in t (min); k; (min’l) and ks (g mg’1 min~1)
are the constants of pseudo-first-order and pseudo-second-order models,
respectively.

2.3. Characterization

'H NMR spectra were recorded using INOVA-400 NMR spectrome-
ters, with DMSO-dg and CDCl3 as the solvent and tetramethylsilane
(TMS) as the internal standard at ambient temperature. Solid-state 3¢
NMR spectra were recorded on a Bruker INOVA-400 NMR spectrometer
at ambient temperature. Mass spectra were performed with a GCT Pre-
mier high-resolution time-of-flight mass spectrometer and using EI as
the ion source. Power X-ray diffraction (PXRD) of the crosslinking
polymers was measured on an X'Pert-Pro MPD to analyze the crystal-
lographic 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 N5 flow rate of
50 mL min~! at a heating rate of 10 °C min~!. X-ray photoelectron
spectroscopy of the adsorbent materials was carried out on an X-ray
photoelectron spectrometer (XPS, ESCALAB MK II). The binding en-
ergies were calibrated by using adventitious carbon contamination (C (1
s) = 284.8 eV) as a charge reference. 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 distribution and content
of the crosslinking polymers. The UV-vis spectra were tested using a
CARY 50 spectrometer equipped with integrating sphere.

3. Results and discussion
3.1. Characterization of M1, M2, P1 and P2

The structures of M1 and M2 were characterized by 'H NMR, 3C
NMR, high-resolution and Fourier transform infrared (FT-IR) spectros-
copy and the results are shown in Figs. S1-S7. In addition, the structures
of the crosslinked polymers P1 and P2 were characterized by FT-IR,
solid-state 13C NMR spectroscopy and TGA, XRD, SEM, and TEM
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analysis; the results are displayed in Figs. 1 and 2 and Figs. $7-S10.
Firstly, P1 and P2 were analyzed via FT-IR to confirm their structures
(Fig. 1a). The adsorption bands in the region of 1340-1510 cm™! could
be attributed to the stretching vibrations of the benzene rings. The peaks
at 1202 ecm~! for P1, and 1213 cm™ ! for P2, can be assigned to the
stretching vibration of aromatic ether bonds. Both the crosslinked
polymers were found to be insoluble in all common organic solvents.
Consequently, they were further characterized by solid-state 13C NMR to
further characterize their structures (Fig. 1b). The peaks at § = 23.4
ppm, 48.0 ppm and 67.7 ppm can be ascribed to the methyl and
methylene carbon atoms of the triptycene monomer. The carbon atom of
the cyanogen exhibited a weak peak at § = 113.8 ppm. The aromatic
carbon atoms of benzene are the most abundant in the crosslinked
polymers with a chemical shift at 6 = 125.4 ppm. Aromatic ether groups
are the most important connecting groups in the structure of the cross-
linked polymeric networks and exhibit an obvious peak at § = 143.7
ppm. In addition, the two peaks at § = 224.6 ppm and 242.2 ppm can be
attributed to the C-F bonds in the benzene rings.

Additionally, TGA analysis under a nitrogen atmosphere was per-
formed to estimate the thermal stability of P1 and P2 (Fig. S8). The flow
rate of N was 100 mL/min and the rate of temperature decrease was
10 °C/min. The TGA curves indicate the weight losses of P1 and P2 are
8.5% and 6.6% at 400 °C, respectively. This may be attributed to the
collapse of the porous polymeric network at high temperature. The char
yields of P1 and P2 are 60.3% and 64.5% at 800 °C owing to the rigid
triptycene and pentiptycene structures in the architecture of the porous
polymers. The XRD spectra of both P1 and P2 showed broad peaks at
approximately 23°, indicating these polymers are amorphous (Fig. S9).
This can be mostly attributed to the presence of rigid triptycene and
pentiptycene residues in the polymeric networks, which leads to
decreased packing efficiency and relatively poor crystallinity for both P1
and P2.

In addition, the specific surface areas, average pore volumes and
pore size distributions of P1 and P2 by nitrogen adsorption-desorption
experiments, and the results are shown in Fig. S10 and Table S1. The
Brunauer-Emmett-Teller (BET) surface areas (Sggr) of P1 and P2 are
14.46 m? g~ and 97.95 m? g}, and the pore volume are 0.029 cm?> g~?
and 0.12 cm® g7, respectively. The pore size distribution curves reveal
that the pore diameters of P1 and P2 are mainly ranging from 2 nm to 4
nm.

Furthermore, the SEM and TEM images of polymers at the same scale
prove that P1 and P2 display different pore sizes (Fig. S11 and Fig. 2).
The structure of P1 is very compact, however, the structure of P2 is
relatively homogeneous and its pore sizes are suitable for the adsorption
of dyes or phenolic organic pollutants. This may be the main reason for
their different adsorption performances.

3.2. Dye adsorption performance

With porous structures inside the polymeric networks, the resulting
crosslinking polymers possess good adsorption capacities for dyes and
phenolic organic pollutants in aqueous solutions, thus both P1 and P2
can be candidates for the adsorbent materials for such organic pollut-
ants. In order to evaluate the performance of P1 and P2 as the adsorbents
for dyes, one cationic dye and one anionic dye were selected - methylene
blue (MB) and methyl orange (MO), respectively. To compare the
adsorption abilities towards different dye solutions (MB and MO), 15 mg
of adsorbent materials each were poured into 30 mL aqueous dye so-
lutions (10 ppm) with stirring; the UV-Vis spectra were recorded every
five minutes until the adsorption equilibrium was reached. The removal
efficiency was calculated according to the change in UV-vis intensity
and the results are shown in Fig. 3. For methylene blue aqueous solu-
tions, the removal efficiency of P2 reaches 99% within 40 min (nearly
complete adsorption), whereas that of P1 is 96% in the same time pe-
riods. Within the initial 10 min, P2 and P1 adsorb approximately 65%
and 62% of the amount of methylene blue, respectively. For aqueous
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Fig. 1. (a) FT-IR spectra of and (b) solid-state 13¢c NMR spectra of P1 and P2.

Fig. 2. TEM images of P1 (a), P2 (c) and the corresponding partial enlarged figures of P1 (b), P2 (d).

methyl orange solution, both P1 and P2 can adsorb 99% the amount of
the MO solutions within 45 min. Within the initial 10 min, the removal
efficiencies of P2 and P1 are 49% and 43%, respectively. The above
results indicate that the adsorption speed of P2 for both cationic and
anionic dyes is slightly higher than that of P1. Furthermore, the
adsorption kinetics of both P1 and P2 towards MB and MO were
investigated, and the results are shown in Table. S2 and Figs. S12-S13.
Comparing the correlation coefficient (R?) of the pseudo-first-order and
pseudo-second-order dynamic models, the R? of the pseudo-second-
order model is higher, indicating the adsorption data is in good agree-
ment with the pseudo-second-order kinetic model.

The qe of the crosslinked polymers towards MB and MO were
investigated and the results are shown in Table 1 and Figs. $14-S15.

The concentrations of MB and MO used in this experiment are 10, 20, 30,
50, 100, 200 ppm, respectively. 20 mg of adsorbents were poured into
20 mL aqueous dye solutions with different concentrations and vigor-
ously stirred for 24 h to make sure the adsorption equilibrium was
reached. The g of adsorbents for dyes with different initial concentra-
tions were calculated using UV-Vis spectra and the data were fitted with
Langmuir model and Freundlich model. For MB, the g, of P1 and P2
calculated from Langmuir model are 250.85 mg g%, 437.74 mg g~ ! and
the 1/n calculated from Freundlich model are 0.726, 0.824, respec-
tively, indicating the good adsorption properties of both P1 and P2 for
MB. In addition, for MO, the adsorption properties of P1 and P2 are
relatively lower than those of MB. The q. of P1 and P2 for MO calculated
from Langmuir model are 150.38 mg g}, 193.43 mg g~ * and the 1/n
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Fig. 3. Chemical structures of (a) methylene blue and
(b) methyl orange. UV-vis spectra of methylene blue
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Table 1 calculated from Freundlich model are 0.653, 0.686, respectively. In
able

The adsorption equilibrium parameters of P1 and P2 towards MB, MO, Pol and
BPA.

Pollutants Adsorbents Langmuir model Freundlich model
gm(mg g1 R? 1/n R?

MB P1 250.85 0.9985 0.726 0.9943
P2 437.74 0.9927 0.824 0.9871

MO P1 150.38 0.9877 0.653 0.9928
P2 193.43 0.9959 0.686 0.9967

Pol P1 38.83 0.9933 0.471 0.9465
P2 58.73 0.9897 0.511 0.9369

BPA P1 212.06 0.9908 0.715 0.9762
P2 330.02 0.9945 0.776 0.9864

addition, the comparison of qe of P1 and P2 towards MB and MO with
some other current materials are shown in Table S3.

3.3. Phenolic organic pollutant adsorption performance

Compared with the adsorption performance of organic dyes, the
adsorption rates of P1 and P2 for phenolic organic pollutants are much
higher. Phenol (Pol) and bisphenol A (BPA) were selected as represen-
tative examples of organic phenolic pollutants for the adsorption ex-
periments. 15 mg adsorbent materials were each poured into 30 mL
phenolic organic pollutants (10 ppm) with stirring and the UV-Vis
spectra were recorded every five minutes with the addition of chromo-
genic reagent until the adsorption equilibrium was reached. The results
are displayed in Fig. 4. For phenol, the removal efficiencies of P1 and P2
are 78% and 90% at 40 min, respectively. At 5 min, P1 adsorbed 59% of
the phenol, however, P2 can adsorb 89% over the same time period,
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Fig. 4. Chemical structures of (a) phenol and (b)
bisphenol A. UV-vis spectra of phenol aqueous solu-
tion using (c) P1, (e) P2 at different time intervals and
aqueous bisphenol A solution using (d) P1 and (f) P2
at different time intervals with the addition of chro-
mogenic reagent; the original concentrations of

(C) d HO phenol and bisphenol A are both 10 ppm. Time-
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almost reaching the adsorption equilibrium. For bisphenol A, P2 can
reach the adsorption equilibrium within 10 min and the removal effi-
ciency is more than 99%, approaching complete adsorption. However,
the time for P1 to reach the adsorption equilibrium and removal effi-
ciency also reaches 99%. The above results demonstrate that the
adsorption speed of P2 for phenolic organic pollutants is much higher
than that of P1 and more suitable for use as efficient adsorbents for
phenolic organic pollutants. In order to verify the successful adsorption
of bisphenol A for these two porous polymers, we compared the FT-IR
spectra before and after the adsorption process (Fig. S18). P1 and P2
(15 mg each) were added into two bottles of aqueous bisphenol A so-
lution (10 ppm, 30 mL) with stirring for 12 h to ensure the adsorption
equilibrium is reached. Next, the mixtures were centrifuged and the
solids were collected and dried at 60 °C in a vacuum overnight for the

Time (min)

FT-IR test. Compared with the FT-IR spectra of P1 and P2, new
adsorption bands in the 2800-3000 cm ™! region appeared, which can be
attributed to the stretching vibration of the C-H bonds and methyl
groups in the bisphenol A molecules. In addition, an obvious peak at
1661 cm™! also appeared which can be ascribed to the vibration of the
benzene ring skeleton. To a certain extent, the FI-IR spectra before and
after the adsorption process could demonstrate the successful adsorption
of bisphenol A using these polymeric absorbents.

Additionally, the g of adsorbents for phenol and BPA with different
initial concentrations were performed and the data were fitted with
Langmuir model and Freundlich model. The results are shown in Table.
1 and Figs. S16-S17. For Pol, the saturated adsorption capacities of P1
and P2 calculated from Langmuir model are 38.83 mg g™}, 58.73 mg g !
and the 1/n calculated from Freundlich model are 0.471, 0.511,
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respectively. However, for BPA, the adsorption properties of P1 and P2
are much better. The saturated adsorption capacities of P1 and P2 for
BPA calculated from Langmuir model are 212.06 mg g}, 330.02 mg g !
and the 1/n calculated from Freundlich model are 0.715, 0.776,
respectively. In addition, the comparison of qe of P1 and P2 towards BPA
with some other current materials are shown in Table S4.

3.4. Removal efficiency of different organic pollutants

We further studied the adsorption selectivity of P1 and P2 for
phenolic organic pollutants (Fig. 5). The removal efficiency of P1 and P2
towards various common phenolic organic pollutants including 2,4,6-
tribromophenol, bis(4-hydroxyphenyl) sulfone, bisphenol A, 4-nitrophe-
nol, 2-naphthol, p-cresol and phenol were investigated. In addition, the
removal efficiencies of P1 and P2 for non-hydroxyl aromatic pollutants
such as toluene, chlorobenzene and alcohols, including methanol and
ethanol, were also performed. The original concentrations of all the
above organic pollutants were 10 ppm at 25 °C. Next, all the above
aqueous solutions of the organic pollutants were stirred with adsorbents
overnight to allow the adsorption equilibrium to be reached. The results
are displayed in Fig. 5. In general, the trends in removal efficiency for
both P1 and P2 towards various organic pollutants with different
structures are the same. The removal efficiencies of both P1 and P2 for
2,4,6-tribromophenol (TBP), bis(4-hydroxyphenyl) sulfone (BPS),
bisphenol A (BPA) and 4-nitrophenol (NP), 2-naphthol (NPT) are >99%,
approaching complete adsorption. In addition, the removal efficiencies
of P1 for p-methylphenol (MP) and phenol (Pol) are 95.7% and 78.5%,
and those of P2 are 90.1% and 90.3%, respectively. However, P1 and P2
are not suitable adsorbents for aromatic organic pollutants, which do not
contain hydroxyl groups, and common alcohols. Toluene (Tol), chloro-
benzene (CB) methanol (Mol) and ethanol (Eol) are representative
compounds. Only 1%-2% of Tol, CB, Mol and Eol can be adsorbed by P1
and P2. The selective adsorption of P1 and P2 towards phenolic organic
pollutants can most likely be attributed to two factors: 1) The formation
of intermolecular hydrogen bonds between the fluorine atoms of the
crosslinked polymers and phenolic hydroxyl groups increases the af-
finity of adsorbents towards phenolic organic pollutants; 2) The pore
sizes of P1 and P2 may be suitable for the adsorption of phenolic organic
compounds, rather than non-alcoholic aromatic pollutants or other al-
cohols [35,45]. Consequently, the above results indicate that P1 and P2
are good adsorbents for phenolic organic pollutants.

(b)
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OH
Br. Br 9
O e Otow T,

TBP BPS BPA 2
3
OH OH OH <
OH 2
2
=2
No, CH, &
2
NP NPT MP Pol 2
%
z
CH3 Cl
~OH ~_OH
Tol cB Mol Eol

Separation and Purification Technology 278 (2022) 119495

3.5. Recycling experiments

The recycling experiments of both P1 and P2 for the BPA removal
were performed to test the stability of the adsorbents. (Fig. 6) P1 or P2
(both 10 mg) was added to a solution of BPA (20 mL, 10 ppm) in distilled
water. After stirring for 12 h, an adsorption equilibrium was reached and
the removal efficiency of BPA was calculated according to the change in
UV-vis adsorption intensity. The mixture was centrifuged and the ob-
tained adsorbent materials were soaked in ethanol for 6 h. An additional
centrifugation was carried out and the obtained adsorbent materials
were successively washed with distilled water and ethanol, and then
dried at 80 °C under vacuum to give a scarlet solid which could be used
in the next cyclic test. In the cyclic adsorption experiment, the removal
efficiency of P1 decreased from 99.4% to 98.5% and P2 decreased from
99.5% to 98.3% after five adsorption cycles, and 81.4% and 84.6% after
15 cycles, confirming the stability of the adsorbent materials. In addi-
tion, the reason for the reduction in removal efficiency could be mainly
attributed to the minor weight loss of adsorbent material during the
centrifugation and washing process.

4. Conclusion

In summary, two triptycene- and pentiptycene-based functional
monomers were polymerized using TFTP as the crosslinker in order to
prepare two highly crosslinked polymers named P1 and P2. The reaction
is simple and can be conducted at a relatively mild temperature. Both P1
and P2 display fast and efficient adsorption capacities for dyes and
phenolic organic pollutants with low concentrations in aqueous solu-
tions. The removal efficiency of P2 can reach >99% within 10 min for
bisphenol A. Additionally, the adsorption kinetics and isotherms are
more suitable for the pseudo-second-order and Langmuir models,
respectively. The maximum adsorption capacities of P1 and P2 for BPA
are as high as 212.06 and 330.02 mg g~!. More importantly, they show
almost no adsorption for non-alcoholic aromatic organic pollutants and
common alcohols, indicating their highly selective adsorption abilities
for phenolic organic pollutants. Furthermore, the removal efficiencies of
both P1 and P2 for bisphenol A remain nearly constant after five cycles.
Due to their simple synthesis, porous architecture and efficient adsorp-
tion capability, such triptycene- and pentiptycene-based crosslinked
polymers may be versatile adsorbent materials for application in water
treatment and purification.
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Fig. 5. (a) The chemical structures of the different organic pollutants used for the adsorption experiment. (b) Removal efficiencies of P1 and P2 for various

organic pollutants.
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