
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

/1
2/

20
26

 7
:5

9:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Twisted molecul
aFujian Institute of Research on the Structur

Fuzhou, Fujian 350002, China. E-mail: ydq@
bSchool of Environment and Energy, Key

Ecosystem Restoration in Industry Cluste

Engineering and Technology Research Ce

South China University of Technology, Guan

† Electronic supplementary information
and properties. See DOI: 10.1039/c8ra047

‡ These authors contribute to this work e

Cite this: RSC Adv., 2018, 8, 36812

Received 5th June 2018
Accepted 17th October 2018

DOI: 10.1039/c8ra04792h

rsc.li/rsc-advances

36812 | RSC Adv., 2018, 8, 36812–3681
e-based hyper-crosslinked porous
polymers for rapid and efficient removal of organic
micropollutants from water†

Ziyan Jia,‡a Jiannan Pan,‡a Chen Tianb and Daqiang Yuan *a

Organic micropollutants have become serious threats to human health and the environment over the past

years. Novel materials and technologies are urgently needed to remove environmental contaminants.

Herein, spirobifluorene (SBF) and triptycene (TP) were crosslinked to produce four hierarchically porous

organic polymers (NHCPs). The twisted spatial structures of the monomers endow the NHCPs with high

surface areas and abundant pores, which make them suitable for removal of pollutants in aqueous

solution through adsorption. According to the results from adsorption experiments, the NHCPs exhibited

high removal efficiency and adsorption capacities for pollutants in solution. Particularly, NHCP-3 could

remove 99.4% of bisphenol A (BPA) in a few seconds with a maximum adsorption capacity of 562 mg

g�1. Furthermore, the NHCPs could be easily recovered by immersion in ethanol and recycled at least

five times without a loss in efficiency.
1. Introduction

Organic micropollutants in water, including natural organic
matter (NOM) and synthetic organic compounds (SOCs), are
generally regarded as enormous threats to human health and
the environment.1–3 NOMs are usually produced by the
decomposition of plants and animals, which are precursors of
most disinfection by-products. They form various halogenated
organic compounds aer chlorination of water. SOCs primarily
comprise toxic and harmful substances, such as pesticides,
pharmaceuticals and chemical products, which are emitted in
agricultural and industrial wastewater. Most of them are
endocrine disruptors with carcinogenicity, neurotoxicity and
reproductive toxicity, which directly harm human health.4–6 In
particular, SOCs have become more abundant in species and
quantity with the rapid industrial development in recent years.
Currently, the micropollutant treatment technologies being
applied mainly involve adsorption, chemical oxidation, photo-
catalytic degradation, and membrane ltration.7–11 Among
them, physical adsorption is an efficient and low-cost treatment
method based on the interaction force between adsorbents and
adsorbates. The adsorption efficiency depends on multiple
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features of the adsorbents, including the porosity, the compo-
sition and surface properties. The development of more effi-
cient adsorbing materials has attracted signicant attention of
researchers worldwide.

In order to satisfy the standards required for pollution
cleanup, considerable efforts have been devoted to exploring
novel porous materials with high adsorption efficiency and
capacity for the treatment of contaminated water. At present,
activated carbon (AC) is one of the most widely applied adsor-
bents owing to its high surface area, which endows it with
excellent adsorption capacity for wastewater treatment and
prevention of air pollution.12–15 However, it cannot be ignored
that the adsorption efficiency of ACs gradually decreases over-
time aer the saturation of active sites and the regeneration
process requires large energy, with temperatures in excess of
500 �C. Recently, in addition to ACs, metal–organic frameworks
(MOFs) and porous organic polymers (POPs) have also under-
gone rapid development for use in pollutant removal. Featuring
high porosity and tunable pore sizes, MOFs can be specially
designed according to the characteristics of the targeted
pollutants, which make them promising materials for the
selective removal of hazardous compounds.16–20 Unfortunately,
most MOFs are sensitive to acids or bases and sometimes suffer
from hydrolysis. In contrast, POPs are highly stable in extreme
environments and show tremendous potential for practical
water decontamination because of their strong covalent
bonding.21–26 As a typical example, Dichtel et al. reported a b-
cyclodextrin-based porous polymer with an adsorption rate
constant of up to 200 times larger than that of ACs, and realizes
the rapid and efficient removal of pollutants.21 However, the
preparation of POPs usually requires high temperature, long
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) The spatial structure of SBF. (b) The spatial structure of TP. (c) Four organic micropollutants used in the experiment. (d) The synthetic
routes for NHCPs.
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reaction time and noble metal catalysts, which are unfavorable
for large-scale industrial production. Hence, the facile prepa-
ration of materials becomes a primary concern.

Herein, we synthesized four N-containing hyper-crosslinked
porous polymers, namely, NHCP-1, NHCP-2, NHCP-3 and
NHCP-4 with a facile method based on our previous report.27

The polymerization occurred at a relatively low temperature (40
�C) under the catalysis of inexpensive aluminium chloride. Two
bulk molecules with twisted spatial structures (Fig. 1a and b),
namely, spirobiuorene (SBF) and triptycene (TP), were adopted
to be crosslinked by 2,5-dibromopyrazine (2,5-DBP) and 4,6-
dichloropyrimidine (4,6-DCM) to obtain porous organic poly-
mers with large surface areas of up to 1768 m2 g�1. SBF and TP
were selected as monomers to construct the hyper-crosslinked
polymers due to their unique spatial structures and intrinsic
microporosity.28 The twisted molecule crosslinked by rigid
crosslinkers contributes to the construction of hierarchically
porous polymers, which are suitable for the adsorption removal
of bulky organic pollutants. 2,4-dichlorophenol (2,4-DCP), 2-
naphthol (2-NO), bisphenol A (BPA) and bisphenol S (BPS) were
selected to be simulated pollutants from wastewater, as shown
in Fig. 1c. The NHCPs exhibited high adsorption capacities
towards the organic small molecules in aqueous solution and
could remove them rapidly and efficiently through fast ow
experiments. The excellent adsorption performance of the
NHCPs benets from their abundant porosity and high surface
areas, which makes these NHCPs potential wastewater cleaning
materials.

2. Experiments
2.1 Materials experiments

Spirobiuorene (SBF) (98%), triptycene (TP) (98%), 2,5-dibro-
mopyrazine (2,5-DBP) (98%) and 4,6-dichloropyrimidine (4,6-
This journal is © The Royal Society of Chemistry 2018
DCM) (98%) were purchased from Adamas. Aluminium chlo-
ride anhydrous (99%) was purchased from Alfa. All other
chemicals for the synthesis were obtained from commercial
sources and used without further purication.

2.2 Preparation of NHCP-1

Dichloromethane (30 mL) was injected along with SBF
(1.6 mmol, 0.51 g), 2,5-DBP (3.2 mmol, 0.76 g) and anhydrous
aluminium chloride (10 mmol, 1.33 g) in a 100 mL round-
bottom ask under inert atmosphere. The mixture was stirred
for 24 h at 40 �C to complete the polymerization. Aer cooling to
room temperature, the reaction was quenched with a small
amount of methanol. The solution was ltered to collect the
residue under extraction ltration. Then, the residue was
washed with diluted hydrochloric acid, methanol and
dichloromethane, in sequence. For further purication, meth-
anol was used to extract the crude product with Soxhlet
extractor for 24 h. Yellow powder was obtained aer drying in
a vacuum oven at 120 �C for 8 h. Yield: 0.69 g. Elemental anal. C:
82.41%; H: 4.43%; N: 1.81%; Al: 0.021% (the content of Al was
measured by ICP analysis).

2.3 Preparation of NHCP-2

Dichloromethane (30 mL) was injected along with SBF
(1.6 mmol, 0.51 g), 4,6-DCM (3.2 mmol, 0.48 g) and anhydrous
aluminium chloride (10 mmol, 1.33 g) in a 100 mL round-
bottom ask under inert atmosphere. The mixture was stirred
for 24 h at 40 �C to complete the polymerization. Aer cooling to
room temperature, the reaction was quenched with a small
amount of methanol. The solution was ltered to collect the
residue under extraction ltration. Then, the residue was
washed with diluted hydrochloric acid, methanol and
dichloromethane, in sequence. For further purication,
RSC Adv., 2018, 8, 36812–36818 | 36813
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methanol was used to extract the crude product with Soxhlet
extractor for 24 h. Brick-red powder was obtained aer drying
the product in a vacuum oven at 120 �C for 8 h. Yield: 0.76 g.
Elemental anal. C: 78.89%; H: 4.30%; N: 4.91%; Al: 0.031% (the
content of Al was measured by ICP analysis).

2.4 Preparation of NHCP-3

Dichloromethane (30 mL) was injected along with TP
(1.6 mmol, 0.41 g), 2,5-DBP (2.4 mmol, 0.57 g) and anhydrous
aluminium chloride (10 mmol, 1.33 g) in a 100 mL round-
bottom ask under inert atmosphere. The mixture was stir-
red for 24 h under 40 �C to complete the polymerization. Aer
cooling to room temperature, the reaction was quenched with
a small amount of methanol. The solution was ltered to
collect the residue under extraction ltration. Then, the
residue was washed with diluted hydrochloric acid, methanol
and dichloromethane, in sequence. For further purication,
methanol was used to extract the crude product with Soxhlet
extractor for 24 h. Brick-red powder was obtained aer drying
the product in a vacuum oven at 120 �C for 8 h. Yield: 0.57 g.
Elemental anal. C: 81.59%; H: 4.78%; N: 1.14%; Al: 0.036%
(the content of Al was measured by ICP analysis).

2.5 Preparation of NHCP-4

Dichloromethane (30 mL) was injected along with TP
(1.6 mmol, 0.41 g), 4,6-DCM (2.4 mmol, 0.36 g) and anhydrous
aluminium chloride (10 mmol, 1.33 g) in a 100 mL round-
bottom ask under inert atmosphere. The mixture was stir-
red for 24 h under 40 �C to complete the polymerization. Aer
cooling to room temperature, the reaction was quenched with
a small amount of methanol. The solution was ltered to
collect the residue under extraction ltration. Then, the
residue was washed with diluted hydrochloric acid, methanol
and dichloromethane, in sequence. For further purication,
methanol was used to extract the crude product with Soxhlet
extractor for 24 h. Brick-red powder was obtained aer drying
the product in a vacuum oven at 120 �C for 8 h. Yield: 0.68 g.
Elemental anal. C: 75.81%; H: 4.90%; N: 4.54%; Al: 0.03% (the
content of Al was measured by ICP analysis).

2.6 Characterization

Infrared spectra (KBr pellets) were obtained in the 3600–
400 cm�1 range using a BomemMB-102 IR spectrometer. Solid
state 13C cross-polarization magic angle spinning (CP/MAS)
NMR spectra were obtained from a Bruker Avance II 400 WB
400 MHz spectrometer equipped with a 4 mm double-
resonance MAS probe and a spinning frequency of 8 kHz.
Scanning electron microscope (SEM) experiments were per-
formed on a JSM 6700 at 10.0 kV with gold sputter-coated on
the surface of samples. UV-visible (UV-Vis) spectra of the
organic compound solutions were recorded using a Shimadzu
UV-2600 spectrophotometer. Powder X-ray diffraction data
were collected on a Rigaku-Dmax 2500 diffractometer in a 2q
range of 4–50� using Cu Ka radiation. Thermogravimetric
analysis (TGA) was performed on a Mettler-Toledo TGA/
SDTA851e thermal analyzer ranging from 20 to 1000 �C
36814 | RSC Adv., 2018, 8, 36812–36818
under nitrogen atmosphere. Elemental analysis (EA) was per-
formed on an Elementar Vario MICRO elemental analyzer.
Inductively coupled plasma analysis (ICP) was performed on
an Ultima-2 ICP emission spectrometer. N2 sorption isotherms
were measured using a Micromeritics ASAP 2020 surface area
and porosimetry analyser at 77 K. The Brunauer–Emmett–
Teller (BET) surface areas of the polymers were calculated by
the BET equation over a relative pressure (P/P0) range of 0.01–
0.1. Pore size distributions were derived from N2 adsorption
isotherms using the nonlocal density functional theory
(NLDFT) model. All samples were degassed under vacuum at
150 �C for 10 h before measurements.
2.7 Adsorption studies

Four typical organic micropollutants, 2,4-DCP, 2-NO, BPA and
BPS, were used to determine the adsorption performance of the
NHCPs. In a typical kinetics experiment with 2,4-DCP forNHCP-
1, 20 mg of NHCP-1 was placed in a 100 mL round-bottom ask
with a stir bar. A few drops of deionized water were added to wet
the adsorbent. Then, 20 mL of the 2,4-DCP solution (0.1 mM)
was poured into a ask and stirred at 22 �C. Subsequently, 2 mL
of the suspension was removed by syringe and ltered through
a 0.2 mm PTFE membrane lter at different intervals (10 s, 20 s,
40 s, 1 min, 5 min, 10 min, 20 min). UV-Vis spectroscopy was
performed to determine the concentration of the pollutant in
the solution based on calibration with measured molar extinc-
tion coefficients (3, M�1 cm�1) for 2,4-DCP (2080 at lmax ¼ 284
nm), 2-NO (4350 at lmax¼ 273 nm), BPA (3250 at lmax¼ 276 nm)
and BPS (19 010 at lmax ¼ 259 nm). In addition, NHCP-3 was
selected as the adsorbent to study the thermodynamic adsorp-
tion experiments. The initial pollutant concentration varied
from 0.05 mM to 0.4 mM. First, 1 mg of NHCP-3 was introduced
into a 20 mL vial with 10 mL of the pollutant solution at
a certain concentration. Then, the suspension was stirred for
6 h at 22 �C to reach equilibrium. Then, 2 mL of the suspension
was taken by syringe and ltered through a 0.2 mm PTFE
membrane lter. The ltrate was measured by UV-Vis spec-
troscopy. The adsorption isotherms were tted by the Langmuir
isotherm model29 and the Freundlich isotherm model.30

The Langmuir isotherm model can be represented as
follows:

1

qe
¼ 1

qm
þ 1

qmKLce
(1)

The Freundlich isotherm model can be represented as
follows:

ln qe ¼ ln KF þ 1

n
ln ce (2)

where qe (mg g�1) is the adsorption capacity of the pollutant, qm
(mg g�1) is the maximum adsorption capacity of the pollutant at
equilibrium, ce (mg L�1) is the residual pollutant concentration
at equilibrium, KL is the Langmuir constant, KF and n are the
Freundlich constants related to adsorption capacity and
adsorption intensity, respectively.
This journal is © The Royal Society of Chemistry 2018
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2.8 NHCPs regeneration

Initially, 20 mg of the NHCP was wetted with a few drops of
deionized water in a 100 mL round-bottom ask under ultra-
sonication. A stock solution of BPA (20 mL, 0.1 mM) was added.
The mixture was then stirred for 30 min at 22 �C and centri-
fuged for 10 min at speed of 8000 rpm. The residual concen-
tration of the pollutant in the ltrate was determined by UV-Vis
spectroscopy. The regeneration of the adsorbent was achieved
by soaking the adsorbed NHCP in ethanol (10 mL � 3) for
10 min under ultrasonication. The fresh adsorbent was recov-
ered by centrifugation and dried under vacuum at 120 �C. Then,
the adsorption performance of the NHCP was tested four more
times to evaluate recyclability.
2.9 Fast ow tests

Initially, 2 mg of the adsorbent was placed on the bottom of
a syringe equipped with a 0.2 mm PTFE membrane lter. Then,
2 mL of deionized water was added into the syringe to soak the
adsorbent. The syringe was pushed to remove water and make
the adsorbent form a thin layer on the membrane lter.
Subsequently, 2 mL of the pollutant stock solution was added
and pushed through the adsorbent within 5 s (ow rate of 24
mLmin�1). The ltrate was then collected and measured by UV-
Vis spectroscopy to calculate the efficiency of the pollutant
removal.
3. Result and discussion

The N-containing hyper-crosslinked porous polymers can be
easily obtained under mild reaction conditions by a Friedel–
Cras alkylation reaction. The detailed synthesis routes are
shown in Fig. 1d. The structural information of these polymers
can be characterized by their FT-IR spectra (Fig. 2a and S1†).
The emergence of strong peaks at 1600 and 1687 cm�1 can be
ascribed to the stretching vibration adsorption of aromatic
conjugated structures, which indicates the successful
Fig. 2 (a) FT-IR spectra of NHCPs. (b) Solid-state 13C CP/MAS NMR
spectra of NHCPs. (c) N2 sorption isotherms of NHCPs measured at 77
K. (d) Pore size distributions of NHCPs.

This journal is © The Royal Society of Chemistry 2018
polymerization between monomers and crosslinkers. The
disappearance of the C–Br stretching band at 997 cm�1 in
NHCP-1 and NHCP-3 also reveals the generation of covalent
bonds between the benzene and pyrazine rings. The same
explanation applies equally well to the absence of peaks at
809 cm�1 in the FTIR spectra of NHCP-2 and NHCP-4.

Solid state 13C NMR spectra were measured to further
investigate the structures of the NHCPs, as shown in Fig. 2b. In
the solid state 13C NMR spectra of NHCP-1 and NHCP-2, the
peaks at around 127–140 ppm are ascribed to the various
carbon atoms of the aromatic structural units and the peak at
66 ppm is assigned to the quaternary carbon atoms of the spi-
robiuorene units.31 Moreover, in the spectra of NHCP-3 and
NHCP-4, the signals derived from the aromatic structural units
are observed at around 130–140 ppm, while the signal at 51 ppm
corresponds to the tertiary carbon atoms of the triptycene
units.32 Furthermore, the evident peaks at around 170 ppm
observed in the spectra of NHCP-2 and NHCP-4 can be assigned
to the carbon atoms adjacent to nitrogen atoms in pyrimidine
rings. However, similar signals of the carbon atoms in pyrazine
rings are not evidently observed in the solid state spectra of
NHCP-1 and NHCP-3, probably because of the low levels of the
pyrazine structures.

Residual content of aluminium in the NHCPs indicates
almost complete removal of the catalysts. These polymers
showed high thermostability and remain undecomposed even
at 300 �C under nitrogen atmosphere (Fig. S2†). All of them are
present as amorphous powders, which was veried by the
powder X-ray diffraction data, as seen in Fig. S3.† The particle
size and morphology of these polymers can be observed by
scanning electronmicroscopy (SEM) analysis (Fig. S4†). NHCP-1
exhibits an irregularly shaped morphology, while NHCP-3 has
spherical particle morphology with a relatively uniform diam-
eter of 500 nm. The pyrimidine-crosslinked polymers NHCP-2
and NHCP-4 reveal similar spherical particles with a particle
size of around 2 mm.

To further investigate the porosity of the NHCPs, nitrogen
sorption isotherms were measured at 77 K, as shown in Fig. 2c.
All the NHCPs exhibit classical type I isotherms with a steep rise
at lower relative pressures (P/P0 < 0.01), suggesting the presence
of permanent micropores. In addition, NHCP-2 and NHCP-4
show type IV isotherms with adsorption hysteresis at higher
relative pressures, indicating the coexistence of mesopores and
even small macropores. The BET model was used to calculate
the surface areas of these polymers. The detailed porosity data
of the NHCPs is summarized in Table 1. The resulting BET
surface areas are 1768, 810, 1544 and 930 m2 g�1 for NHCP-1,
NHCP-2, NHCP-3 and NHCP-4, respectively. The micropore
volumes were calculated by the t-plot method, and NHCP-3 was
found to have the highest micropore volume of 0.27 cm3 g�1.
The total pore volumes were estimated from nitrogen isotherms
at P/P0 ¼ 0.99, with the highest value of 1.53 cm3 g�1 for NHCP-
1. As shown in Table 1, pyrazine-based NHCP-1 and NHCP-3
perform better than pyrimidine-based NHCP-2 and NHCP-4 in
porosity. The adsorption performance of SBF-containing NHCP-
2 is not as good as that of TP-containing NHCP-4, while SBF-
containing NHCP-1 has higher surface area than TP-
RSC Adv., 2018, 8, 36812–36818 | 36815
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Fig. 4 (a) Adsorption removal efficiency of the pollutant solution (0.1
mM) by 1 mg mL�1 NHCP-3. (b) Percentage removal efficiency for the
pollutants solution (0.1 mM) by 1 mgmL�1 NHCP-3, determined after 5

Fig. 3 Time-dependent adsorption removal efficiency of 2,4-DCP (a),
2-NO (b), BPA (c) and BPS (d) solution (0.1mM) by 1mgmL�1 sample of
the NHCP. Insets display partially enlarged details.

Table 1 Porosity data for the NHCPs

Polymers SBET (m2 g�1) VMicro
a (cm3 g�1) VTotal

b (cm3 g�1) VMicro/VTotal

NHCP-1 1768 0.19 1.53 0.12
NHCP-2 810 0.17 0.45 0.38
NHCP-3 1544 0.27 1.05 0.26
NHCP-4 930 0.21 0.51 0.41

a Micropore volumes were calculated by t-plot method. b Pore volumes were calculated from nitrogen isotherms at P/P0 ¼ 0.99 and 77 K.
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containing NHCP-3. The ratios of the micropore volume to total
pore volume range from 0.12 to 0.41. The pore size distributions
(PSD) were calculated using the nonlocal density functional
theory (NLDFT). As shown in Fig. 2d, all the polymers show
a similar tendency with a narrow distribution of micropores
centered at 1.2 nm and a broad distribution of mesopores
centered at 2.5 nm, which are in good agreement with the
shapes of the corresponding nitrogen isotherms.

Considering the excellent porosity structure and high
stability of the NHCPs, we further tested the performance of
these polymers towards the adsorption removal of organic
micropollutants from water solutions. A series of contaminants
with different sizes were chosen as experimental subjects,
namely, 2,4-DCP, 2-NO, BPA and BPS. PTFE membrane lters
(0.2 mm) were selected to lter the solution in view of the
balance of adsorption effect and consumption cost (Fig. S5†).
The time-dependent adsorption removal efficiency of different
pollutants is revealed in Fig. 3 and S6–S9.† As shown in Fig. 3,
with the initial concentrations of 0.1 mM, all the polymers can
efficiently remove 90% of the pollutants in the rst 10 seconds
and almost achieve adsorption equilibrium aer 1 minute.
Particularly, NHCP-3 can remove nearly all the contaminants
within 10 seconds. Aer 5 minutes, the removal efficiency of
NHCP-3 for 2,4-DCP, 2-NO, BPA and BPS reached 99.0, 99.5, 99.4
and 99.9%, respectively (Fig. 4). The pollutant removal perfor-
mance of NHCP-3 is better than that of other NHCPs.

The polymer NHCP-3 shows excellent adsorption perfor-
mance towards organic micropollutants, which may benet
from its pore structure and pore size distributions. First, NHCP-
3 has a high surface area (up to 1544 m2 g�1) and high micro-
pore volume (up to 0.27 cm3 g�1). The abundant micropores
provide sufficient active sites to adsorb organic molecules.
Second, NHCP-3 has the right amount of mesopores, which can
supply the necessary pathways to the micropores since bulky
organic molecules need to go through mesopores to approach
micropores. The pore size distribution of the mesopores affects
the diffusion rate of these molecules. Hence, the appropriate
pore size distribution is helpful to the diffusion of solutes in
pores with enhanced adsorption capacity and efficiency. Both
pore structures and pore size distributions contribute to the
excellent adsorption performance.

The adsorption process for organic molecules was realized
by physical adsorption interactions, including van der Waals
forces and hydrogen bonding. The physical adsorption is
usually classied into Langmuir monolayer adsorption, BET
multilayer adsorption and so on. The Langmuir isotherm
36816 | RSC Adv., 2018, 8, 36812–36818
model and the Freundlich isotherm model are generally used
to t the adsorption isotherm to determine the specic type of
adsorption process. To further understand the thermody-
namic adsorption process, NHCP-3 was selected to perform
adsorption experiments with pollutant solutions of different
initial concentrations. Then, the adsorption results were tted
by the two isotherm models (Fig. 5, S10 and Table S1†). From
the tting results, the correlation coefficients of Langmuir
model (RL

2) were 0.991, 0.996, 0.979 and 0.961 for 2,4-DCP, 2-
NO, BPA and BPS, respectively, while the corresponding
correlation coefficients for the Freundlich model (RF

2) were
0.910, 0.850, 0.819 and 0.879. The values of RL

2 are much
minutes. Insets display partially enlarged details.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) Reusability of the NHCP-3 for BPA in 30 minutes. (b)
Removal efficiency of 2,4-DCP (0.1 mM), 2-NO (0.1 mM), BPA (0.1 mM)
and BPS (0.1 mM) obtained by rapidly flowing the pollutants solution
through NHCP-3 (blue) and Ac (red), respectively. The amount of the
adsorbent used in this study is 1 mg mL�1.

Fig. 5 (a) The Langmuir isotherm model and (b) the adsorption
isotherms for 2,4-DCP, 2-NO, BPA, and BPS; (c) the maximum uptake
capacities (qm) for 2,4-DCP, 2-NO, BPA and BPS by NHCP-3. The
amount of the adsorbent used in this study is 0.1 mg mL�1.
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higher than those of RF
2, indicating that the adsorption

process for the organic pollutants is close to the Langmuir
monolayer adsorption model. This proves that the inner
surface of the adsorbents is covered by a single layer of organic
molecules, which is consistent with the conclusion of previous
report.25 Using the Langmuir adsorption model, the maximum
adsorption capacities (qm) of NHCP-3 were calculated to be
455, 358, 562 and 680 mg g�1 for 2,4-DCP, 2-NO, BPA and BPS,
respectively. These values are much higher than those of the
adsorbents reported previously.21,26,33–35 The maximum
adsorption capacities of BPA, as an example, are summarized
in Table 2.

To test the recyclability of the adsorbents, NHCP-3 was
selected to perform adsorption and regeneration experiments
with BPA (Fig. 6a). BPA can be easily removed from NHCP-3 by
immersion in ethanol at room temperature. Aerve consecutive
recycling experiments, the BPA removal efficiency remained at
99.1% with almost no loss. In order to simulate owing waste-
water at high speed, we also performed fast ow experiments.
The practical adsorption performance of NHCP-3 and the acti-
vated carbons (ACs) were tested in the case of fast ow at the
speed of 24 mL min�1. The results are shown in Fig. 6b. NHCP-3
exhibits removal efficiency of 96.8%, 99.5%, 98.2% and 86.5% for
2,4-DCP, 2-NO, BPA and BPS, respectively, while AC corre-
spondingly displays removal efficiency of 6.5%, 2.2%, 1.8% and
5.3%. These results indicate that the NHCPs are efficient and
practical adsorbents for use in wastewater treatment.
Table 2 Comparison of adsorption capacities of BPA with other
adsorbents

Adsorbents
Adsorption capacity
(mg g�1) Ref.

EPI-CDP 84 33
P-CDP 88 21
Graphene 182 34
Fe/OMC 311 35
CalP4 403 26
NHCP-3 562 This work

This journal is © The Royal Society of Chemistry 2018
4. Conclusions

In summary, we have synthesized four twisted molecule-based
hierarchically hyper-crosslinked porous polymers with high
surface areas and rich porous structures using a simple
synthesis method. The NHCPs exhibit excellent adsorption
performance towards pollutants in aqueous solution with rapid
and high adsorption capacities. In addition, the polymers can
be easily regenerated at least ve times without any loss in
efficiency. Fast ow experiments were also performed to simu-
late practical owing wastewater at a high speed, revealing the
efficient removal performance of the polymers in seconds. The
experiments reveal that the NHCPs possess characteristics of
facile synthesis, high removal efficiency and high adsorption
capacity, which make them potential adsorbents for application
in wastewater treatment.
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