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1 Introduction

Water pollution has become a serious environmental 
problem worldwide. Organic dyes are among the major 
categories of water pollutants because of their toxicity 
to mankind and aquatic living organisms [1]. Adsorp-
tion is one of the most effective techniques for pollut-
ant removal due to its low cost and simple operation 
[2–5] and adsorbents are the core of adsorption process 
[6]. Traditional adsorbents, such as Activated carbon [7], 
zeolites [8], porous silica [9] and clays [10], have been 
applied for pollutant removal. However, they have inher-
ent drawbacks including slow adsorption rate, low selec-
tivity, limited adsorption capacities and energy-intensive 
regeneration. To address these issues, adsorbents with 
fast adsorption kinetics, high efficiency and selectivity 
as well as recyclability are in urgent need.

Recently, on the basis of rational molecular design, 
various novel porous materials have been developed as 
advanced adsorbents for dyes and other kinds of pollut-
ants removal, such as metal–organic frameworks (MOFs) 
[11–13], covalent organic frameworks (COFs) [14–16], 
porous organic polymers (POPs) [17–19] and porous aro-
matic frameworks (PAFs) [20–26]. It is known that high 
stability, proper porous structure and abundant func-
tional groups are fundamental elements for effective 
adsorbents [27–29]. In this context, PAFs, such as PAF-1 
[30], are a class of promising adsorbents, owing to their 
robust structure, permanent porosity and especially high 
thermal and chemical stability [31]. However, PAFs with 
task-specific functional groups and porosity are still lim-
ited. The introduction of functional groups into PAFs has 
been proved as an efficient way to achieve adsorption 
selectivity [24–26]. Post-modification method was initially 
adopted for this purpose. For example, thiol group [20, 
22] and quaternary ammonium [21] were introduced into 
the backbone of PAF-1 through this method for metal ions 
capture and dye removal. However, this method faces a 
problem that the functional groups could not be precisely 
located or uniformly distributed in the post-modified PAFs 
[32]. To solve this problem, precursor-designed method 
was used to obtain functionalized PAFs using correspond-
ing functionalized building blocks [32]. By this method, 
hydroxyl [26], carboxyl [31] and imidazolium [33] were 
introduced into PAFs. The precursor-designed method 
featured high loading and defined locating position of 
functional groups, facilitating the homogeneous distribu-
tion of functional groups in the PAFs [31, 32]. As for dyes 
removal, adsorbents with charged moieties have improved 
adsorption capacities and selectivity [18, 34, 35]. So, func-
tionalized PAFs with homogeneous distribution of charged 
moieties are promising adsorbents for dyes removal.

Furthermore, pore structure also plays a crucial role 
to the performance of a adsorbent. The pore structure 
of some of the charged adsorbents is mainly composed 
of micropores, which are not large enough to accommo-
date large-sized dye, such as methyl blue [14, 17, 21]. In 
addition, the microporosity of these materials may lower 
the efficiency of wastewater treatment [20]. So, advanced 
adsorbents with mesopores or even hierarchical porosity 
are highly desired. Since the seminal work of micropo-
rous PAF-1, advance has been witnessed to construct 
mesoporous PAFs using pre-modified monomers through 
increasing the numbers of benzene rings in edge of the 
diamondoid topology for ammonia capture [31], hydro-
gen uptake [36], carbon capture [37], and heterogeneous 
catalysis [38]. However, no work regarding the preparation 
of charged PAFs with mesopores for dye removal has yet 
been reported.

To address the demand of charged PAF as excellent 
adsorbents for water treatment, this work aimed to pre-
pare hierarchical PAF with cationic groups for selective 
removal of anionic dyes from water. The synthesis proce-
dure of the target PAF is presented in Scheme 1. A new 
building block, pinacol 2,5-di(dimethylaminomethy)-
1,4-diboronate (Di-Wulff boronate), was synthesized and 
 CH2N(CH3)2-tagged PAF, PAF-CH2N(CH3)2, was obtained 
through Suzuki polymerization with tetrakis(4-bromophe-
nyl)methane (TBPM). After treated PAF-CH2N(CH3)2 with 
methyl iodide, PAF-CH2N(CH3)3I was delivered. The syn-
thesized PAFs were characterized in detail. Three organic 
dyes with different charge type and molecular size, methyl 
orange (MO), methylene blue (b-MB) and methyl blue 
(a-MB), were chosen to evaluated the adsorption perfor-
mance of PAF-CH2N(CH3)3I. In addition, the regeneration 
and reusability study was carried out to determine its prac-
tical applicability.

2  Experimental

2.1  Materials

Tetrakis(4-bromophenyl)methane (TBPM, 98%) was 
purchased form Zhengzhou Alfa Chemical (Zheng-
zhou, China).[1,1 ′ -Bis(diphenylphosphino)ferro-
cene]dichloropalladium(II) (Pd(dppf )Cl2) (99%) and 
bis(pinacolato)diborane (98%) was obtained from J&K 
Scientific (Beijing, China). Tetrakis(triphenylphosphine)
palladium (0) [Pd(PPh3)4, 99%], anhydrous potassium ace-
tate (99%), N-bromosuccinimide (NBS, 99%), 1,4-dibromo-
2,5-dimethylbenzene (98.5%), p-phenylenediboronic acid 
(PDA, 99.5%) and dimethylamine (33% aqueous solution) 
were bought from Aladdin Chemistry (Shanghai, China). 
Methyl orange (MO), methylene blue (b-MB) and methyl 
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blue (a-MB) were from Alfa Aesar (Shanghai, China). 
Methanol of HPLC grade was bought from Dikma (Beijing, 
China). Water used in all of the chromatographic experi-
ments was purified by a Milli-Q Ultrapure Water Purifica-
tion System (Milford, USA). All other chemical reagents 
were of analytical grade.

2.2  Instrumental characterization

Fourier transform infrared spectroscopy (FT-IR) analysis 
was performed on a Thermo Nicolet iS10 FT-IR spectrom-
eter in the wave-number range of 650–4000 cm−1 under 
ambient conditions with an attenuated total reflection 
(ATR) accessory. Elemental analysis were performed on a 
Elementar VARIO EL cube instrument. 1H NMR, 13C NMR 
and 11B NMR spectra were recorded on a Bruker Avance 
III HD 500 MHz instrument. Solid-state NMR spectra were 
recorded on a JEOL JNM-ECZ600R instrument. The surface 
area and pore size distribution analysis were performed 
on ASAP-2460 instrument, using nitrogen adsorption 
and desorption at 77 K. Samples were degassed at 80 °C 
under high vacuum for 24 h prior to the nitrogen adsorp-
tion and desorption analysis. Scanning electron micros-
copy (SEM) investigations were carried out on a FEI Quanta 
250/Quanta 430 instrument. Transmission electron micro-
scopic (TEM) investigations were carried on a FEI Tecnai 
G2 20 instrument. Thermogravimetric analysis (TGA) was 
performed on a TA Q500 thermogravimeter by measur-
ing the weight loss while heating at a rate of 10 °C min−1 
from room temperature to 800 °C under nitrogen. The 
samples were analysized on an Agilent 1200 series HPLC 
system. Analysis were performed at room temperature, at 
a flow rate of 1.0 mL min−1. An Agilent XDB C18 column 
(250 mm × 4.6 mm, 5 μm) was used for all the chromato-
graphic analysis, using methanol and water (80:20, v/v) as 

mobile phase. Mobile phases were filtered through a 0.22-
μm membrane prior to use.

2.3  The synthesis of the PAF‑CH2N(CH3)3I

Tetrakis-(4-bromophenyl)methane (TBPM) (0.66  g, 
1.04 mmol) and Di-Wulff boronate (0.93 g, 2.09 mmol) 
(the detailed synthesis and characterization of the Di-
Wulff boronate was described in Electronic Supplemen-
tary Material, Online Resource, Figs. S1–S7) was dissolved 
in DMF (90 mL) in a round bottom flask with stirring under 
nitrogen, and a 2 M aqueous solution of  K2CO3 (8 mL) and 
Pd(PPh3)4 (99 mg, 0.08 mmol) were added. The flask was 
vacuumed and refilled with nitrogen three times and was 
heated to 110 °C for 24 h with stirring. After cooling to 
room temperature, the mixture was filtrated and the crude 
product was washed successively with DMF, water, metha-
nol, dichloromethane and acetone. The obtained product 
was dried under vacuum at 60 °C for 24 h. Yield: 0.69 g 
(95%). Anal. Calcd. for  (C25H16)1·(C12H18N2)2: C, 84.48; H, 
7.47; N, 8.05. Found: C, 84.37; H, 7.46; N, 7.99.

PAF-CH2N(CH3)2 (0.40 g) and DMSO (25 mL) were added 
into a round bottom flask, followed by the addition of 
methyl iodide (1.3 mL) under nitrogen. The suspension 
was stirred at 25 °C for 24 h. After reaction, the product was 
obtained through filtration and washed thoroughly with 
methanol, dichloromethane and acetone. The obtained 
product was dried under vacuum at 55 °C for 24 h. Yield: 
0.72 g (99%). Anal. Calcd. for  (C25H16)1·(C14H24N2I2)2: C, 
50.32; H, 5.06; N, 4.43. Found: C, 49.54; H, 5.79; N, 3.93.

2.4  Adsorption kinetic studies

Adsorption kinetic studies were performed in 25  mL 
vials equipped with magnetic stir bars. All studies were 

Scheme 1  Synthetic procedure for the designed cationic PAF, PAF-CH2N(CH3)3I
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conducted at ambient temperature. In a typical experi-
ment, PAF-CH2N(CH3)3I (10 mg) was added into a 10 mL 
aqueous solution of a given dye of a given concentration 
with magnetic stirring. Samples were taken at appropri-
ate time interval and the suspension was filtered. The 
concentration of dye in the filtrate was determined with 
HPLC. In the study of the effect of pH on the adsorption 
efficiency, PAF-CH2N(CH3)3I (10 mg) was added into a 
10 mL aqueous solution of MO (50 mg  L−1) with differ-
ent pH values and the suspension was magneticly stirred 
for 30 min. Then, samples were taken and filtered. The 
concentration of dye in the filtrate was determined with 
HPLC. The concentration of dyes were determined by 
HPLC according to calibration curves. The dye removal 
efficiencies were calculated with the following equation:

where Co (mg  L−1) and Ct (mg  L−1) are the concentra-
tions of dye before and after adsorption respectively. The 
amount of adsorbed dye was determined by the following 
equation:

where qt (mg g−1) is the amount of dye adsorbed per gram 
of adsorbent at time t (min); V (L) is the volume of the solu-
tion; m (g) is the mass of the adsorbent.

The adsorption kinetic behavior was explored using 
pseudo-second-order model, as shown by the following 
equation:

where qt and qe (mg g−1) are the adsorption capacity at 
certain time and equilibrium time, respectively, and k2 
(g mg−1 min−1) is the pseudo-second-order model rate 
constant.

2.5  Adsorption isotherms studies

In a typical experiment, PAF-CH2N(CH3)3I (10 mg) was 
added into a 10 mL aqueous solution of a given dye with 
different initial concentrations (from 100 to 1000 mg L−1). 
The suspension was stirred overnight to reach adsorp-
tion equilibrium. The suspension was filtered and the 
concentration of dye in the filtrate was determined with 
HPLC. Furthermore, the equilibrium isotherm data are 
described by Langmuir isotherm model, as shown by the 
following equation:

(1)Dye removal efficiency (%) =
(Co − Ct)

C0
× 100%

(2)qt =
(Co − Ct)V

m

(3)
t

qt
=

t

qe
+

t

k2q
2
e

where Ce (mg L−1) is the equilibrium concentration of the 
given dye, qe (mg g−1) is the amount of the dye adsorbed 
at equilibrium, qmax,e and K (L mol−1) are the maximum 
adsorption capacity and binding energy related to Lang-
muir model, respectively.

3  Results and discussion

3.1  Synthesis of the Di‑Wulff boronate and model 
reaction

The Di-Wulff boronate was synthesized from inexpensive 
raw material according to a previous reported method 
with overall yield of 60.9% [39]. The 11B NMR chemical shift 
of the Di-Wulff boronate is 14.60 (Online Resource, Fig. S8), 
indicating the presence of intramolecular B-N interaction 
[40]. To demonstrate the feasibility of Di-Wulff boronate 
as Suzuki reaction block for the synthesis of the designed 
PAF, a model reaction between bromobenzene and the 
Di-Wulff boronate was conducted and the product with 
target molecular structure was obtained according to the 
NMR characterization (Online Resource, Fig. S9 and Fig. 
S10).

3.2  Characterization of the synthesized PAFs

To confirm the success of the crosslinking of TBPM and 
Di-Wulff boronate, FT-IR analysis was performed. As 
shown in Fig. 1, in the FT-IR spectrum of TBMP, the peaks 
at 1479 cm−1, 1006 cm−1 and 817 cm−1 can be attributed 

(4)
Ce

qe
=

Ce

qmax,e

+
1

Kqmax,e

Fig. 1  FT-IR spectra of TBPM, Di-Wulff boronate, PAF-CH2N(CH3)2 
and PAF-CH2N(CH3)3I
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to the skeleton vibration, in-plane and out-of-plane bend-
ing vibration of C–H on the para-disubstituted benzene 
moieties while the spectrum of Di-Wulff boronate shows 
the peaks at 1367  cm−1 and 877  cm−1, attributing to 
the C–H bending vibration of N(CH3)2 and out-of-plane 
bending vibration of C–H bond on tetra-substituted 
benzene. These peaks are retained in the FT-IR spectrum 
of PAF-CH2N(CH3)2. Meanwhile, the C–Br stretch peak 
at 1075 cm−1 in the spectrum of TBMP and the peaks at 
2966 cm−1, 1152 cm−1 and 1041 cm−1 in the spectrum of 
Di-Wulff boronate, which are attributed to the C–H, B–O 
and B–C stretch vibration of the pinacol boronate moiety, 
are absent in the spectrum of PAF-CH2N(CH3)2, indicating 
the successful coupling of phenyl–phenyl rings. Com-
pared with PAF-CH2N(CH3)2, in the FT-IR spectrum of PAF-
CH2N(CH3)3I, the intensity of the peak at 1367 cm−1 which 
correspond to C–H bending vibration of methyl linked to 
nitrogen atoms shows clear increase, indicating the suc-
cessful iodomethanation of the N(CH3)2 moieties.

To further elucidate the molecular structures of the syn-
thesized PAFs, solid-state 13C-NMR (Fig. 2) and elemental 
analysis were conducted. As shown in Fig. 2a, the PAF-
CH2N(CH3)2 retains the feature peaks of the two mono-
mers. The peaks corresponding to pinacol boronate moi-
ety at 78 ppm and 25 ppm in the spectrum of Di-Wulff 
boronate is not found in the spectrum of PAF-CH2N(CH3)2 
and the peak corresponding to the carbon atom linked 
to bromine at 121 ppm in the spectrum of TBMP shifts 
to 140 ppm in the spectrum of PAF-CH2N(CH3)2. These 
results indicate the complete removal of pinacol boro-
nate moieties and bromine atoms during the coupling of 
phenyl–phenyl rings. As shown in Fig. 2b, the spectrum of 
the nonfunctional control PAF, P2, is consistent with the 
published date [24]. Compared with P2, the spectrum of 
PAF-CH2N(CH3)2 clearly demonstrates additional peaks 

according to the  CH2N(CH3)2 groups at 61 and 46 ppm. 
Compared with PAF-CH2N(CH3)2, the peaks according to 
 CH2N(CH3)3 groups appear at 65 and 55 ppm in the spec-
trum of PAF-CH2N(CH3)3I and this chemical shift movement 
is due to the electron-withdrawing effect of the formed 
quaternary ammonium groups. In addition, the inten-
sity of the peak at 55 ppm increases obviously and this is 
due to the increase of methyl groups during the reaction 
between methyl iodide and the  CH2N(CH3)2 groups. The 
above results confirm the successful synthesis of the target 
PAF. Elemental analysis of PAF-CH2N(CH3)3I reveals a nitro-
gen content of 3.93 wt%, corresponding to 2.81 mmol g−1 
or 52.27 wt% of the charged N(CH3)3I groups.

The porosity of the PAF-CH2N(CH3)3I was characterized 
by nitrogen adsorption–desorption isotherm measure-
ment at 77 K. As shown in Fig. 3a, PAF-CH2N(CH3)3I shows 
a type I isotherm. A rapid uptake of nitrogen at low relative 
pressure indicates the existence of micropores while a hys-
teresis in the desorption branch reflects the existence of 
mesopores. The Brunauer-Emmet-Teller (BET) surface area 
of PAF-CH2N(CH3)3I is 524.74 m2 g−1. As shown in Fig. 3b, 
the pore size distribution of PAF-CH2N(CH3)3I reveals the 
presence of micropores and the coexistence of mesopores 
in the range of 2.0 to 4.6 nm. Compared with that of PAF-
CH2N(CH3)2, PAF-CH2N(CH3)3I showed a decrease of BET 
surface area and a reduction of pore size (Online Resource, 
Fig. S11). These results consisted with the treatment of 
PAF-CH2N(CH3)2 with methyl iodide. Scanning electron 
microscopy (SEM) images show that the PAF-CH2N(CH3)3I 
is composed of aggregated particles with micron sizes 
(Online Resource, Fig. S12a and S12b) while the transmis-
sion electron microscopy (TEM) images reveal the same 
morphology and the presence of pores (Online Resource, 
Fig. S12c and S12d). The hierarchical porosity and the 
micron sizes of PAF-CH2N(CH3)3I make it ideal candidate as 

Fig. 2  a Solid-state 13C NMR spectra of Di-Wulff boronate, PAF-CH2N(CH3)2 and TBPM, b Solid-state 13C NMR spectra of P2, PAF-CH2N(CH3)2 
and PAF-CH2N(CH3)3I
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adsorbent. Additionally, thermogravimetric analysis (TGA) 
reveals the good stability of PAF-CH2N(CH3)3I up to 200 oC 
under nitrogen (Online Resource, Fig. S13).

3.3  Adsorption kinetic studies

The PAF-CH2N(CH3)3I was used directly as adsorbent 
for dye removal from water. As a proof of concept, we 
first chose two widely applied organic dyes for the test, 
methyl orange (MO) as an anionic dye and methylene blue 
(b-MB) as an cationic dye. These two dyes were with the 
similar dimensions (18.17 Å × 7.61 Å × 5.74 Å for MO and 
17.29 Å × 8.19 Å × 4.11 Å for b-MB, Online Resource, Fig. 
S15) [14]. The adsorption experiments were performed by 
mixing 10 mg of PAF-CH2N(CH3)3I and the tested dyes with 
the same concentrations (50 mg  L−1, 10 mL), and HPLC 
spectra were recorded periodically for the filtered solution. 
As shown in Fig. 4, MO molecules are almost completely 
captured by PAF-CH2N(CH3)3I in about 0.5 min, whereas 
the b-MB molecules remain in the solution. The optical 
images obviously reveal that the MO solution became 
clear within 0.5 min of treatment with PAF-CH2N(CH3)3I 
while the b-MB solution remained almost unchanged 
even after 180 min of treatment with PAF-CH2N(CH3)3I. This 
result indicates the excellent selectivity of PAF-CH2N(CH3)3I 
towards anionic dye. To further investigate the proper-
ties of PAF-CH2N(CH3)3I, adsorption performance of PAF-
CH2N(CH3)2 towards MO and b-MB were also carried out 
and compared with that of PAF-CH2N(CH3)3I. As shown in 
Fig. S16, the adsorption efficiencies of PAF-CH2N(CH3)2 
towards MO and b-MB are 80% and 60% respectively. This 
is due to the hydrophobicity of the PAF skeleton and weak 
anion exchange of the  CH2N(CH3)2 motifs. After theated 

with methyl iodide,  CH2N(CH3)3I motifs showed strong 
anion exchange ability. And the adsorption efficiencies 
of PAF-CH2N(CH3)3I towards MO and b-MB changed to be 
100% and 8%. These results further indicated the excellent 
selectivity of PAF-CH2N(CH3)3I towards anionic dye.

The adsorption rate and dye removal efficiency of PAF-
CH2N(CH3)3I was further investigated. As shown in Fig. 5a 
and Fig. S17, the adsorption equilibrium of MO is achieved 
in only 0.5 min for 50 mg L−1 and 100 mg L−1 MO solu-
tion while 1.5 min and 5 min are required for 200 and 
400 mg L−1, respectively. Figure 5b shows the pseudo-sec-
ond-order fitting linear curves of MO on PAF-CH2N(CH3)3I 
and the corresponding pseudo-second-order rate con-
stants (kobs) at different MO concentrations. The correla-
tion coefficients R2 are all equal to 1, indicating that the 
adsorption behavior between PAF-CH2N(CH3)3I and MO is 
mainly attributed to chemical interaction. The kobs value 
for 50 mg L−1 MO solution is as high as 4.28 g mg−1 min−1 
and a value of 0.038 g mg−1 min−1 is obtained even when 
the MO solution is 400 mg L−1, which are significantly 
higher than those of other reported cationic adsorbents 
[17]. It is known that the adsorption efficiency is strongly 
influenced by the dye concentrations and dosage of the 
adsorbents [41]. It can be seen form Fig. 5a, c, the MO 
adsorption efficiency is nearly 100% when MO concentra-
tion is not higher than 400 mg L−1 and it reaches 94% even 
for 600 mg L−1 MO solution. Besides, the effect of pH on 
the MO adsorption efficiency was evaluated. As shown in 
Fig. 5d, in the pH range of 2 to 12, the adsorption efficien-
cies are above 96.4% (pH 2), indicating the good stability 
and practicability of PAF-CH2N(CH3)3I. Although solution 
pH values had a direct influence on the charged state of 
anionic dye molecule and might reduce the electrostatic 

Fig. 3  a  N2 adsorption isotherm of PAF-CH2N(CH3)3I measured at 77 K, b Pore size distribution of PAF-CH2N(CH3)3I from the  N2 adsorption 
isotherm
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interaction with cationic adsorbent, the hydrophobic inter-
action between dye and adsorbent was not influenced. So, 
the pH values showed little influence on the adsorption 
efficiencies under the tested conditions. The high adsorp-
tion rate and high adsorption efficiency may be due to the 
hierarchical structure and the dense and homogeneous 
distribution of cationic moieties of PAF-CH2N(CH3)3I. The 
presence of mesopores can serve as a diffusion pathway, 
allowing for the rapid diffusion of the dye molecules into 
the interior of the adsorbent. The high density and distri-
bution homogeneity of the cationic moieties endows the 
charged PAF with generous and accessible binding sites 
for dye molecular. The  N2 adsorption isotherm and pore 
size distribution of PAF-CH2N(CH3)3I after MO adsorption 
was tested to further reveal the adsorption performance of 
the synthesized adsorbent. As showed in Fig. S18, the BET 
surface area of PAF-CH2N(CH3)3I decreased to 25.24 m2 g−1 
after MO adsorption. This result indicated that the pore of 
PAF-CH2N(CH3) was occupied by MO molecule.

To further reveal the effect of mesopores to 
the adsorption properties of PAF-CH2N(CH3)3I, a 

large-sized dye, methyl blue (a-MB) with a dimension of 
24.50 Å × 14.40 Å × 13.90 Å, which could not be absorbed 
by cationic adsorbents with microporous structure [14, 
21], was chose for further test. As shown in Fig. 6a and 
Fig. S19, the a-MB molecular can be completely adsorbed 
by PAF-CH2N(CH3)3I in only 1 min and 8 min for 50 mg 
 L−1 and 100 mg  L−1 a-MB solutions, respectively. Even 
when the a-MB concentration is 200 mg L−1, the com-
plete capture of a-MB still can be achieved in just 1 h. It 
can be seen form Fig. 6b that the kobs value for 50 mg L−1 
a-MB solution is as high as 1.38 g mg−1 min−1 and a value 
of 0.0018 g mg−1 min−1 is obtained even when the a-MB 
solution is 200 mg  L−1. Those kobs values are great higher 
than the reported cationic porous polymer [17]. Com-
pared with PAF-1-based cationic adsorbent, which was 
microporous and excluded a-MB [21], this quick adsorp-
tion rate and high adsorption efficiency is a another 
sound proof of the merit of the presence of mesopores 
in PAF-CH2N(CH3)3I.

Fig. 4  The adsorption selectivity of PAF-CH2N(CH3)3I. Including HPLC spectra of MO (a) and b-MB (b) recorded at different contact times 
with PAF-CH2N(CH3)3I and photographs of MO (left) and b-MB (right) solutions before and after treatment with PAF-CH2N(CH3)3I
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3.4  Adsorption isotherms studies

The adsorption capacity of PAF-CH2N(CH3)3I was inves-
tigated by Langmuir adsorption isotherm measurement 
(Fig. 7a). And through the corresponding linear fitting 
(Fig. 7b), the related equilibrium parameters can be deter-
mined. The maximum adsorption capacity, qmax,e, for MO 
and a-MB are as high as 690 mg g−1 and 476 mg g−1 respec-
tively, whereas the value for b-MB is only 21 mg g−1, further 
indicating the excellent selectivity of PAF-CH2N(CH3)3I. The 
qmax,e of for MO is great higher than the reported adsor-
bents [13, 42, 43]. The qmax,e value of 690 mg g−1 for MO 
corresponds to 2.11 mmol g−1, which is a little lower than 
the calculated charged N(CH3)3I groups of 2.81 mmol g−1, 
demonstrating that even through the charged PAF was 
highly crosslinked, most of the charged N(CH3)3I groups in 

the framework could behave as freely accessible reactive 
groups. In addition, the formation constant, K, are 78,045 
and 239,502 L  mol−1 for MO and a-MB, respectively. Those 
values are greater than the reported values [17, 44], impli-
cating the strong affinity of PAF-CH2N(CH3)3I towards ani-
onic dyes.

3.5  Regeneration and reusability

The regeneration and reusability are essential prop-
erties of a adsorbent. In this context, the recycling of 
PAF-CH2N(CH3)3I for MO adsorption was investigated. 
The adsorbed MO could be readily desorbed from PAF-
CH2N(CH3)3I by immersion in 1 M NaI ethanolic solu-
tion (water: ethanol, 1:1, v/v) for 30 min with stirring. As 
shown in Fig. S20, the optical image of the regenerated 

Fig. 5  a The time-dependent adsorption of MO with different con-
centrations by PAF-CH2N(CH3)3I, b The linear fitting plots of MO 
adsorption kinetic onto PAF-CH2N(CH3)3I of pseudo-second-order 
kinetic model, c Adsorption efficiency of MO by PAF-CH2N(CH3)3I 

for different concentrations of MO, d Adsorption efficiency of MO 
by PAF-CH2N(CH3)3I after a constant time of 30 min at different pH 
values (MO concentration was 50 mg L−1)
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adsorbent clearly show that the adsorbed MO is effec-
tively desorbed. The FT-IR spectra presented in Fig. S21 
further proves the efficient removal of adsorbed MO 
molecules. The regenerated adsorbent was washed with 
water three times and reused in a next MO adsorption 
cycle. As shown in Fig. 8, PAF-CH2N(CH3)3I retains about 
99% of its initial adsorption efficiency after 10 adsorp-
tion–desorption cycles, even when the MO concentra-
tion was as high as 200 mg  L−1. This result indicates that 
the PAF-CH2N(CH3)3I has good reusability and this can be 
attributed to its hierarchical structure, which facilitates 
fast diffusion of dye molecules and greatly increases the 
adsorption–desorption rate.

4  Conclusions

In summary, a charged PAF, PAF-CH2N(CH3)3I, which 
was densely and homogeneously functionalized with 
cationic groups and featured with hierarchical porosity, 
has been successfully synthesized. It shows excellent 
selectivity towards anionic dye. The hierarchical poros-
ity structure and the high density and homogeneous 
distribution of the cationic moieties endow the PAF-
CH2N(CH3)3I with strong affinity, fast adsorption rate, 
high adsorption efficiency and adsorption capacities 
towards not only small anionic dye but also large-sized 

Fig. 6  a The time-dependent adsorption of a-MB with different concentrations by PAF-CH2N(CH3)3I, b The linear fitting plots of MO adsorp-
tion kinetic onto PAF-CH2N(CH3)3I of pseudo-second-order kinetic model

Fig. 7  a Fitting curves of MO, a-MB and b-MB onto PAF-CH2N(CH3)3I of Langmuir isotherm model, b linear fitting plots of MO and a-MB onto 
PAF-CH2N(CH3)3I of Langmuir isotherm model
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one. Additionally, the hierarchical structure of PAF-
CH2N(CH3)3I is also beneficial for its regeneration. The 
regenerated PAF-CH2N(CH3)3I can retain about 99% of 
its initial adsorption efficiency even after 10 adsorp-
tion–desorption cycles. These excellent features show 
that PAF-CH2N(CH3)3I is a promising adsorbent for waste-
water treatment. This study highlights the significance 
of functionalization and porosity regulation towards the 
application of PAFs, expanding the application scope of 
PAFs but also promoting the development of PAFs-based 
advanced materials.
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