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A B S T R A C T   

Two imidazolium-based cationic polymeric nanotraps based on tetraphenylmethane building blocks (CPN-tpm) 
with different counterions were rationally designed and constructed for the efficient removal of Cr2O7

2- from 
wastewater. The influence of counterions on Cr2O7

2- adsorption performance was studied. With better wettability 
(contact angle as 28.61◦), CPN-tpm-Cl exhibited a higher uptake capacity of 366 mg g−1 for Cr2O7

2- capture and a 
faster ion exchange kinetic process in 20 min. While CPN-tpm-Br with a contact angle of 83.16◦ showed a lower 
maximum capacity of 324 mg g−1. In addition, CPN-tpm-Cl can work in a wide pH range from 2 to 10 and possess 
excellent selectivity (such as Cl-, NO3

- and SO4
2-) as well as good reusability for 5 times. Such excellent per-

formances indicated that CPN-tpm-Cl is a promising candidate for the Cr2O7
2- capture application. Our work not 

only contributes cationic polymeric nanotraps as a promising candidate for Cr2O7
2- removal, but also suggests a 

new approach to develop new type of adsorbents for wastewater treatment.   

1. Introduction 

Hexavalent chromium has been widely used in a variety of industries 
such as printing, electroplating, leather tanning, steel manufacturing, 
textile dying and so on [1–3]. Moreover, hexavalent chromium is found 
to be highly toxic, teratogenic and potentially carcinogenic to living 
systems, even at low concentration. Many efforts have been dedicated to 
removing Cr(VI) from wastewater and different types of adsorbents have 
been developed, such as inorganic materials [4], composites [5], acti-
vated carbon [6], cationic polymers [7,8], MOFs [9–11] and so on. 
However, disadvantages such as slow kinetic process, low uptake ca-
pacity and poor stability of materials hampered their application in 
practice. Thus, it is of great importance and urgent need to develop new 
types of efficient adsorbents for Cr(VI) removal. 

In the past decade, cationic polymers have emerged as a versatile 
platform for applications in many fields, such as gas sorption and 

separation [12,13], catalysis [14,15], batteries [16], ion detection [2] 
and adsorption [17,18], due to the positive charges incorporated in the 
skeleton and exchangeable counterions residing in cavities [19]. 
Meanwhile, the properties of cationic polymers can be easily tuned by 
changing the counterions for desired applications, such as catalysis [20], 
CO2 adsorption and conversion [21], electrolytes [22], and so on. 
Furthermore, counterion adjustment is an effective and convenient 
approach to modify the wettability of the material surface, which helps 
improving the polymer dispersity in water and facilitating the kinetic 
exchange process in aqueous condition [23]. Such modification could 
make cationic polymers the ideal candidate for pollutants removal in 
wastewater. 

Herein, two tetraphenylmethane-based cationic polymeric nanotraps 
with different counterions (CPN-tpm-Cl and CPN-tpm-Br) were prepared 
and compared for the removal of Cr2O7

2-, as one of the most common Cr 
(VI) form in water. In the design, positively charged imidazolium groups 
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play an important role in anion capture, while tetraphenylmethane 
(tpm) average these charges spatially and reduce the repulsion from 
neighbor counterions. Benefiting from the cationic structure, such 
nanotraps exhibited good adsorption performance for Cr2O7

2- capture. 
Moreover, to study the influence of different counterions between Br- 

and Cl-, Raman spectroscopy, XPS, FTIR and other techniques were used 
to investigate the ion exchange mechanism for Cr2O7

2- capture. 

2. Materials and methods 

2.1. General 

1,4-bis(bromomethyl)benzene was purchased from Acros Organics. 
Potassium dichromate (K2Cr2O7), sodium chloride (NaCl), sodium hy-
droxide (NaOH), and hydrochloric acid (HCl) were purchased from 
Sinopharm Chemical Reagent Co., Ltd, China. The syringe filters (Nylon 
66, 0.45 µm) were purchased from Jinlong company, China. Cr2O7

2- 

solutions were prepared by dissolving certain amounts of potassium 
dichromate in distilled water. The pH values were adjusted by sodium 
hydroxide or hydrochloric acid. 

2.2. Synthesis methods 

CPN-tpm-Br was synthesized from tetrakis[4-(1-imidazolyl)phenyl] 
methane [24] (1.0 equiv.) and 1,4-bis(bromomethyl)benzene (1.0 
equiv.). The mixture was stirred in DMF at 120 ◦C under N2 for 12 h and 
precipitate was formed. After filtration, the solid was washed 3 times 
with DMF, deionized water and ethanol subsequently. Then the product 
was dried in a vacuum oven to obtain CPN-tpm-Br. 

2.3. Characterization methods 

Scanning electron microscopy (SEM) images were obtained from a 
MIRA3 LMH (TESCAN, Czech Republic) and elemental mapping images 
were obtained by X MAX20 (Oxford, UK). Thermal gravimetric analysis 
(TGA) was carried out using a NETZSCH STA449F3 Jupiter thermog-
ravimetric analyzer at a heating rate of 10 K min−1 in Ar atmosphere 
(NETZSCH, Germany). Water vapor adsorption–desorption isotherm at 
298 K were measured using Micromeritics ASAP 2020 M and Tristar 
system. And before the measurements, the sample was outgassed for 
1000 min at 120 ℃. The data of Zeta potential was detected using 
Malvern Zano-zs and the data of size distribution report was measured 
by Malvern Zetasizer Nano ZS90. The concentration of Cr2O7

2- was 
detected by UV-Vis spectra (U-4100, HITACHI, Japan). Fourier trans-
form infrared (FTIR) spectra were recorded with FTIR spectrometer 
(Nicolet IS10, Thermo scientific, USA) by mixing samples with KBr 
powder to form pellets. X-ray photoelectron spectroscopy (XPS) exper-
iments were conducted on a Thermo ESCALAB Xi+ analyzer (Thermo 
Fisher Scientific Inc., USA) with Al Kα radiation (hv = 1486.6 eV) as the 
excitation source, and the binding energies were calibrated using the C 
1s peak at 284.80 eV. The contact angles experiments of water were 
performed on a contact angle measuring instrument (XG-CAMC1). 
Raman spectroscopy was carried out using a inVia Raman Microscope 
(RENISHAW, UK), and a 785 nm semiconductor laser was used as the 
excitation source. 

2.4. Sorption general procedures 

All batch experiments were conducted in a water-bathing vibrator at 
30 ℃. The pH values were adjusted by NaOH or HCl aqueous solution. 
CPN-tpm-Cl or CPN-tpm-Br was added into a certain concentration of 
Cr2O7

2- aqueous solution in the flask. After shaking at a rate of 120 rpm 
for a desired period, the mixture was separated with a membrane filter 
(0.45 µm). The filtrate was monitored by the UV-Vis spectroscopy at 257 
nm [10]. 

2.5. pH effect study 

Effect of pH on the adsorption properties of Cr2O7
2- was tested by 

adjusting pH values from 0 to 12. 5 mg of CPN-tpm-Cl and CPN-tpm-Br 
was added to 10 mL of Cr2O7

2- aqueous solution with a concentration of 
100 ppm (V/m ratio is 2000 mL g−1). After shaking for 4 h, the mixture 
was separated for UV-Vis analysis. 

2.6. Sorption isotherm investigations 

The sorption isotherm experiments of CPN-tpm-Cl and CPN-tpm-Br 
were carried out by ranging the initial concentrations of Cr2O7

2- from 
10 to 500 ppm. 5 mg of CPN-tpm-Cl or CPN-tpm-Br was added to Cr2O7

2- 

aqueous solution (10 mL) with different concentrations (V/m ratio is 
2000 mL g−1). After shaking for 4 h, the mixture was separated with a 
membrane filter for UV-Vis analysis. Adsorption capacity at equilibrium 
qe (mg g−1) was calculated by Eq. 1. 

qe =
(C0 − Ce) × V

m
(1)  

Where C0 (mg L−1) and Ce (mg L−1) are the concentration of Cr2O7
2- at 

initial time and equilibrium time, respectively. m is the mass of CPN- 
tpm-Cl/Br (g) and V (L) is the volume of Cr2O7

2- solution. 
The Langmuir isotherm model is an ideal model with monolayer 

sorption on a homogeneous surface and adsorption sites of equal energy 
on the assumption [17]. And the Langmuir isotherm model can be 
expressed as Eq. 2. 

Ce

qe
=

Ce

qm
+

1
KL × qm

(2)  

Where qe (mg g−1) and qm (mg g−1) are sorption capacity of Cr2O7
2- at 

equilibrium and maximum sorption capacity of Cr2O7
2-, respectively. Ce 

(mg L−1) is the equilibrium concentration of Cr2O7
2-. KL (L mg−1) is a 

constant related to the affinity between the adsorbate and adsorbent. 
The Freundlich isotherm model is an empirical model which assumes 

a heterogeneous surface with adsorption sites of different adsorption 
energies. And the Freundlich isotherm model can be expressed to Eq. 3 
as follows. 

ln qe = ln KF +
1
n

ln Ce (3)  

Where KF [(mg g−1) (L g−1)n] and is a constant which indicates the 
adsorption capacity, and n is a heterogeneity constant related to the 
adsorption intensity. 

2.7. Sorption kinetics investigations 

The sorption kinetics experiments of CPN-tpm-Cl and CPN-tpm-Br 
were conducted by collecting samples at different times. 15 mg of 
CPN-tpm-Cl and CPN-tpm-Br was added to 100 mL of Cr2O7

2- aqueous 
solution (the initial concentration is 50 ppm) in a 250 mL Erlenmeyer 
flask (V/m ratio is 6.67 ×103 mL g−1). The flask was put in the water- 
bathing vibrator and shaken at a rate of 120 rpm. Then samples with 
the volume of 2 mL were removed from the mixture at increasing time 
intervals (1 min, 2 min, 3 min, 5 min, 10 min, 15 min, 20 min, 30 min, 
60 min, 900 min), followed by separation with a membrane filter 
(0.45 µm) for further analysis. 

Removal efficiency (RE) is calculated by Eq. 4. 

RE =
C0 − Ct

C0
× 100% (4)  

Where C0 (mg L−1) and Ct (mg L−1) are the concentration of Cr2O7
2- at 

initial time and t (min), respectively. 
There are a lot of equations to fit sorption kinetics data, pseudo-first- 

order model and pseudo-second-order model are widely used among 
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them [25]. Pseudo-first-order linear equation and pseudo-second-order 
linear equation are expressed to Eq. 5 and Eq. 6, respectively. 

ln(qe − qt) = ln qe − k1t (5)  

t
qt

=
1

k2 × qe
2 +

t
qe

(6)  

Where qt (mg g−1) and qe (mg g−1) are sorption capacity of Cr2O7
2- at a 

desired time t (min) and equilibrium time, respectively. k1 (min−1) and 
k2 (g mg−1 min−1) are the constants of pseudo-first-order model and 
pseudo-second-order model, respectively. 

2.8. Selectivity study 

Effect of competing ions was investigated by adding different con-
centrations of NaCl, NaNO3 and Na2SO4, respectively. 5 mg of CPN-tpm- 
Cl was added to 10 mL Cr2O7

2- solution (100 ppm, 0.463 mM, V/m ratio 
is 2000 mL g−1) with different concentrations of Cl-, NO3

- and SO4
2- 

(0.463 mM, 2.315 mM, 4.63 mM). After shaking at 30 ◦C for 15 h, the 
mixture was separated for UV-Vis analysis. 

2.9. Reusability study 

The adsorption-desorption process for 5 times was conducted to test 
the reusability of the polymer. 50 mg CPN-tpm-Cl was adsorbed with 
50 mL Cr2O7

2- solution (100 ppm) at constant temperature 30 ◦C for 1 h 
(V/m ratio is 1000 mL g−1). Then CPN-tpm-Cr was regenerated by 2 M 
NaCl solution of 10 mL at 30 ◦C. And the process was repeated for 
additional four times of adsorption-desorption test. 

3. Results and discussion 

3.1. Characteristics 

The aforementioned CPN-tpm-Br was synthesized with tetrakis[4-(1- 

imidazolyl)phenyl]methane and 1,4-bis(bromomethyl)benzene in 
dimethylformamide (DMF) at 120 ◦C [24]. Solid-state 13C NMR was 
performed to verify the structure of the polymer. From Fig. S1, C1 and 
C6 were assigned to the central carbon atom of tetraphenylmethane and 
the carbon atoms in imidazolium rings, respectively. And C11 was 
attributed to carbon atoms of methylene in 1,4-bis(bromomethyl)ben-
zene. All of the peaks were fully assigned. Furthermore, the broad 
peaks instead of sharp ones in the NMR spectrum indicated successful 
synthesis of the polymeric structure. In addition, from FT-IR spectrum 
(Fig. 9b), the characteristic peak at 1072 cm−1 was attributed to qua-
ternary imidazolium species indicative of the formation of CPN-tpm 
with positive charges. The anion exchange process of CPN-tpm was 
shown in Scheme 1. The counterion exchange from Br- to Cl- was ach-
ieved by soaking CPN-tpm-Br in 2 M sodium chloride solution for three 
times and dried in the vacuum oven. The morphology of synthesized 
cationic polymers was characterized by SEM technique. As shown in  
Fig. 1a and b, the full spheres with diameter around 2.5 µm were 
observed in the SEM images of CPN- tpm-Br and CPN-tpm-Cl, and the 
size distribution of CPN-tpm-Cl was conducted and shown in Table S1 
(see ESI). Although the morphologies of CPN-tpm-Cl and CPN-tpm-Br 
are quite similar, their air-water contact angles on the surface are very 
different (28.61◦ for CPN-tpm-Cl and 83.16◦ for CPN-tpm-Br in Fig. 1c 
and d). Therefore, the anion exchange process from Br- to Cl- signifi-
cantly improved the surface hydrophilicity of the cationic polymeric 
nanotraps [24]. Furthermore, the water vapor adsorption experiment 
(Fig. 2) showed that CPN-tpm-Cl had a remarkable water vapor uptake 
with the maximum capacity up to 295 cm3 g−1 (23.7 wt%) when P/P0 is 
0.71. When P/P0 is below 0.1, there is a rather steep uptake which can be 
presumably ascribed to its hydrophilic nature due to imidazole group 
with positive charge [26,27]. These results indicated that the counterion 
adjustment could improve the surface hydrophilicity. From the curves in 
Fig. S2 (see ESI), thermogravimetric analysis was also conducted and 
both CPN-tpm-Br and CPN-tpm-Cl had the similar decreasing trend, and 
were stable up to 230 ◦C. In addition, their initial weight losses below 
150 ◦C were mainly originated from the removal of the solvent mole-
cules [28]. 

Scheme 1. Anion-exchange process of CPN-tpm.  
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3.2. Anion exchange performance 

Given the polymers built by cationic imidazolium units, the capac-
ities of CPN-tpm for Cr2O7

2- adsorptions were studied with K2Cr2O7 
solution. After 5 mg CPN-tpm-Cl was dispersed in aqueous Cr2O7

2- so-
lution (100 ppm, 10 mL) for 2 min (V/m ratio is 2 × 103 mL g−1), the 
filtrate was monitored by the UV-Vis spectroscopy at 257 nm to inspect 
the adsorption of Cr2O7

2- [10]. As shown in Fig. 3a, the residual Cr2O7
2- 

concentration was decreased sharply by 91.3%. In two minutes, the 
color of Cr2O7

2- solution was changed from yellow to colorless, while the 
adsorbent of CPN-tpm-Cl was turned from white to yellow (inset of 

Fig. 3a). 
To further test the adsorption performance towards Cr2O7

2- and 
investigate the influence of hydrophilicity difference brought by 
different counterions, the experiments of pH tolerance, adsorption 
isotherm and adsorption kinetics were conducted. 5 mg of CPN-tpm-Cl 
or CPN-tpm-Br was dispersed respectively in 10 mL Cr2O7

2- aqueous 
solution with different pHs from 0 to 12 (V/m ratio is 2000 mL g−1) to 
test the pH tolerance. As we can see in Fig. 3b, in the pH range from 2 to 
6, the removal efficiencies of Cr2O7

2- were over 95% for both CPN-tpm- 
Cl and CPN-tpm-Br. Interestingly, different from CPN-tpm-Br, cationic 
polymer with Cl- keeps high removal uptake in a wider pH range (from 2 
to 10), which can be applied easily in the actual wastewater. At pH 0, the 
removal efficiency was decreased rapidly due to the existence of excess 
Cl- ions in the solution and their competition with Cr2O7

2-, since the 
molar ratio between Cl- and Cr2O7

2- has reached 2160:1 at such low pH. 
Nevertheless, even under such high ionic concentration, the removal 
percentage of CPN-tpm-Cl for Cr2O7

2- can still maintain as high as 
57.8%. At pH 2, both CPN-tpm-Cl and CPN-tpm-Br can remove almost 
all Cr-contained pollutants in water, which is competent for acidic 
wastewater. In addition, most of Cr species in industrial waste existed 
under acidic conditions, but in some circumstances, such as in the 
groundwater, they were also observed in the alkaline or neutral envi-
ronment [29,30]. To further investigate the adsorption performance at 
high pH value, Zeta Potential test was conducted in neutral solution and 
weak alkaline solution [31]. According to the result (Table S2) and 
previous report [24], CPN-tpm exhibited positive values with a wide pH 
range from 1 to 12, indicating that the surface of CPN-tpm was positively 
charged and kept effective for the capture of anionic pollutions in a wide 
pH range [18]. Additionally, the stability of polymer was tested by 
soaking polymers in acidic (pH 2) and alkaline (pH 12) solutions for 8 h 
and IR spectra were conducted. From Fig. S3, the result showed that 
CPN-tpm-Cl, CPN-tpm-Cl-pH 2 and CPN-tpm-Cl-pH 12 have the similar 
characteristic peaks, indicating that CPN-tpm has good stability in acidic 
and alkaline conditions. 

Fig. 1. SEM images of a) CPN-tpm-Cl and b) CPN-tpm-Br. Contact angle measurements for c) CPN-tpm-Cl and d) CPN-tpm-Br.  

Fig. 2. Water vapor adsorption–desorption isotherm of CPN-tpm-Cl at 298 K, 
P0 is the saturated vapor pressure of water vapor. 

X. Li et al.                                                                                                                                                                                                                                        



Journal of Environmental Chemical Engineering 9 (2021) 106357

5

In order to investigate the adsorption kinetics of the polymer net-
works, UV-Vis spectrometry was employed. In Fig. 4a and b, 15 mg of 
CPN-tpm-Cl and CPN-tpm-Br were separated in 50 ppm Cr2O7

2- aqueous 
solution and UV adsorption was tested at different times for kinetic 
analysis (V/m ratio is 6.67 × 103 mL g−1). After adding CPN-tpm-Cl and 
CPN-tpm-Br, decreases of Cr2O7

2- concentration were clearly observed. 
Interestingly, the kinetics between CPN-tpm-Br and CPN-tpm-Cl are 
quite different as indicated from the curves of 1 min. Until 30 min, the 
equilibrium concentration of CPN-tpm-Br can reach the same level as 
that of CPN-tpm-Cl at 1 min. The result showed that CPN-tpm-Cl can 
remove 93.0% of Cr2O7

2- in the first 10 min, while it’s only 52.2% for 
CPN-tpm-Br during the same time period. We speculated the faster ki-
netic of CPN-tpm-Cl was benefited from the smaller anion size and larger 
decoupling degree of Cl- ion [32], which lead to a better binding affinity 
with solvent molecules and a faster ion exchange process. Furthermore, 
the half Br- replaced sample was prepared and the kinetics was tested. 
From Fig. S4, the time-dependent UV-Vis adsorption curves showed a 
fast ion exchange process in the first few minutes; while after a few 
minutes, the ion exchange process slowed down. Such results further 
demonstrated the influence of counterions in the cationic polymers. As 
shown in Fig. 5a, the sorption equilibrium was reached within 20 min 
(95.8%), indicating a faster sorption process than CPN-tpm-Br. It is 
worth noting that such kinetic is also faster than many of previously 
reported ionic materials including UiO-66-NH2@silica (30 min), 
TJNU-243 (8 h), 1-Br (48 h), [Cu2L(H2O)2]⋅(NO3)2⋅5.5H2O (100 min), 

CON-1 (60 min), IMIP-Br (30 min), as shown in Table S3. In addition, 
the fitting results of kinetic parameters are shown in Table S4 (see ESI). 
From inset of Figs. 5a and S5 in ESI, the sorption kinetics of CPN-tpm-Cl 
and CPN-tpm-Br towards Cr2O7

2- can be better fitted with 
pseudo-second-order model, yielding a high correlation coefficient (R2 

> 0.99), indicating that chemical adsorption is likely the 
rate-determining step of ion exchange process between CPN-tpm with 
counterions (such as Br- or Cl-) and Cr2O7

2- [33,34]. On the other hand, 
CPN-tpm-Cl can be dispersed in water easier than CPN-tpm-Br since 
CPN-tpm with Cl- showed a better hydrophilicity, which may also 
contribute to the faster kinetics process. 

In addition, the residual Cr2O7
2- solutions were analyzed by UV-Vis 

spectrometer and the maximum adsorption capacities of CPN-tpm-Br 
and CPN-tpm-Cl were investigated. Moreover, sorption isotherm ex-
periments of CPN-tpm with Br- and Cl- for Cr2O7

2- were conducted by 
ranging the initial concentration of Cr2O7

2- from 10 to 500 ppm 
(Fig. 5b). Langmuir isotherm model (Fig. S6) and Freundlich isotherm 
model (Fig. S7) were applied to fit the experimental data. Due to a 
higher correlation coefficient (R2 > 0.99), the Langmuir isotherm model 
of two cationic polymers can fit better than the Freundlich isotherm 
model (Table S5). Furthermore, both CPN-tpm-Cl and CPN-tpm-Br 
showed high affinity to Cr-contained anions, and according to the 
experimental data, the maximum sorption capacity of CPN-tpm-Cl to-
wards Cr2O7

2- was 366 mg g−1, higher than 324 mg g−1 of CPN-tpm-Br. 
According to previous reports (Table S3, ESI), such sorption capacity is 

Fig. 3. a) UV-Vis spectra of aqueous K2Cr2O7 solution before and after chromium removal using CPN-tpm-Cl, inset are photos showing color changes of the solution 
and materials before and after chromium uptake. b) Comparison of sorption properties of Cr2O7

2- by CPN-tpm-Br and CPN-tpm-Cl at different pH. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. a) Time-dependent UV-Vis adsorption curves of CPN-tpm-Cl. b) Time-dependent UV-Vis adsorption curves of CPN-tpm-Br.  
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much higher than most of the cationic materials [2,7–9,11,35]. We 
reasoned that such excellent sorption capacity towards Cr2O7

2- should 
benefit from the 3D tetraphenylmethane backbone with imidazolium 
moieties, which provide dispersive positive charges for ion exchange 
between Cr2O7

2- and counter anions. 
Effect of competing ions (such as Cl-, NO3

- and SO4
2-) on the removal 

rate of Cr2O7
2- were conducted. As shown in Fig. 6a, even the molar 

ratios of Cl-, NO3
- and SO4

2- were ten times in excess in the Cr2O7
2- so-

lution, the removal percentages for Cr2O7
2- still remained as 95.5%, 

94.2% and 90.0%, respectively (V/m ratio is 2000 mL g−1). The high 
selectivity may result from the strong affinity between the Cr2O7

2- and 
cationic imidazolium group in the skeleton of polymer. When the molar 
ratio between SO4

2- and Cr2O7
2- is 10:1, a slight decrease in removal rate 

suggested that the anions with more negative charges will have a 
stronger competition for Cr2O7

2- adsorption. 
Reusability of the cationic polymer is an essential factor for the 

evaluation of anion exchange process and the adsorption-desorption 
tests were performed for 5 times. As shown in Fig. 6b, the result 
showed the removal rate remained almost unchanged (over 98%) in first 
four runs. A slight decrease in the last run (87%) may due to the loss of 
material during the process of experimental operation. Integrating with 
good performances of anion exchange, CPN-tpm is a promising candi-
date for Cr-contained industrial wastewater. 

3.3. Mechanism 

The ion exchange mechanism was explored by SEM-EDX mapping, 

FT-IR, XPS analysis and Raman spectroscopy. As we can see in Fig. 7, 
after ion exchange from Br- to Cl-, the binding energy of N atoms in 
imidazolium (IM-N+) deceased from 401.8 eV to 401.7 eV, indicating a 

Fig. 5. a) Sorption kinetics of CPN-tpm-Cl and CPN-tpm-Br, and inset is the fitting curve based on the pseudo-second-order model. b) Sorption isotherm of CPN-tpm- 
Cl and CPN-tpm-Br for Cr2O7

2- uptake. 

Fig. 6. a) Effect of competing anions (Cl-, NO3
- and SO4

2-) on the removal of Cr2O7
2-. b) Reversibility of CPN-tpm-Cl for collecting Cr2O7

2-.  

Fig. 7. N 1s core-level spectra of CPN-tpm-Cl and CPN-tpm-Br.  
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weaker interaction between imidazolium ring and Cl- [36]. We speculate 
that with a smaller ionic radius and higher electron density, Cl- has a 
weaker interaction with imidazolium group compared to Br-, leading to 
a faster kinetic process and complete ion exchange equilibrium [37]. In  
Fig. 8, the SEM-EDX mapping of CPN-tpm before and after Cr2O7

2- 

sorption showed that the abundances of Cl element and Br element were 
decreased and the abundance of Cr element emerged obviously in 
CPN-tpm-Cl-Cr and CPN-tpm-Br-Cr. Furthermore, after the anion ex-
change process, Cl residual can be barely observed in CPN- tpm-Cl-Cr. 
This indicates that the complete Cr2O7

2- anion exchange process exists 
between Cl- and Cr2O7

2- (Fig. S8, see ESI). Furthermore, as shown in  
Fig. 9a, the presence of obvious Cr 2p peaks (576.8 eV) can be found on 
CPN-tpm-Br-Cr and CPN-tpm-Cl-Cr, indicating the Cr species on the 
surface of the CPN-tpm after sorption experiments. In addition, a new 
peak at 912 cm−1 can be attributed to Cr-O stretching in the FTIR 
spectra of CPN-tpm-Cl-Cr (Fig. 9b) [2,38–40]. Besides, the peaks at 
1072 cm−1 were attributed to quaternary imidazolium moieties, which 
showed that the cationic functional group can still be observed after 
adsorption. Furthermore, in the Raman spectra of CPN-tpm-Cl-Cr and 
CPN-tpm-Br-Cr, the peaks around 900 cm−1 correspond to the Cr(VI)-O 
band frequency shifts [41], indicating the successful Cr species capture 
by the materials (Fig. 9c and d). Additionally, from the Fig. S9, it can be 
seen that CPN-tpm with different counterions before and after the 
adsorption could maintain the morphology, which indicated the stabil-
ity of the cationic polymers during Cr removal process. 

4. Conclusion 

In conclusion, we have demonstrated the construction of 
imidazolium-based cationic polymeric nanotraps using a custom- 
designed building block of tetraphenylmethane for removal of Cr2O7

2- 

from wastewater. The ion exchange from Br- to Cl- afforded significant 
enhancement in Cr2O7

2- adsorption performance for CPN-tpm-Cl, which 
can be attributed to the higher hydrophilicity and smaller ion radius of 
Cl-. Our work not only contributes a facile and efficient approach to 
enhance the adsorption performance of cationic polymer towards 
Cr2O7

2- by simply counter anion exchange, but also paves a way to 
develop cationic polymeric nanotraps as a new type of adsorbents for 
wastewater treatment. 
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