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It is very challenging to design eﬃcient adsorbent materials for SO2 capture with fast adsorption rate and with
high capacity and selectivity, simultaneously. In this work, a kind of hypercrosslinked hollow nanotube ionic
polymers (HNIPs) is reported for rapid capture and eﬃcient removal of low-concentration SO2 in simulated ﬂue
gas. The HNIP-TBMB-1 exhibited very high SO2 capacity (7.2 mmol g−1) and outstanding SO2/N2 (3186) and
SO2/CO2 (91) selectivity at 298 K and 1 bar. Additionally, HNIP-TBMB-1 also showed unprecedented SO2 adsorption rate and reduced the equilibrium time to 1.75 min, as well as the diﬀusion time constant corelated by
Fick’s diﬀusion model was estimated to be 0.25 min−1. Dynamic breakthrough experiments further demonstrated the excellent performance of HNIP-TBMB-1 in removing 3000 ppm SO2 in simulated ﬂue gas. In addition,
HNIP-TBMB-1 showed good reversibility in adsorption–desorption cycles. The present work demonstrates that
designing a HNIP material that has the special architectural feature of hollow nanotubes with inner-channels can
be an eﬀective strategy for realizing eﬃcient, selective, and rapid SO2 capture.

1. Introduction
The emission of sulfur dioxide (SO2) from ﬂue gas (cat.
SO2 = 500 ∼ 3000 ppm) is mainly induced by the excessive combustion of low-grade coal and fuels. It becomes a huge threat to the natural
environment and human health [1–3]. Nowadays, a commonly used
strategy to handle this problem is absorption in liquid solvents [4–6].
⁎

About 90–95% SO2 from ﬂue gas can be removed by the traditional ﬂue
gas desulfurization (FGD) processes using ammonia or wet limestone as
the absorbents [7]. However, these FGD processes are energy intensive
and not eﬃcient for the removal of trace SO2 in ﬂue gas. Therefore, the
exploration of eﬃcient absorbents/adsorbents for deep desulfurization
of ﬂue gas is constantly and highly demanded.
It is well known that a porous material possessing a large surface
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Shanghai Macklin Biochemical Co., Ltd. Carbon dioxide (CO2, 99.99 v/
v%), sulfur dioxide (SO2, 99.99 v/v%), nitrogen (N2, 99.99 v/v%) and
helium (He, 99.99 v/v%) were purchased from Jiangxi Huate Special
Gas Co., Ltd. All chemicals and other reagents were used without any
further puriﬁcation.

area shows great potential in gas storage/separation [8–12]. In the past
decades, various porous materials such as porous polymer [13,14], Ndoped carbon materials [15], metal–organic frameworks (MOFs)
[16,17], and covalent organic frameworks (COFs) [18,19] have widely
been reported for highly eﬃcient, selective, and reversible SO2 capture.
For example, Savage et al. [20] demonstrated that a robust MOF material MFM-300(In) showed a high SO2 capacity of 8.28 mmol g−1 at
298 K and 1.0 bar through the speciﬁc multiple supramolecular interactions. Xing et al. [21] reported a series of inorganic anion-pillared
MOFs for ultrahigh and selective SO2 uptake (11.01 mmol g−1 in
SIFSIX-1-Cu) through multiple synergistic host–guest and guest–guest
interactions. However, it should be noted that adsorption kinetics is a
very important property for practical and industrial application. Many
porous adsorbents MOFs that aﬀord high surface area (> 300 m2/g)
and abundant microporosity could not realize satisfactory adsorption
rate of SO2, resulting in a very long saturation time (≥30 min) [22].
More importantly, it is generally accepted that the mesoporosity in
porous adsorbents is favorable for mass transfer of gas molecules and
would enhance the adsorption rate. For this reason, the design and
synthesis of mesoporous materials but with very fast gas uptake rate is a
very attractive strategy for eﬃcient and deep removal of SO2.
Recently, porous ionic polymers (PIPs), as a kind of porous organic
polymers (POPs), have been widely investigated in the ﬁelds of gas
storage, separation, and utilization (etc. CO2, CH4, H2) owing to their
speciﬁc properties as hypercrosslinked network and strong interaction
capacitated by abundant ionic groups [23–25]. However, there has
been less attention paid to the utilization of PIPs for eﬃcient and selective SO2 capture [24]. In this context, it is desirable and worth to
design and prepare novel highly crosslinked PIPs for eﬃcient, selective,
and fast adsorption of SO2.
Herein, we prepared a kind of hypercrosslinked mesoporous hollow
nanotube ionic polymers (HNIPs) by the two-step process involving the
ﬁrst step of quaternarization and the second step of Friedel–Crafts alkylation (Scheme 1). This kind of novel HNIPs could act as eﬃcient
adsorbents for SO2 capture with both very fast adsorption rate and high
capacity simultaneously (7.2 mmol·g−1 within 0.5 ∼ 2 min at 298 K
and 1 bar). Also, these HNIPs exhibited unprecedented selectivity of
SO2 over other gases, e.g., the adsorption amount ratio of SO2/N2 and
SO2/CO2 were up to 3186 and 91 at 298 K and 1 bar, respectively.
Furthermore, the excellent actual SO2 separation performance was
evaluated via column breakthrough experiments with a simulated ﬂue
gas composition.

2.2. Preparation of HNIPs
Scheme 1 illustrates the preparation of HNIP-TBMB-x (x = the mass
ratio of TBMB to ISM-TBMB) via a two-step procedure consist of quaternarization and Friedel–Crafts alkylation (Scheme 1). The schematic
diagram for synthesis of HNIP-DCX-y (y = the mass ratio of DCX to ISMDCX) is also shown in Scheme S1 in Supplementary data.
Synthesis of precursor ionic salt monomer (ISM): In a typical run,
TBMB (1.46 g, 4 mmol) in CH3CN (15 mL) was slowly added to a solution of 4,4′-bpy (0.30 g, 2 mmol) in CH3CN (15 mL) within 1 h. The
mixture was stirred and reﬂuxed at 353 K for 24 h. After reaction, the
precipitate was ﬁltered from the mixture and washed with CH2Cl2
(3 × 15 mL). Then a yellow powder was obtained and dried in high
vacuum for 24 h at 353 K. The as-prepared precursor was denoted as
ISM-TBMB. Similarly, another precursor ISM-DCX was prepared in according to the synthesis procedure of ISM-TBMB with the replacement
of DCX to TBMB.
Synthesis of hollow nanotube ionic polymers (HNIPs): In a typical
run, ISM-TBMB (0.30 g), TBMB (0.30 g), and FeCl3 (0.3 mmol, 0.55 g)
were dissolved in 1,2-dichloroethane (30 mL). Then, the mixture was
stirred at 353 K for 24 h under N2 atmosphere. After reaction, the brown
precipitate was followed by ﬁltration and washed with methanol
(3 × 25 mL), deionized water (3 × 25 mL), and CH2Cl2 (3 × 25 mL),
respectively. In order to remove possible traces of FeCl3, the brown
precipitate was further puriﬁed by Soxhlet extraction with methanol for
24 h. Thus, a brown powdery solid HNIP-TBMB-1 was obtained with
and dried in high vacuum for 24 h at 353 K. Likewise, HNIP-TBMB-2
was prepared as the same synthesis procedure of HNIP-TBMB-1, except
with the mass ratio of TBMB to ISM-TBMB by 2:1. Using the precursor
ISM-DCX, HNIP-DCX-1 was also prepared with the mass ratio of DCX to
ISM-DCX by 1:1.
2.3. Characterizations
The morphology and sizes of samples were characterized using both
ﬁeld emission scanning electron microscope (SEM, HITACHI SU8020)
with a cold ﬁeld-emission instrument and transmission electron microscopy (TEM, JEOL JEM-2100). The surface chemical composition
was determined by X-ray photoelectron spectroscopy (XPS, Thermo
Scientiﬁc ESCALAB 250Xi, Al Kα radiation source). Fourier transform
infrared (FTIR) spectra were recorded on a Nicolet 6700 spectrometer.
Thermogravimetric analysis (TGA) was carried out on a PerkinElmer
Diamond TG/DTA apparatus from room temperature to 1073 K at a
constant heating rate of 10 K min−1 under ﬂowing nitrogen.

2. Experimental
2.1. Materials
4,4′-Bipyridine (4,4′-bpy, 98%), 1,3,5-tris(1,3,5-bromomethyl)benzene (TBMB, 98%), 1,4-dichloroxylene (DCX, 98%), 1,2-dichloroethane
(99.5%), and anhydrous iron chloride (FeCl3, CP) were provided by

Scheme 1. The two-step synthesis procedure of HNIP-TBMB-x.
2

Chemical Engineering Journal 394 (2020) 124859

X.-C. An, et al.

2.4. Adsorption measurements
The measurement of SO2 absorption was recorded on a dual
chamber volumetric adsorption apparatus (Fig. S1, Supplementary
data), according to our previous work on CO2 and CO absorption
[26–29]. After the completion of SO2 uptake, the SO2-loaded HNIPTBMB-1 sample was heated at 353 K for 0.5 h under a vacuum of
0.01 bar to release the captured SO2. Then the recycled HNIP-TBMB-1
was reused for the next SO2 adsorption run. The single-component
adsorption isotherms of CO2 and N2 at 298 K were measured in a Micromeritics TriStar II 3020 adsorption apparatus. The samples were
degassed at 373 K and vacuumed for 12 h to remove residual moisture
and other trapped gases before N2 and CO2 adsorption analysis. The
speciﬁc Brunauer − Emmett − Teller (BET) surface area was calculated
based on the N2 adsorption isotherms at 77 K.
3. Results and discussion
3.1. Characterization of HNIPs
Fig. 2. (A) SEM and (C) TEM images of HNIP-TBMB-1. (B) SEM and (D) TEM
images of HNIP-TBMB-2.

Two kinds of hypercrosslinked mesoporous ionic polymers HNIPTBMB and HNIP-DCX were successfully prepared (Scheme 1, Scheme
S1) and they are insoluble in several organic solvents such as methanol,
ethyl acetate, diethyl ether, tetrahydrofuran, and dimethyl sulfoxide.
Fig. 1 shows the FTIR spectra of ISM-TBMB, HNIP-TBMB-1, and HNIPTBMB-2. It is showed that these three samples exhibited typical
stretching vibrations peaks of the skeletal benzene ring at 1450, 1500,
and 1600 cm−1. The characteristic peak at 1635 cm−1 were also observed in these three samples, which ascribes to the C = N stretching of
quaternized pyridine ring. This indicates that the quaternarization reaction was successfully performed in the synthesis of ISM-TBMB, HNIPTBMB-1, and HNIP-TBMB-2. Moreover, it should be noted that 1,2-dichloroethane could act as a direct external cross-linker to form the
hyper-cross-linking polymer network through the Friedel-Crafts reaction (Scheme 1) [30,31]. Compared with the FTIR spectra of ISMTBMB, one new characteristic peak was observed at 1384 cm−1 for both
HNIP-TBMB-1 and HNIP-TBMB-2, which assigns to the C − H bending
vibration of − CH2 group originated from 1,2-dichloroethane.
Fig. 2 demonstrates the morphologies of HNIP-TBMB-1 and HNIPTBMB-2, respectively. SEM and TEM images indicate that all the two
HNIP-TBMB samples had a uniform 1D tubular morphology. HNIPTBMB-1 had an external diameter of around 80 nm and inner diameter
of 30 ∼ 50 nm, as well as HNIP-TBMB-2 had an average outer diameter
of 90 nm and inner diameter of 50 ∼ 70 nm, respectively. Moreover,

TEM line scanning proﬁle of carbon element showed that the carbon
signal in the core is much weaker than that on the wall (Fig. S3,
Supplementary data), which obviously demonstrates that HNIP-TBMB1 is a nanotube with a hollow structure instead of a nanoﬁber [32].
Surface area and pore structure of the obtained HNIP-TBMB were
measured by N2 adsorption–desorption analysis (Fig. 3). The isotherms
of ISM-TBMB sample exhibited very low N2 adsorption capacity, indicating the nonporosity of ISM-TBMB. All the HNIP-TBMB samples
displayed a type-IV isotherm with an obvious H3 hysteresis loop, which
indicates the pores were mainly slit-shaped. HNIP-TBMB-1 sample had
a very low surface area of 45 m2/g, and the N2 uptake mainly occurred
at 0.9 ∼ 1.0P/P0, indicating the presence of a little mesopores and
abundant macroporous structures (Fig. S4, Supplementary data). For
comparison, HNIP-TBMB-2 and HNIP-DCX-1 exhibited the large surface
area of 155 and 207 m2/g, respectively (Table 1). These two isotherms
all displayed a H3 hysteresis loop at relative pressure from 0.2 to 1.0P/
P0, and the steep uptake of N2 was observed at relative pressure of
0.9 ∼ 1.0 (Fig. 3, Fig. S5, Supplementary data). Also, the pore size
distribution curves manifested that HNIP-TBMB-2 and HNIP-DCX-1 had
rich hierarchical meso-macroporous structure (Figs. S6, S7,
Supplementary data). Thus, it is believed that a large mass ratio of
TBMB to ISM-TBMB is beneﬁcial to the degree of crosslinking reaction

Fig. 1. FTIR spectra of ISM-TBMB and HNIP-TBMB.

Fig. 3. N2 adsorption/desorption isotherms of ISM-TBMB and HNIP-TBMB.
3
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Table 1
Comparison of separation performance of HNIP-TBMB with other adsorbents at 298 K and 1 bar.
SBET (m2 g−1)

Samples

HNIP-TBMB-1
HNIP-TBMB-2
HNIP-DCX-1
PI-COF-m60
NPC-1–900
SIFSIX-3-Zn
ELM-12
MFM-300(In)
SIFSIX-1-Cu
MFM-601

45
155
207
93
1656
250
706
1071
1178
3644

SO2 (mmol g−1)
0.1 bar

1.0 bar

3.54
3.39
1.57
–
–
1.89
1.95
7.20
8.70
5.00

7.20
7.07
4.80
4.74
1.85
2.10
2.73
8.28
11.00
12.30

Uptake time (min)

SO2/CO2 (10:90)

SO2/N (10:90)

Ref

1.75
2
2
20
30
–
–
–
–
–

91
50
23
–
–
276
30
50
71
32

3186
3051
336
–
–
507
4064
2700
3146
255

this work
this work
this work
[18]
[36]
[21]
[37]
[20]
[21]
[17]

2 has great potential in removing low-concentration SO2.
Since N2 and CO2 usually exist along with SO2 in most ﬂue gas, a
high selectivity is necessary for selective capture of SO2 in a FGD process. Thus, adsorption isotherms of CO2 and N2 on HNIP-TBMB-1,
HNIP-TBMB-2, and HNIP-DCX-1 were further determined at 298 K to
evaluate the separation selectivity. It is expected that HNIP-TBMB-1
had very less adsorbability on N2 and CO2, owing to its very low speciﬁc
surface area. For comparison, HNIP-TBMB-2 and HNIP-DCX-1 had large
BET surface areas and exhibited relatively high N2 and CO2 adsorption
capacities (Table 1, Fig. 5A, Fig. 5B, Fig. S9, Supplementary data).
Then, IAST selectivity of SO2/CO2 and SO2/N2 for the HNIP-TBMB-1
and HNIP-TBMB-2 were calculated as a function of varying SO2 composition (Fig. 5C, Fig. 5D). It is demonstrated that HNIP-TBMB-1
showed the excellent SO2/CO2 selectivity (91) for SO2/CO2 (10/90, v/
v) mixture at 298 K and 1 bar, which is much higher than HNIP-TBMB2, HNIP-DCX-1, and many reported MOFs materials such as ELM-12
[37], MFM-300(In) [20], SIFSIX-1-Cu [21], and MFM-601 [17]
(Table 1). Also, HNIP-TBMB-1 exhibited outstanding SO2/N2 selectivities (650–3186) over a wide range of SO2 molar fraction in gas phase
(0.1–0.9). These ﬁndings show that the special architectural feature of
HNIP-TBMB-1 results to the low BET surface area and thus leads to a
very few amount of N2 and CO2 adsorption on the hollow nanotubes.
On the other hand, the pyridinic-N sites in HNIP-TBMB-1 aﬀords considerable Lewis basicity [36] and is favor for enhanced SO2 uptake,
which is signiﬁcantly larger than the capability of HNIP-DCX-1. As a
result, HNIP-TBMB-1 exhibited the larger SO2 capacities but a lower N2
and CO2 uptake, resulting in excellent SO2/N2 and SO2/CO2 separation
selectivity.

Fig. 4. XPS N 1 s spectra of ISM-TBMB and HNIP-TBMB.

and results to the larger speciﬁc BET surface areas [33].
To gain an insight into the detailed surface elemental compositions
of the ISM-TBMB and HNIP- TBMB samples, XPS measurements were
performed and the results are shown in Fig. 4. The N 1 s XPS spectra
were deconvoluted into two distinct peaks. The peaks at the binding
energies of 398.7 eV and 401.4 eV can be assigned to pyridinic N and
quaternary N, respectively [34,35], respectively. This result again
conﬁrms that the quaternization of 4,4′-bpy had successfully proceed
for synthesis of ISMB and HNIP-TBMB. In addition, the TGA analysis
further showed that the HNIP-TBMB materials as well as the precursor
ISMB have good thermal stability, in which all the decomposition
temperatures are higher than 500 K (Fig. S8, Supplementary data).

3.3. SO2 adsorption rate and diﬀusion model
Adsorption kinetics is another important property for practical desulfurization application. Fig. 6 illustrates the SO2 adsorption rate on
HNIPs at 298 K and 1 bar. Impressively, all of these materials exhibited
very satisfactory SO2 adsorption rate. For example, HNIP-TBMB-1 and
HNIP-DCX-1 captured ∼80% of saturated SO2 uptake at 298 K and
1 bar within less than 0.5 min, and they could reach equilibrium within
2 min. The unprecedented SO2 adsorption rate is much faster than most
of available materials including zeolites, organic polymers, pyrolyzed
carbons, and MOFs [18,36,38]. The present of HNIPs with mesoporemacropore inner diameters can signiﬁcantly reduce the mass transfer of
gas molecules and thus facilitate the diﬀusion and adsorption of SO2 in
the channels of hollow nanotubes.
Furthermore, the Fick’s diﬀusion model [39,40] is employed to
corelate and ﬁt the data for SO2 adsorption on HNIP-TBMB-1 using the
following equation:

3.2. SO2 adsorption and separation performance
The adsorption isotherms of SO2 on HNIP-TBMB-1, HNIP-TBMB-2,
and HNIP-DCX-1 were measured to evaluate their SO2 capture ability.
As shown in Fig. 5, HNIP-TBMB-1 and HNIP-TBMB-2 exhibited good
SO2 adsorption capacity with the saturation value of 7.20 and
7.03 mg g−1 at 298 K and 1 bar, respectively. However, HNIP-DCX-1
exhibited SO2 adsorption capacity of 4.80 mg g−1 at 298 K and 1 bar
(Fig. S9, Supplementary data). It is seen from Table 1 that the capability
of HNIP-TBMB-1 and HNIP-TBMB-2 are superior to many other porous
materials, such as PI-COF-m60 (4.74 mmol g−1) [18], NPC-1–900
(1.85 mmol g−1) [36], ELM-12 (2.73 mmol g−1) [37], and SIFSIX-3-Zn
(2.10 mmol g−1) [21] under the same condition. Moreover, in the SO2
partial pressure of 0.1 bar, HNIP-TBMB-1 and HNIP-TBMB-2 also
reached the SO2 uptake of 3.54 and 3.39 mmol g−1 at 298 K, respectively, which accounts for ∼50% of the saturation adsorption capacity
at 1.0 bar and 298 K. This suggests that HNIP-TBMB-1 and HNIP-TBMB-

1−

6
mt
D
= 2 exp(−π 2 2c t )
m max
π
rc

where mt (mmol g−1) is the amount of SO2 adsorption at time t,
mmax (mmol g−1) is the saturated adsorption capacity, and mt/mmax
4
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Fig. 5. SO2, CO2, and N2 adsorption isotherms for A) HNIP-TBMB-1 and B) HNIP-TBMB-2 at 298 K and 1 bar. The IAST selectivity of C) SO2/CO2 and D) SO2/N2
mixtures with varying SO2 molar fractions in gas phase at 1 bar.

3.4. Dynamic breakthrough performance
To evaluate the actual SO2/CO2 and SO2/N2 separation performance
of HNIPs, dynamic experimental breakthrough tests were carried out
with simulated ﬂue gas compositions containing 3000 ppm SO2 with a
ﬂow rate of 10 mL min−1 at 298 K and 1 bar. As shown in Fig. 8, all
gases except SO2 rapidly eluted within 20 min g−1, and highly eﬃcient
elimination of SO2 was achieved with a breakthrough time interval of
430 and 420 min g−1, respectively. This ﬁnding demonstrates that
HNIP-TBMB-1 and HNIP-TBMB-2 retained the excellent SO2 separation
ability even with the co-existence of N2, O2, and CO2, making a good
agreement with the results of adsorption isotherms and IAST calculations. Furthermore, the comparison results of breakthrough tests of
HNIP-TBMB with the other adsorbents from the reported literatures
also conﬁrmed the excellent performance of HNIP-TBMB-1 (Table S1,
Supplementary data). Therefore, HNIPs are considered to have the
great potential for practical desulfurization applications.
3.5. Recycling test of HNIP-TBMB-1

Fig. 6. SO2 adsorption rate for HNIP-TBMB and HNIP-DCX at 298 K and 1 bar.

The reusability of HNIP-TBMB-1 for SO2 capture is essential for
future practical applications. First, FTIR spectroscopy was performed to
assess the reversible SO2 capture. As seen from Fig. 9A, compared with
the IR spectra of the fresh HNIP-TBMB-1, two new characteristic peaks
were observed at 1326 and 1034 cm−1 after SO2 adsorption, which can
be assigned to asymmetric S = O stretching vibration and π⋯S interaction between SO2 and the phenyl group in HNIP-TBMB-1, respectively [41–43]. This suggests that physical adsorption plays a leading
role in the adsorption of SO2 on HNIP-TBMB-1, and it is easy to release
the captured SO2 at 353 K under a vacuum of 0.01 bar. Moreover, there
is no obvious change in the characteristic peaks of FTIR spectra between the fresh and reused 12th HNIP-TBMB-1. The high available

represents the fractional SO2 uptake. The ratio Dc/rc2 (min−1) is well
known as the diﬀusion time constant, and it can be estimated and regressed using the data points with fractional SO2 uptake larger than
70%. It is seen from Fig. 7 that the correlation coeﬃcient R2 was above
0.95, as well as the Fick’s diﬀusion model had a good ﬁtting for SO2
adsorption kinetics. Then the SO2 diﬀusion time constant for HNIPTBMB-1 was obtained to be 0.25 min−1, which is much higher than that
for biomass derived carbon reported previously [40]. The small value of
Dc/rc2 means high SO2 diﬀusion rate during the adsorption process,
which can greatly shorten the adsorption cycle time in FGD applications.
5
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Fig. 7. (A) Adsorption kinetic of SO2 at 298 K for HNIP-TBMB-1 and (B) Fick’s diﬀusion model on experimental SO2 uptake of HNIP-TBMB-1.

Fig. 8. Experimental column breakthrough curves of A) HNIP-TBMB-1 and B) HNIP-TBMB-2 for simulated ﬂue gas compositions.

Fig. 9. A) FTIR spectra of fresh, SO2-loaded, 1st regenerated, and 12th regenerated HNIP-TBMB-1. B) Recycle performance of HNIP-TBMB-1 for SO2 adsorption.

SO2/CO2 (91) selectivity. Notably, HNIP-TBMB-1 also showed unprecedented SO2 adsorption rate, while the equilibrium time was less
than 2 min and the diﬀusion time constant was estimated to be
0.25 min−1. The breakthrough experiments further demonstrated the
excellent performance of HNIP-TBMB-1 in the highly eﬃcient elimination of 3000 ppm SO2 in simulated ﬂue gas. In addition, HNIPTBMB-1 showed good reversibility and no obvious decrease in SO2
capacity was observed during 12 cycles. Therefore, rapid capture and
eﬃcient removal of low-concentration SO2 endows hollow nanotube
ionic polymers with good potential for practical desulfurization processes.

adsorption capacity was also well maintained during the twelve cycles
(Fig. 9B). All these results demonstrate that the HNIP-TBMB-1 has good
stability and reusability for reversible SO2 capture.
4. Conclusions
In summary, a kind of hypercrosslinked hollow nanotube ionic
polymers was prepared and employed for eﬃcient, selective, and rapid
SO2 capture. Owing to the special architectural feature of uniform
hollow nanotubes, the highly crosslinked HNIP-TBMB-1 exhibited very
high SO2 capacity (7.2 mmol g−1) and outstanding SO2/N2 (3186) and
6
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