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ABSTRACT: Because of considerable adsorption capacities of competitive gases
N, and CO,, many kinds of porous materials suffer from unsatisfied SO,/CO, and
SO,/N, selectivities and thus hardly achieve deep removal of SO, from flue gas.
Herein, a novel type of guanidinium-based poly(ionic liquid) with the feature of
nonporosity was designed and prepared through a facile copolymerization
procedure. It is very attractive that nonporous guanidinium-based poly(ionic
liquids) P([allyl- TMG]Br-DVB) by polymerization of (allyl-tetramethylguanidine)-
bromide with divinylbenzene had almost excluded the adsorption of N, (0.01 mmol
g™') and CO, (0.07 mmol g') but showed very high SO, capacity (9.79 mmol g™*)
at 25 °C and 1 bar. The high selectivities of SO,/CO, (452) and SO,/N, (2294)
were accordingly obtained. Furthermore, column breakthrough experiments
confirmed the excellent separation performance of P([allyl-TMG]Br-DVB) in
deeply eliminating 2000 ppm SO, in the mixture of SO,/N,/CO,. The employment
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of nonporous poly(ionic liquids) as efficient adsorbents is an effective strategy for the deep removal of SO, from flue gas.

B INTRODUCTION

Nowadays, sulfur dioxide (SO,) emitted from burning low-
grade fossil fuels has attracted worldwide attention because of
its great threat to human health and environmental quality.
The SO, content in flue gases is usually in the range of 500—
3000 ppm, and over 95% SO, can be captured and removed by
traditional amine solutions or limestone slurry.l’2 However,
these conventional flue gas desulfurization (FGD) technologies
have several inherent drawbacks such as hard deep removal of
SO,, easy-to-scaling and wearing, amine degradation, and
equipment corrosion. Thus, the design and development of
new separation materials for efficient and selective capture of
SO, are highly conceived and constantly demanded.

Until now, a variety of porous materials, such as porous
carbon,®™® porous organic polymer,’ and metal—organic
frameworks (MOFs),””” have been designed and developed
for efficient adsorption of various gases including SO,, CO,,
CH,, H,, etc.'”~'* However, it should be noted that SO, is
usually along with various competitive gases such as N, and
CO,."” The abundant pores in porous materials also can
enhance the interaction between the adsorbents and
competitive gas molecules. As a result, many porous materials
exhibited considerable adsorption capacities for CO, and N,
significantly reducing the selectivities of SO,/CO, and SO,/
N,.'* For this reason, it is interesting and worth designing
novel adsorbent materials for SO, capture, which exhibit high
SO, uptake capacity but almost exclude the adsorption of CO,
and N,.

Recently, ionic liquids (ILs) have been popularly considered
as novel and eflicient solvents for gas absorption because of
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their excellent ability for selective molecular recognition.'*'

So far, a lot of ILs have been reported and used for efficient
capture of SO, and CO." 7 For example, Xing et al.’’
prepared a kind of nonporous imidazolium-based poly(ionic
liquid) xerogel, which showed large SO, adsorption capacity
(7.78 mmol g™') and high selectivity of SO,/CO, (up to 614)
via a swelling mechanism but excluded the adsorption of CO,
and N,. However, such nonporous poly(ionic liquids) need a
complex preparation process involving microfluidic technology
and photopolymerization, and the column breakthrough
performance is also not satisfied entirely. Considering the
inadequate research on nonporous poly(ionic liquids) for SO,
capture, it is very promising and rationally conceived to facilely
synthesize other nonporous poly(ionic liquids) for efficient
adsorption of SO, with excellent breakthrough performance.
Herein, we designed and prepared a new type of
guanidinium-based poly(ionic liquid) through a facile one-
pot process involving the formation of guanidinium ILs and
subsequent copolymerization of guanidinium ILs with
divinylbenzene (Scheme 1). Systematic characterizations
manifested that these kinds of guanidinium-based poly(ionic
liquids) showed the feature of a nonporosity structure. More
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Scheme 1. One-Pot Procedure of Guanidinium-Based
Poly(ionic liquids)
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importantly, guanidinium-based poly(ionic liquids) could be
employed as superior adsorbents for highly efficient SO,
capture. In addition, their excellent performance for deep
elimination of 2000 ppm SO, in the mixture of SO,/N,/CO,
was further confirmed via column breakthrough experiments at
25 °C and 1 bar.

B EXPERIMENTAL SECTION

Materials. Tetramethylguanidine (TMG, 99%), 2,2'-
azobis(2-methylpropionitrile) (AIBN, 98%), divinylbenzene
(DVB, 80%), hexamethylenetetramine (HMTA, 99%), trie-
thylenediamine (DABCO, 98%), and 3-bromopropene (98%)
were purchased from Shanghai Macklin Biochemical Co. Ltd.
CO, (99.999%), N, (99.999%), and SO, (99.99%) were
provided by Jiangxi Huate Special Gas Co. Ltd. All of the other
chemicals were used as received without further purification.

Preparation of Guanidinium-Based Poly(ionic
liquids). As shown in Scheme 1, guanidinium-based poly-
(ionic liquids) were prepared through a facile one-pot process
involving the preparation of guanidinium ILs and radical
copolymerization of guanidinium ILs with divinylbenzene. In a
typical run, 3-bromopropene (1.21 g, 10 mmol) was added
dropwise to an ethyl acetate solution (10 mL) of TMG (1.15 g,
10 mmol). Then, DVB (1.30 g, 10 mmol) was added to the
mixture and stirred at 60 °C for 12 h. After that, guanidinium
IL [allyl TMG]Br was generated, which agrees with our
previous work on CO, adsorption and utilization.”” Sub-
sequently, AIBN (0.05 g) and H,O (2.5 mL) were further
charged to the mixture and stirred at 100 °C for 24 h. After the
reaction, the solid powder was washed with tetrahydrofuran
and deionized water five times. Finally, a white solid powder
labeled as P([allyl-TMG]Br-DVB) was obtained after drying in
a vacuum oven at 80 °C for 12 h.

For comparison, the other two kinds of tertiary amine-based
poly(ionic liquids) were prepared, but with the replacement of
TMG with HMTA and DABCO, respectively, that is,
polymerization of (allyl-hexamethylenetetramine)bromide or
(allyl-triethylenediamine)bromide with DVB. These two
polymers were then labeled as P([allylHMTA]Br-DVB) and
P([allyl- DABCO]Br-DVB).

Characterizations. The crystallographic structures of
samples were detected using a Rigaku RINT-2200 X-ray
diffractometer (XRD) using Cu Ko radiation (40 kV, 20 mA).
Fourier transform infrared (FTIR) spectra were collected on a
NEXUS870 FTIR spectrometer. Thermogravimetric analysis
(TGA) was carried out on a PerkinElmer Diamond instrument
with a heating rate of 10 °C/min under a nitrogen atmosphere.
The morphologies and sizes of samples were analyzed by
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scanning electron microscopy (SEM, HITACHI SU8020) and
transmission electron microscopy (TEM, JEOL JEM-2100) in
high resolution. The nitrogen adsorption/desorption analysis
was recorded on a Micromeritics TriStar II 3020 instrument at
77 K, and the surface area was calculated using the Brunauer—
Emmett—Teller (BET) method. The X-ray photoelectron
spectroscopy (XPS) spectra were obtained on a Kratos AXIS
SUPRA with Al Ko radiation.

Adsorption Measurements. The schematic for adsorp-
tion of SO, is shown in Figure S1 in the Supporting
Information, which is the same as our previous work.”® The
SO, adsorption capacity was measured and calculated by a
dual-chamber volumetric method. More details can be found
in the Supporting Information. Three duplicate experiments
were run for each sample to obtain averaged values of SO,
adsorption. For the recycle test, SO,-loaded poly(ionic liquids)
were heated to 80 °C for desorbing SO, under a vacuum of 0.1
kPa for 2 h. The regenerated poly(ionic liquids) were
employed for the next adsorption of SO,. Furthermore, the
adsorption isotherms of CO, and N, at 25 °C by poly(ionic
liquids) were determined on Micromeritics TriStar II 3020
apparatus.

Breakthrough Tests. The breakthrough tests were
measured on homemade apparatus for removal of 2000 ppm
SO, at 25 °C and 1 bar (Figure S2, Supporting Information).
In the dynamic separation experiment, P([allyl-TMG]Br-
DVB) samples (0.35 g) were packed into a @ 6.3 X 140
mm stainless steel column and the column was activated under
reduced pressure at 120 °C for 2 h. A carrier gas (He >
99.999%) was used to purge the adsorption bed for about 4 h
at room temperature. Then, the mixed gas composed of 2000
ppm SO,, 84.8% N,, and 15% CO, was passed at a flow rate of
23.53 mL min™" for the adsorption of SO,. The gas flows were
controlled at the inlet by a mass flow meter, and gas
chromatography (Agilent HP7890B) continuously monitored
the effluent gas from the adsorption bed.

B RESULTS AND DISCUSSION

Characterization of Poly(ionic liquids). Figure 1 shows
the FTIR spectra of three kinds of poly(ionic liquids) for
identification of their chemical groups. It is demonstrated that
all of these poly(ionic liquid) samples showed typical

stretching vibration peaks around 1450—1610 cm™', corre-
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Figure 1. FTIR spectra of P([allyl-TMG]Br-DVB), P([allyl- HMTA]-
Br-DVB), and P([ally-DABCO]Br-DVB).
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sponding to the skeletal benzene ring of DVB.**** This finding
indicates the successful copolymerization of TMG with DVB.
Moreover, the poly(ionic liquid) P([allyl- TMG]Br-DVB)
exhibited the bending vibration of the N—H group at 1564
ecm™',”® but the other two IL poly(ionic liquids) P([allyl-
HMTA]Br-DVB) and P([ally-DABCO]Br-DVB) did not.
Subsequently, XRD was used to measure the crystal micro-
structures of these poly(ionic liquids). It can be seen from
Figure S3 that no crystalline phase was detected and the
broadened peak at around 260 = 22° was assigned to the
patterns of amorphous carbons in these poly(ionic liquids). In
addition, the thermal stability of P([allyl- TMG]Br-DVB),
P([ally-HMTA]Br-DVB), and P([allyl- DABCO]Br-DVB)
samples was further investigated (Figure S4, Supporting
Information). It is obvious that the initial decomposition
temperature of P([allyl-TMG]Br-DVB) was as high as 260 °C
and was superior to the other two poly(ionic liquids), showing
excellent thermal stability of P([allyl- TMG]Br-DVB).

The porosities of P([allyl- TMG]Br-DVB), P([allyl- HMTA]-
Br-DVB), and P([allyl-DABCO]Br-DVB) were further char-
acterized by N, adsorption/desorption analysis. As shown in
Figure 2, it is observed that the poly(ionic liquids) P([allyl-
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Figure 2. N, adsorption/desorption of P([allyl-TMG]Br-DVB),
P([allyl- HMTA]Br-DVB), and P([allyl- DABCO]Br-DVB).

HMTA]Br-DVB) and P([allyl- DABCO]Br-DVB) had a type-
II isotherm with an H3 hysteresis loop. Most of the N, uptake
occurred at 0.9—1.0 P/P,, indicating the presence of slit-
shaped pores.”® Then, the surface areas of P([allyl- HMTA]Br-
DVB) and P([allyl- DABCO]Br-DVB) were calculated to be 58
and 45 m® g~', respectively. In contrast, the isotherm of the
P([allyl- TMG]Br-DVB) sample showed extremely low N,
uptake capacity, and its surface area was only 4 m’ g,
demonstrating the nonporosity of P([allyl-TMG]Br-DVB).
This demonstrates that compared with the monomers HMTA
and DABCO, the absence of a ring-shaped structure in the
TMG monomer can result in nonporous P([allyl-TMG]Br-
DVB) with a very low surface area.

Figure 3 shows the SEM and TEM images of P([allyl-
TMG]Br-DVB) and P([allyl- HMTA]Br-DVB), respectively. It
is revealed that the primary particles of nonporous poly(ionic
liquid) P([allyl-TMG]Br-DVB) interconnected with each
other to form a very dense framework. In contrast, the
particles of P([allyl-HMTA]Br-DVB) did not aggregate
seriously. A randomly oriented but more loose structure was
observed for the poly(ionic liquid) P([allyl-HMTA]Br-DVB),
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Figure 3. TEM images of (a) P([allyl- TMG]Br-DVB) and (b)
P([ally-HMTA]Br-DVB) and SEM images of (c) P([allyl- TMG]Br-
DVB) and (d) P([allylHMTA]Br-DVB).

as well as the nonporous feature of P([allyl-TMG]Br-DVB)
was confirmed by the TEM images. To gain an insight into the
chemical states of C, N, O, and Br species in P([allyl- TMG]Br-
DVB), P([allyl-HMTA]Br-DVB), and P([allyl-DABCO]B:-
DVB), XPS characterization was further performed, as shown
in Figure 4. It is demonstrated that the C, N, O, and Br
elements were detected in the full-scan spectra of these three
poly(ionic liquids) samples (Figure SS, Supporting Informa-
tion). Moreover, the N 1s XPS spectra of P([allyl- TMG]Bt-
DVB) and P([allyl-HMTA]Br-DVB) can be deconvoluted to
two types of nitrogen species, corresponding to pyrrolic N at
400.0 eV and quaternary N at 401.2 eV>"*® (Figure 4a). Also,
the binding energy of quaternary N in P([allyl- DABCO]B:-
DVB) was observed at 402.4 eV. These results confirm that the
fragments of guanidinium ILs and ammonium ILs were formed
and existed in these three poly(ionic liquids). In addition, in
the bromide region (Figure 4b), the binding energies at around
67 and 68 eV were attributed to Br 3ds,, and Br 3d;,
respectively.'””” It is worth noting that the binding energy of
Br 3d in P([ally- TMG]Br-DVB) was found to be slightly
lower than in the cases of P([allyl-HMTA]Br-DVB) and
P([allyl-DABCO]Br-DVB). The monomer guanidinium IL in
P([allyl-TMG]Br-DVB) may have an electron-donating effect
on the bromide ion, and thereby enhance the electron density
of Br™, resulting in the relatively low binding energy of Br 3d in
P([allyl-TMG]Br-DVB).

SO, Adsorption Performance. The adsorption capacity
of SO, on three poly(ionic liquids), P([allyl-TMG]Br-DVB),
P([allyl-HMTA]Br-DVB), and P([allyl-DABCO]Br-DVB),
was measured at 25 °C and 1 bar to assess their SO, capture
ability. As shown in Figure S, these three poly(ionic liquids)
exhibited different SO, adsorption capacities, and the sequence
was P([allyl-TMG]Br-DVB) > P([allyl DABCO]Br-DVB) >
P([allyl- HMTA]Br-DVB). Nonporous poly(ionic liquid) P-
([allyl- TMG]Br-DVB) showed the highest SO, uptake
capacity of 9.79 mmol/g at 25 °C and 1 bar. As mentioned
above, P([allyl- TMG]Br-DVB) owned the lower Br 3d binding
energy compared with P([allyll HMTA]Br-DVB) and P([allyl-
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Figure S. SO, adsorption rate for P([allyl- TMG]Br-DVB), P([allyl-
HMTA]Br-DVB), and P([allyl- DABCO]Br-DVB) at 25 °C and 1 bar.

DABCO]Br-DVB), indicating that the Br~ ion in P([allyl-
TMG]Br-DVB) has a more negative charge and exhibits a
relatively strong Lewis basicity. Thus, P([allyl-TMG]Br-DVB)
showed a better SO, affinity and resulted in a higher SO,
uptake capacity. Moreover, the effect of adsorption temper-
ature on the performance of P([allyl- TMG]Br-DVB) was also
studied (Figure S6, Supporting Information). It is showed that
the SO, uptake capacity decreased obviously with increasing
temperature, indicating an exothermic adsorption process.
Although the absorption temperature was as high as 333 K, the

SO, uptake still reached 3.5 mmol g~'. The isosteric heats of
SO, adsorption on P([allyl-TMG]Br-DVB) were found to be
from —55 to —4S5 kJ mol™' (Figure S7, Supporting
Information).

More importantly, nonporous poly(ionic liquid) P([allyl-
TMG]Br-DVB) exhibited a very fast SO, adsorption rate with
a saturation time of around S min. A SO, uptake capacity of 8
mmol/g could be achieved by P([allyl-TMG]Br-DVB) at a
very short time of 0.5 min. This unprecedented SO, adsorption
rate is significantly superior to the performance of nonporous
ionic xerogels and many Jporous materials including zeo-
lites,29’30 porous carbons,3’ covalent organic Polymers,sl’32
and MOFs.””” In addition, the interaction between P([allyl-
TMG]Br-DVB) and SO, was further characterized by FTIR
spectroscopy (Figure 6). For the SO,-loaded P([allyl- TMG]-
Br-DVB) sample, the stretching vibration peak intensity of the
—NH group decreased significantly (Figure 6a), as well as two
new peaks at 1120 and 1290 cm™" were observed and assigned
to the symmetric and asymmetrical vibration of S=O,
respectively (Figure 6b).>*7° These results confirm the
chemical interaction between SO, and P([allyl- TMG]Br-
DVB), in which the adsorption binding site is the —NH
moiety on P([allyl-TMG]Br-DVB).

It is known that the competitive gases N, and CO, often
coexist with SO, in the most flue gas.”” A high adsorption
selectivity for removal of SO, is very necessary for an FGD
process. Thus, the adsorption isotherms of N, and CO, on the
poly(ionic liquids), P([allyl-TMG]Br-DVB), P([allyl- HMTA]-
Br-DVB), and P([allyl-DABCO]Br-DVB) were further meas-
ured at 25 °C and 1 bar (Figures 7and S8, Supporting
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Figure 6. Comparison of FTIR spectra of fresh P([allyl-TMG]Br-DVB) and P([ally-TMG]Br-DVB) + SO,.
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Table 1. Adsorption Capacity of SO,, CO,, and N, on Three Poly(ionic liquids) and Other Adsorbents at 25 °C and 1 bar

SO, (mmol g7') CO, (mmol g™")

N, (mmol g™")

samples 0.1 bar 1 bar 1 bar 1 bar S0,/CO, (10/90) SO,/N, (10/90) ref

P([allyl-TMG]Br-DVB) 2.95 9.79 0.07 0.01 452 2294 this work
P([ally-DABCO]Br-DVB) 236 7.69 0.13 0.02 181 2062 this work
P([ally- HMTA]Br-DVB) 0.99 6.10 0.07 0.01 131 871 this work
MFM-300(In) 7.20 828 3.61 025 50 2700 40
SIFSIX-1-Cu 8.70 11.00 4.94 0.29 71 3146 14
SIFSIX-3-Zn 1.89 2.10 2.65 7 507 14
MEM-305-CH3 4.38 S.16 2.39 0.35 17 136 9
Ni(bdc)(ted)0.5 3.50 9.97 227 41

HNIP 3.54 7.20 0.37 0.01 91 3186 20

Information). The impact of their porosities and surface areas 1.2

on SO,/N, and SO,/CO, adsorption selectivities were further
evaluated. The results demonstrated that the highly dense
structure of nonporous P([allyl-TMG]Br-DVB) successfully
excluded the adsorption of N, and CO,. The N, and CO,
adsorption capacities were then as low as 0.01 and 0.07 mmol
g~!, respectively. As a result, a high SO,/CO, selectivity (452)
for the SO,/CO, (10/90, v/v) mixture and outstanding SO,/
N, selectivity (2294) for the SO,/N, (10/90, v/v) mixture was
achieved at 25 °C and 1 bar, respectively (Table 1). On the
contrary, the poly(ionic liquid) P([allyl-DABCO]Br-DVB)
with a relatively large surface area displayed more N, and CO,
adsorption capacities, which results in unsatisfied SO,/N, and
S0O,/CO, adsorption selectivities. Therefore, P([allyl TMG]-
Br-DVB) has a good potential for highly selective trace SO,
capture in the FGD process.

To confirm the actual SO,/CO, and SO,/N, separation
performance on nonporous poly(ionic liquid) P([allyl- TMG]-
Br-DVB), experimental breakthrough tests were carried out
with a simulated flue gas mixture containing 2000 ppm SO,
with a flow rate of 23.53 mL min~" at 25 °C and 1 bar (Figures
8 and S9, Supporting Information). It is found that compared
with porous P([allyll HMTA]Br-DVB), the breakthrough time
of SO, on nonporous P([allyl- TMG]Br-DVB) could reach up
to 150 min g~'. This means that highly efficient and deep
elimination of SO, could be achieved with clean N, and CO,
eluted from the bed by nonporous poly(ionic liquid) P([allyl-
TMG]Br-DVB). Furthermore, P([allyl- TMG]Br-DVB) was
treated in the saturated steam at 80 °C for 24 h to test its
water stability. It is found that the breakthrough performance
of steam-treated P([allyl- TMG]Br-DVB) for 2000 ppm SO,

5988

2000 ppm SO,, 84.8% N, ,15% CO, Flow: 23.53 mL/min

L
300
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0 100 200 400
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Figure 8. Experimental column breakthrough curves for SO,/N,/

CO, (2000 ppm SO,) separation with P([allyl- TMG]Br-DVB) at 25
°C and 1 bar.

did not reduce obviously, and the retention time was retained
at ~150 min g_1 (Figure S10, Supporting Information).
Comparison of Poly(ionic liquids) with other Adsorb-
ents in the Literature. The adsorption amount ratio of SO,
and CO, on different adsorbent materials at a pressure of 0.5
bar was summarized and is shown in Figure 9. It is noted that
P([allyl TMG]Br-DVB) exhibited the highest SO,/CO,
uptake ratio among most materials including MOFs, zeolites,
porous organic polymers, and active carbons.”*”**~*' More-
over, we also compared the SO, adsorption capability of
nonporous poly(ionic liquids) with other adsorbents reported
in the previous literature (Table 1). It is indicated that the SO,
capability of nonporous P([allyl- TMG]Br-DVB) is comparable
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Figure 9. Comparison of the adsorption amount ratio of SO, and
CO, at 0.5 bar. (1) P([allyl-TMG]Br-DVB) at 25 °C; (2) P([allyl-
HMTA]Br-DVB) at 25 °C; (3) 13X zeolite at 323 K; (4) NOTT-300
at 0 °C; (5) NOTT-202a at 0 °C; (6) activated carbon CAC at 25
°C; (7) MFM-305-CH3 at 25 °C; (8) MOF material SIFSIX-1-Cu at
25 °C; and (9) MOF material ZIF-10 at 25 °C.

to the benchmarking MOF adsorbents MFM-300(In),*"
SIFSIX-1-Cu, and Ni(bdc)(ted)0.5.*" More importantly, the
N, and CO, capacities of nonporous P([allyl- TMG]Br-DVB)
are extremely low, which are significantly less than those of
many reported porous materials. Therefore, it is well accepted
that the nonporous characteristic of P([allyl-TMG]Br-DVB) is
in favor of highly efficient and selective SO, adsorption and
shows good potential in the FGD process.

Recycling Test of P([allyl-TMGIBr-DVB). Recycling
performance related to the process cost is important for
potential applications. Six cycles of SO, adsorption and
desorption by nonporous P([allyl- TMG]Br-DVB) were
performed to test the reversibility of nonporous P([allyl-
TMG]Br-DVB). As shown in Figure 10a, nonporous P([allyl-
TMG]Br-DVB) still kept initial SO, uptake performance after
the sixth run. Moreover, FTIR spectroscopy was performed to
evaluate the completion of SO, desorption. Compared with
fresh P([allyl- TMG]Br-DVB), the recycled P([allyl-TMG]Br-
DVB) had no obvious changes in the characteristic peaks of
FTIR spectra (Figure 10b), implying the total desorption of
SO,. All of these results suggest that nonporous P([allyl-

TMG]Br-DVB) has a good enough reversibility to run SO,
adsorption and desorption cycles.

B CONCLUSIONS

In summary, a kind of guanidinium poly(ionic liquid) was
prepared and used for highly efficient SO, capture. It is
demonstrated that guanidinium poly(ionic liquid) P([allyl-
TMG]Br-DVB) with the nature of nonporosity had almost
excluded N, and CO, uptake but exhibited very high SO,
capacity at 25 °C and 1 bar. Accordingly, the highest selectivity
of SO,/CO, and SO,/N, was up to 452 and 2294 (i.e., 10/90
mixture at 25 °C and 1 bar), respectively. Furthermore, the
excellent separation performance for eliminating 2000 ppm
SO, on P([allyl- TMG]Br-DVB) was examined and verified by
the breakthrough experiments with the mixture of SO,/CO,/
N,. In addition, P([allyl-TMG]Br-DVB) showed good
structural stability and enough reversibility to run SO,
adsorption/desorption during six cycles. It is believed that
nonporous poly(ionic liquids) show good potential for the
actual flue gas desulfurization process.
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