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Coskun and colleagues describe the direct utilization of elemental sulfur in the
synthesis of ultramicroporous benzothiazole polymers without the use of any
solvent or catalyst under environmentally benign conditions in quantitative yields.
Remarkably, the resulting material was found to be highly porous and showed
exceptional thermal stability. The authors observed sulfur loadings up to 24 wt %,
which naturally increased CO, affinity while limiting CHy4 diffusion, thus offering a
very unique porous material for the purification of CH, from natural gas and landfill
gas streams.
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SUMMARY

Elemental sulfur, which is produced by a process called hydrodesulfurization
mainly as a byproduct of the purification of natural gas, is one of the most abun-
dant elements in the world. Herein, we describe solvent- and catalyst-free syn-
thesis of ultramicroporous benzothiazole polymers (BTAPs) in the presence of
elemental sulfur in quantitative yields. BTAPs were found to be highly porous
and showed exceptional physiochemical stability. Moreover, in situ chemical
impregnation of sulfur within the micropores increased CO; affinity of the sor-
bent while limiting diffusion of CH,. As low-cost, scalable solid sorbents, BTAPs
showed promising CO, separation ability and high regenerability under vacuum
swing adsorption for the simulated flue gas, natural gas, and landfill gas condi-
tions. The fact that elemental sulfur can be directly utilized in the synthesis of
BTAPs means that it can be recycled back to the natural gas sweetening process
for efficient CO,/CH, separation, thus offering a high-value, scalable, large-
scale application for elemental sulfur.

INTRODUCTION

Sulfur is one of the world’s most versatile and common elements.” However, unlike
that of other chemical commodities, production of sulfur is mostly “involuntary” in
that it mainly arises from petroleum refineries and natural gas processing, thus
creating a global surplus of sulfur.? Currently, elemental sulfur is mainly used in
the production of sulfuric acid, which is a main commodity in the preparation of
fertilizers." In addition, it has been also investigated as a concrete additive.®> More
recently, lithium-sulfur batteries,"® polymeric materials’~'® synthesized via copoly-
merization of sulfur, and various organic transformations have also emerged as
important, high-value, yet relatively small-scale applications for elemental sulfur.
Therefore, it is still highly desirable to develop synthetic strategies that could enable
direct large-scale utilization of sulfur for high-value applications.

Petroleum- and natural-gas-producing regions now account for the majority of
elemental sulfur production. Methane, as the primary component of natural gas,
has emerged as an important energy source in recent years mainly as a result its
abundance and clean nature in comparison with other fossil fuels. In order to use nat-
ural gas as a fuel, however, it should be processed by a procedure called hydrode-
sulfurization or natural gas sweetening. Natural gas containing varying amounts of
CO; and H,S is called sour natural gas, and it is generally treated with amine solu-
tions, followed by regeneration of these solutions at increased temperatures to
release captured H,S and CO5. This acid gas is then further treated by the Claus pro-
cess' ' to produce elemental sulfur. However, high CO, levels significantly decrease
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The Bigger Picture

Elemental sulfur, mainly produced
as a byproduct of natural gas
purification, is one of the most
abundant elements in the world
but s utilized in a relatively limited
number of large-scale
applications, such as gunpowder
and sulfuric acid production.
Herein, we report on a high-value
and scalable application for this
low-value commodity, that is,
using elemental sulfur and organic
linkers to synthesize highly porous
polymers with ultrafine pores.
These polymers showed high
affinity toward CO,, a known
primary greenhouse gas, thus
allowing us to capture and
separate CO; from large point
sources such as flue gas and
natural gas streams. Elemental
sulfur can therefore be directly
utilized in the synthesis of porous
polymers and recycled back for an
efficient, sustainable CO,
separation process. These
polymeric materials offer new
possibilities for directly utilizing
elemental sulfur to provide
sustainable solutions for
challenging environmental issues.
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the efficiency of the sulfur recovery process in the Claus plant. Moreover, the absorp-
tion of CO, from the gas mixture is more complicated with amine solutions because
it involves two pathways, namely bicarbonate and carbamate formation.'” Thus, a
two-step separation in which H,S is first removed with tertiary amine solutions and
then CO; is separated from CH, with either amine solutions or porous sorbents
such as microporous polymers has been proposed.’*'*

Microporous polymers have emerged as promising candidates for CO; capture and
separation as a result of (1) the modularity of their synthesis, which enables structural
tunability for the desired application,’®™"” (2) their high thermal and water stability,
and (3) their lower heat of adsorption of CO, than that of amine solutions,”®?" which
reduces the energy penalty for the regeneration process. To date, several crystalline
and amorphous microporous polymers incorporating various polar functional
groups to tailor their affinity for CO, gas have been prepared.””~*? Most of these
polymers, however, require either expensive rare-earth metals or stoichiometric
amounts of catalysts for their synthesis, which significantly limits their scalability. In
addition, post-washing steps have to be applied in order to remove unreacted
monomers, by-products, and high-boiling-point solvents. Thus, the development
of polymerization strategies to address these issues is critical to ensuring the low
cost and scalability of the resulting microporous polymers. Here, we introduce a
catalyst- and solvent-free polymerization strategy that enables direct utilization of
elemental sulfur in the synthesis of highly microporous benzothiazole polymers
(BTAPs) with Brunauer-Emmett-Teller (BET) surface areas up to 750 m? g’1, We syn-
thesized BTAPs in quantitative yields by mixing two-dimensional (2D) or three-
dimensional (3D) organic linkers incorporating p-tolyl and 4-aminophenyl moieties
with elemental sulfur at 275°C under an Ar atmosphere. Subsequent heating at
400°C was applied to remove excess sulfur and to activate the pores, thus elimi-
nating the post-washing step. BTAPs showed exceptional thermal stability up to
550°C under nitrogen and 500°C under air conditions, which are some of the highest
values reported to date. Although BTAPs showed high affinity toward CO,, we
observed very low affinity toward CHy, presumably because of its limited diffusion
in the presence of a high concentration of polar functional groups within the micro-
pores. These results prompted us to carry out breakthrough experiments to test the
performance of real gas separation. BTAPs showed excellent CO,/CH, separation
performance and high regenerability values for the vacuum swing adsorption
(VSA) process. Thus, BTAPs as low-cost, microporous, highly stable porous solid sor-
bents could be ideal candidates for large-scale utilization of elemental sulfur; they
can then be fully recycled back to the natural gas sweeting process to separate
CO; from CH, and to capture CO; from a flue gas mixture.

RESULTS AND DISCUSSION

Design and Synthesis of the BTAP Series

Benzothiazole is an aromatic heterocyclic compound incorporating S and N atoms in
its structure. Although there are various synthetic routes for its synthesis, we fol-
lowed a catalyst- and solvent-free synthetic route involving the reaction of methyl-
and amine-substituted aromatic rings in the presence of elemental sulfur.**** We
first synthesized (Figure S1) 2-phenylbenzothiazole as a model compound under
these reaction conditions. In order to test this approach for the preparation of
BTAPs, we synthesized (Figure 1; Supplemental Experimental Procedures and Fig-
ure S2) 2D organic linkers, 1,3,5-tris(4-tolyl)benzene (M1) and 1,3,5-tris(4-amino-
phenyl)oenzene (A1), and 3D organic linkers, tetrakis(4-methylphenyl)methane
(M2) and tetrakis(4-aminophenyl)methane (A2), and reacted them in the presence
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Figure 1. Synthetic Scheme for the Preparation of BTAPs

The synthetic approach for making ultramicroporous benzothiazole polymers (BTAPs) through
environmentally benign conditions without using any solvent or catalyst. BTAPs were synthesized
by simply reacting aromatic methyl- (M1 or M2) and amine-substituted monomers (A1 or A2) and
elemental sulfur, Sg, at 275°C in quantitative yields, followed by a heating step at 400°C for pore
activation and sulfur impregnation. See also Figures S1 and S2.

of elemental sulfur. To determine the optimal amount of sulfur for the polymerization
reaction, we reacted (Figure 1) M1 and A1 in the presence of varying amounts (20,
40, 100, 200 equiv with respect to amine) of elemental sulfur to synthesize BTAP-1
at 275°C for 5 hr under an Ar atmosphere and subsequently at 400°C for 5 hr to
remove excess sulfur. We carried out BET surface-area analyses for BTAPs by Ar
adsorption at 87 K. On the basis of these results, 100 equiv of elemental sulfur
loading was identified as the optimal condition for the polymerization reaction for
the preparation of BTAPs with high surface area and the control polymers (cBTAPs),
which were obtained without the additional thermal treatment at 400°C.

Structural Characterization of BTAPs

To verify the formation of BTAPs, we carried out elemental analysis (EA), energy-
dispersive spectroscopy (EDS), thermogravimetric analysis (TGA), X-ray photoelec-
tron spectroscopy (XPS), Fourier transform infrared spectroscopy (FT-IR), solid-state
UV-visible spectroscopy (UV-Vis), cross-polarization magnetic-angle spinning
(CP/MAS) "3C nuclear magnetic resonance (NMR), powder X-ray diffraction
(PXRD), and scanning electron microscopy (SEM) analyses. We carried out EA to
verify the sulfur content in BTAPs and cBTAPs, (Supplemental Experimental Proced-
ures). BTAP-1, BTAP-2, and BTAP-3 showed 8, 11, and 10 wt % more sulfur content,
respectively, than the calculated values, and the sulfur loading amounts reached up
to 20.93, 24.94, and 24.27 wt %, respectively. We attribute this additional sulfur
loading to the C-H insertion reaction of sulfur radicals during the synthesis of
BTAPs®*~*7 given that elemental sulfur can be transformed into its radical linear chain
form at high temperatures (>160°C) and is simultaneously inserted on the aromatic
rings. During the polymer synthesis process at 275°C and subsequently at 400°C, in-
serted sulfur chains can be broken by a process called inverse vulcanization,® which
can lead to the formation of short sulfur chains (S,-S4) and thiol groups. We observed
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higher sulfur contents of 29.79, 39.64, and 40.90 wt % for cBTAP-1, cBTAP-2, and
cBTAP-3, respectively, as a result of the presence of elemental sulfur within the
pores. The sulfur content of the BTAP particles was also verified (Figure S3) with
EDS analysis, the results of which show that sulfur atoms were mostly located within
the BTAP particles. To further verify the form of sulfur within the frameworks and
analyze thermal stability of BTAPs and cBTAPs, we carried out TGA analysis (Fig-
ure 2A). BTAPs were found to be stable up to 550°C under N, and 500°C under
air conditions (Figure S4), indicating that residual sulfurs were chemically impreg-
nated in the framework. These values are comparable with, if not better than, those
of the all-carbon frameworks, such as PPN-62? (520°C in air) and PPN-5%C (450°C in
Ny). In contrast, cBTAPs showed (Figures 2B and S5) significant weight loss in the
temperature range of 150°C-400°C, pointing to the fact that sulfur is mainly trapped
in the pores in its elemental form. We carried out PXRD analysis (Figure 2C) to eval-
uate the crystallinity of BTAPs, which were found to be amorphous. We performed
XPS analysis (Figures 2D-2F) to further elucidate the form of sulfur within the
BTAP structures. The strong S 2p peak at 164.0 eV indicates the presence of sulfur
in a thiophenyl form,*" which suggests successful formation of benzothiazole moi-
eties in BTAPs. The peak at 165 eV was assigned to the formation of S-S bonds be-
tween polymer chains, which could originate from the dimerization thiol groups
generated by the cleavage of sulfur chains at increased temperatures by a process
called inverse vulcanization.® We believe that the 3D interpenetrated framework
structure favors the formation of disulfide bonds. We also observed (Figures 2D
and S6é) two additional peaks in BTAP-1 around 168.0 and 169.2 eV, which we attrib-
uted to the short sulfur chains (S,-S4), which is in good agreement with the recently
reported 2D sulfur-embedded covalent triazine frameworks.*® Formation of benzo-
thiazole linkages in BTAPs and cBTAPs was also evaluated (Figures S7-S9) by FT-IR
analysis. We observed characteristic benzothiazole -C=N- and -C-S- stretching
bands and an -N=C-S vibration band at 1,480, 1,390, and 667 cm™", respectively,
in the FT-IR spectra of the model compound, cBTAPs, and BTAPs, indicating the suc-
cessful formation of benzothiazole linkages.*? Moreover, the complete disappear-
ance of free N-H stretching bands at 3,400, 3,300, and 3,200 cm~" for the A1 and
A2 monomers also supports quantitative formation of cBTAPs and BTAPs. We also
carried out solid-state UV-Vis analysis (Figures S10 and S11); all BTAPs showed a
characteristic benzothiazole absorption peak at 290 nm.** Moreover, BTAPs also
showed broad absorption in the visible range, which could be attributed to the
formation of polycyclic thiophenes during the formation of networks, as described
previously by White et al.”” and verified (Figures 2D-2F) by the XPS analysis. These
observations point to the fact that BTAPs can also be promising candidates for light-
harvesting applications. The molecular connectivity of BTAPs was elucidated (Fig-
ure S12) by solid-state CP/MAS "*C NMR spectroscopy. The CP/MAS '3C NMR
spectra of BTAPs were found to be in a perfect agreement with that of the model
compound. In particular, the carbon atom of the benzothiazole ring, which reso-
nated at 179.0 ppm, provides clear evidence of the formation of benzothiazole rings.
Additional aromatic carbon peaks located at 167.3, 158.1, and 152.3 ppm in the
model compound were also observed in BTAPs. Moreover, the carbon peak located
at 90.2 ppm in the CP/MAS "3C NMR spectra of BTAP-2, -3 was ascribed to the
quaternary carbon core of tetraphenylmethane. In order to evaluate bulk-scale
morphology of BTAPs, we have carried out (see Figure S13) SEM analysis. BTAPs
formed spherical particles with an average particle size of 500, 650, and 800 nm
for BTAP-1, BTAP-2, and BTAP-3, respectively. We also observed the formation of
film-like superstructures in the case of BTAP-2 and BTAP-3, which could explain their
relatively lower surface areas (Figure 3) than that of BTAP-1, presumably as a result of
the decreased accessibility of micropores.
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Figure 2. Thermal Stability Analyses and Structural Characterization of BTAPs

(A) Thermogravimetric analysis (TGA) revealed that BTAPs are very stable up to 500°C under air
without any mass loss.

(B) TGA of cBTAP (control polymer), which was obtained without thermal treatment at 400°C,
revealed that sulfur remained in its elemental form within the framework.

(C) PXRD patterns of BTAPs indicate the amorphous nature of these porous polymers.

(D-F) XPS analyses indicate the formation of thiophene and disulfide (S-S) functionalities, along
with short sulfur chains in the case of BTAP-1.

See also Figures S3-513.

Gas Sorption, Selectivity Studies, and Breakthrough Experiments

The porosity of BTAPs and cBTAPs (Figures S14 and S15) was investigated by
Ar adsorption-desorption isotherms measured at 87 K (Figure 3). All Ar isotherms
showed a typical type | adsorption profile. The rapid uptake observed at the low rela-
tive pressure range, below 0.03 (P/P,), and the lack of desorption hysteresis suggest
the permanent microporous nature of BTAPs. The BET surface areas of BTAPs were
calculated from Ar adsorption isotherms over a valid relative pressure range of 0.01-
0.12, which was determined from the Rouquerol plots (Figures S16 and S17). It is
important to note that the loading amount of sulfur plays a crucial role in the deter-
mination of network porosity. We observed (Figure 3A) increasing surface area with
increasing amounts of sulfur up to 100 equiv and observed a slight decrease in the
BET surface area when sulfur was further increased up to 200 equiv. The BET surface
areas of the BTAP-1 series in the presence of 20, 40, 100, and 200 equiv of elemental
sulfurwere 0, 545.3,750.9, and 702.7 m? 971, respectively. Because the singlet state
of sulfur can undergo a C-H insertion reaction,** the accessibility of the micropores
could be reduced at high sulfur loading amounts. The BET surface areas of BTAP-1,
BTAP-2, and BTAP-3 synthesized in the presence of 100 equiv of sulfur were found to
be 750.9,445.6,and 419.9m? g™, respectively. We attribute the lower surface areas
of BTAP-2 and BTAP-3 to the interpenetration of the framework structure because
they both involve 3D organic linkers in their synthesis. We also carried out (Fig-
ure S18) Soxhlet extraction on BTAP-1 and analyzed its gas sorption properties.
Notably, we did not observe any significant change in its surface area or CO, uptake
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Figure 3. Analysis of the Textural Properties of BTAPs

(A) The effect of the amount of elemental sulfur on the surface area of BTAP-1. For the synthesis of
BTAPs, 100 equiv of sulfur was identified as the ideal condition because it showed the highest
surface area.

(B) Ar uptake isotherms of BTAPs at 87 K; filled and empty symbols represent adsorption and
desorption, respectively.

(C) Calculated pore-size distribution of BTAPs according to the non-local density functional
theory.

See also Figures 514-520.

capacity after Soxhlet extraction, thus proving that our synthetic strategy can elimi-
nate the post-washing steps for sorbent activation. cBTAP-1, cBTAP-2, and cBTAP-3
showed much lower surface areas of 328.9, 147.6, and 20.7 m? g’1, respectively,
along with pore volumes of 0.07, 0.04, and 0.003 cm® g ', respectively. We attribute
the lower surface areas and pore volumes of cBTAPs to the elemental sulfur trapped
within the pores because it blocks the accessibility of micropores to the gas
molecules. The pore-size distributions of BTAPs were calculated from Ar adsorption
isotherms via non-local density functional theory. BTAPs exhibited a very narrow
pore-size distribution in the microporous region (Figure 3C and see also Figures
S19 and 520). Specifically, a pore width below 0.7 nm is credited as ultramicroporos-
ity,”> and BTAP pore-width maxima centered between 0.5 and 0.7 nm clearly
showed their ultramicroporous nature. The micropore volumes were obtained (Fig-
ure S21) by the t-plot method and determined to be 0.242,0.137, and 0.131 cm® g’1
for BTAP-1, BTAP-2, and BTAP-3, respectively.

The permanent porosity of BTAPs prompted us to explore their affinity toward small
gases such as CO,, CHg4, and Ny (Figure 4). Single-component isotherms were
collected up to 1 bar at 273 and 298 K. BTAP-1 showed CO, uptake of 3.26 and
1.78 mmol g~ " at 273 and 298 K, respectively. BTAP-2 and BTAP-3 revealed CO; up-
take capacities of 2.55 and 2.23 mmol g~', respectively, at 273 K and 1.58 and
1.41 mmol g7, respectively, at 298 K as a result of their lower surface areas. The
isosteric heats of adsorption (Qg) for CO, were calculated from CO, isotherms
collected at 273, 288, and 298 K. The Q; for CO, was found to be in the range of
31.7 and 33.8 kJ mol™" at zero coverage. These Q; values could be attributed to
the ultramicroporosity and polar and highly basic*® benzothiazole moieties and sul-
fur chains within BTAPs. Although the relatively high Qj; values indicate the CO,-phi-
lic nature of BTAPs, the completely reversible CO, adsorption-desorption isotherms
without any hysteresis suggest (Figure S22) a physiosorptive mechanism rather than
chemisorption. This is highly important for the regeneration of BTAPs by CO; evac-
uation by only lowering pressure without any heat treatment because the thermal
swiping process leads to a high-energy penalty. We also investigated the sorption
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Figure 4. Pure-Gas Isotherms of BTAPs and the Isosteric Heat of Adsorption for CO, and CH,
(A) Single-component CO,, CHy4, and N3 uptake isotherms of BTAPs at 273 K and 1 bar. The
isotherms are presented without desorption for clarity.

(B) Single-component CO,, CH,4, and N, uptake isotherms of BTAPs at 298 K and 1 bar. The
isotherms are presented without desorption for clarity.

(C) The isosteric heat of adsorption for CO, and CHy, calculated with pure-gas uptake isotherms
at 273, 288, and 298 K in the Clausius-Clapeyron equation.

See also Figures S21 and S22.

behavior of BTAPs for CH,4 (Figures 4A and 4B). The low-pressure pure-component
isotherms were collected at 273 and 298 K. All BTAPs demonstrated relatively low
uptake capacities for CH,. BTAP-2 showed CH, uptake of 0.72 and 0.48 mmol g™
at 273 and 298 K, respectively. The Q; values for CH, were found to be in the range
of 17.8-21.6 kJ mol~" (at zero coverage). Although all isotherms revealed a steep
rise and complete reversibility, we observed little hysteresis in the adsorption-
desorption isotherm as a result of the ultramicroporosity of BTAPs and limited diffu-
sion of CHj.

In order to investigate the CO; selectivity of BTAPs over N, and CH, for flue gas and
natural gas purification, we calculated (see Figures 523-525) CO,/N, and CO,/CH,
selectivities according to the ideal adsorbed solution theory (IAST). To simulate flue
gas conditions, the CO,/N; selectivities were calculated with single-component iso-
therms for a CO,/N; binary gas mixture in the ratio of 20:80 as a function of pressure
at 273 and 298 K. All BTAPs displayed similar CO; selectivities in the range of 36-58
at 273 K. These comparably high selectivity values can be attributed to the CO,-phi-
lic nature of polar benzothiazole functional moieties and the ultramicroporous na-
ture of BTAPs. The increase in temperature led to a decrease in selectivity to 24 at
298 K because of the loss of binding affinity of gas molecules toward the sorbent.
Although BTAPs did not show the highest selectivity performance for CO; separa-
tion from the CO,/N; binary gas mixture, these selectivity values are still higher
than those of most common sorbents, such as porous polymers (COF-300,*” conju-
gated microporous polymers,*® hypercrosslinked polymers,”” porous aromatic
frameworks,”” and azo-linked polymers [ALPs]*?), zeolites (4A and 13X), and acti-
vated carbons. To demonstrate the performance of BTAPs for CH, purification, we
evaluated the selectivity of BTAPs for CO,/CH,4 with the IAST method under two
different CO,/CH4 gas feed compositions: 5:95 for natural gas sweeting and
50:50 for landfill gas purification. In particular, compared with the previously synthe-
sized porous polymers,'?>'~>? BTAP-3 exhibited one of the highest selectivities for
gas composition ratios 12 (5:95) and 20 (50:50) at 273 K. Although IAST is an impor-
tant tool for predicting mixed-gas selectivities from pure-gas isotherms, these selec-
tivities should be verified (Table S1 and Supplemental Experimental Procedures)
by breakthrough experiments. In order to elucidate the real CO, separation
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Figure 5. Gas-Mixture Selectivity and Breakthrough Measurements of BTAPs

(A-C) Calculated IAST selectivity values of BTAPs for three different gas-mixture compositions: flue
gas (CO,/Ny, 20:80) (A), natural gas (CO,/CHyg, 5:95) (B), and landfill gas (CO,/CHj, 50:50) (C) at 273 K.
(D-F) Calculated IAST selectivity values of BTAPs for three different gas-mixture compositions: flue
gas (CO,/Ny, 20:80) (D), natural gas (CO,/CH,, 5:95) (E), and landfill gas (CO,/CHa, 50:50) (F) at 298 K.
(G-I) Column-breakthrough measurements for CO,-containing binary gas-mixture streams with
different feed gas compositions to investigate the CO, capture capacity of BTAPs for large-scale
applications under simulated conditions of flue gas (CO,/N,, 20:80) (G), natural gas (CO,/CH,,
5:95) (H), and landfill gas purification (CO,/CHy, 50:50) (I) at 298 K.

See also Figures S23-527.

performance of BTAPs, we conducted column-breakthrough separation experi-
ments (Figures S26 and S27). BTAPs were analyzed with three different binary gas-
mixture compositions, CO2/N, (20:80), CO,/CHj, (5:95), and CO,/CH, (50:50), for
flue gas, natural gas, and landfill gas purification, respectively. BTAPs showed
remarkable CO; separation performance for all the binary gas mixtures tested. For
the CO2/N; (20:80) gas mixture at 298 K (Figure 5G), N, immediately appeared in
the detector, whereas CO, was adsorbed until the breakthrough time of 1.8 min.
The total CO; storage capacities of BTAP-1, BTAP-2, and BTAP-3 were found to
be 0.59, 0.49, and 0.36 mmol g”, respectively. To simulate natural gas (Figure 5H)
and landfill gas (Figure 5I) conditions at 298 K, we also tested the performance of
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BTAPs for the separation of these CO,/CH,4 binary gas mixtures. CO, was quantita-
tively adsorbed in the column until the breakthrough time of 2.8, 1.1, and 0.7 min
under landfill gas conditions for BTAP-1, BTAP-2, and BTAP-3, respectively, and
CH4 gas appeared in the stream and returned back to feed the gas stream levels
just after breakthrough. BTAP-1 showed high CO; storage capacities of 0.17 and
1.34 mmol g~ for CO,/CHj, (5:95) and CO,/CH, (50:50), respectively. These find-
ings are in good agreement with the results observed for single-component iso-
therms and further verify BTAPs’ potential for use in real gas streams.

We also evaluated BTAPs under VSA conditions according to five adsorbent evalu-
ation criteria (Table S2): (1) N42%, CO, uptake under adsorption conditions; (2) AN;,
the working capacity; (3) R, regenerability; (4) @429, selectivity under adsorption
conditions; and (5) S, sorbent selection parameter.”*® To compare the perfor-
mance of BTAPs with other porous sorbents that have been evaluated according
to these criteria, we evaluated the BTAPs for CO, separation from a CO./N,
(10:90) mixture under VSA conditions. BTAP-1 showed one of the highest regener-
ability values (88%) among all the porous sorbents analyzed. On the other hand,
BTAP-2 and BTAP-3 demonstrated comparatively high CO, uptake (N42#) and work-
ing capacities because of their high Q; values. It is noteworthy to mention that the
Q,: of sorbents plays a more important role than their surface area in obtaining a
higher working capacity for flue gas separation under VSA conditions because this
value is obtained from the lower-pressure (0.1 bar) CO, uptake. BTAPs were also
evaluated according to the criteria for landfill gas (CO,/CH,, 50:50) separation
under VSA conditions. BTAPs exhibited excellent regenerability values in the range
of 78-86. In fact, BTAP-1 exhibited one of the highest regenerability values reported
to date and exceeded all the porous polymers (Table S2), including ALPs, benzimid-
azole-linked polymers, porous organic polymers, SNU-C1-va, zeolites, and activated
carbons. In addition to showing incredible regenerability, BTAPs showed remark-
able sorbent-selection parameters and selectivity values along with moderate work-
ing and CO; uptake capacities in comparison with other porous materials. Unlike
these porous materials, however, BTAPs have several other advantages, such as sol-
vent- and catalyst-free synthesis, high thermal and water stability, elimination of
post-washing steps, and high gas selectivity and regenerability.

In summary, we have presented a simple, efficient, and scalable approach for the
direct utilization of elemental sulfur in the synthesis of ultramicroporous benzothia-
zole polymers with high surface areas without any solvent or catalyst. These poly-
mers showed excellent breakthrough CO; separation performance under flue gas,
natural gas, and landfill gas conditions. The fact that elemental sulfur mediates
the formation of these polymers, and it can be effectively recycled back to the natural
gas purification process, thus offers the potential for a high-value, large-scale appli-
cation for a low-value commodity such as elemental sulfur. Although we focused pri-
marily on gas separation, this approach can be extended to the capture and removal
of toxic metals, such as mercury, and to energy-storage applications and can be uti-
lized as a support for catalytically active nanoparticles. More importantly, it will open
up new material possibilities for the utilization of elemental sulfur to provide sustain-
able solutions for challenging environmental issues.

EXPERIMENTAL PROCEDURES

General Synthetic Procedure for the Syntheses of BTAPs
Aryl amine (1.0 equiv), arene (1.0 equiv), and elemental sulfur (100.0 equiv) were
mixed and transferred into a crucible. After the crucible was placed in a tube furnace,
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the atmosphere was replaced with argon. The temperature was gradually increased
to 275°C over 1 hr, and this temperature was maintained for 5 hr. Then, the temper-
ature was increased to 400°C over 1 hr, and this temperature was maintained for an
additional 5 hr. The resulting powder was cooled down to room temperature to
afford BTAPs in quantitative yields.

General Synthetic Procedure for the Syntheses of cBTAPs

Aryl amines (1.0 equiv), arenes (1.0 equiv), and elemental sulfur (100.0 equiv) were
mixed and transferred to crucibles. After the crucible was placed in a tube furnace,
the atmosphere was replaced with argon. The temperature was gradually increased
to 275°C over 1 hr, and this temperature was maintained for 5 hr. After the temper-
ature was reduced to room temperature, the resulting solid was dried under a vac-
uum to yield cBTAPs.
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