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30 ABSTRACT

44 CO; capture from industrial point source waste streams represents an important need for
47 achieving the global goal of carbon-neutrality. Compared with conventional liquid sorbents, solid
sorbents can exhibit several distinct advantages, including enhanced lifetime and reduced energy

54 consumption for sorbent regeneration. Considering CO, emission is a grand challenge, reaching
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approximately 37 billion metric tons just in 2021, ideal sorbent solutions should not only exhibit

high capture performance but also enable large scale manufacturing using low-cost precursors and

simple processes. In this work, we demonstrate the use of a commodity polymer, polystyrene-

block-polyisoprene-block-polystyrene (SIS), as the starting material for preparing hierarchically

porous, sulfur-doped carbons for CO, capture. Particularly, sulfonation-crosslinking reaction
enables the formation of macropores in the polymer framework due to the release of gaseous
byproducts. After carbonization and activation, the highly porous structure of SIS-derived carbons
is successfully retained, while their surface area can reach up to 905 m?/g. These porous carbon

sorbents exhibit excellent CO, uptake performance, reaching a sorption capacity of 3.8 mmol/g at

25 °C and 6.0 mmol/g at 0 °C, as well as a high selectivity up to 43:1 against N, gas at ambient

conditions. Overall, our work provides an industrially viable method for “template-free”
fabrication of porous carbons from commodity polyolefin-based materials, which can be employed

for reducing CO, emission from industrial plants/sectors.

INTRODUCTION

Large-scale CO, emission into the atmosphere represents a major environmental concern

due to its serious negative impacts on the climate and human health, including but not limited to

global warming, air pollution, and respiratory diseases.!> To address this challenge, significant
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efforts have been employed for capturing emitted CO, gas from industrial point source waste

streams (e.g., post-combustion capture),* primarily through developing sorbent-based

technologies.>® Particularly, a wide variety of solid sorbents with different materials chemistry,

such as metal organic framework,” carbons,3-10 polymers,!'!-1? zeolites,!314 and silica,!>16 have been

developed for CO, capture, relying on chemical and/or physical adsorption mechanisms.

Compared with their conventional liquid counterparts, solid sorbents in general can exhibit

improved thermal stability, while providing several potential advantages such as the ability of

long-term CO, storage and lower energy penalty for subsequent CO, release.!” Porous carbons, as

a class of the most promising material solutions, are especially attractive due to their high chemical

and thermal stability, relatively low-cost, and broad compatibility with additional surface

chemistry to further enhance CO, capture performance.!®

A variety of functionalization methods have been investigated as potential routes to

improve the performance of carbon sorbents for CO, capture, such as activation,'®? and

heteroatom doping,?'?> Chemical activation of carbons is an industrially relevant approach (low-

cost and easy to scale up), which can be accomplished through using chemical agents to selectively

react with carbon and remove portions of the framework. The activation process leads to the
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formation of micropores, thus increasing surface area of carbons and allowing for more sorption

sites. Wickramaratne et al. prepared activated carbon particles with diameters in the range of 200

nm and 400 nm, and high surface areas up to 2400 m?/g using CO, gas to activate phenolic resin-

derived carbons. These materials exhibited a CO, adsorption capacity of 4.55 mmol/g at room

temperature.>> Moreover, the presence of heteroatoms in the carbon framework can enable favored

interactions between carbon surface and CO, molecules.”* As an example, Shi et al. prepared

nitrogen and sulfur co-doped, hierarchically porous carbons through combining chemical doping

and activation, which resulted in a CO, uptake capacity of up to 2.4 mmol/g at 1 bar.? Inclusion

of nitrogen heteroatoms into mesoporous carbons, through using dicyandiamide as the dopant, can

result in a CO, adsorption capacity of 3.2 mmol/g at room temperature.?® Notably, various dopants

can be used to fabricate porous carbons with controlled heteroatom content.?’-3! Alternatively, a

simple method to prepare nitrogen-doped carbons is through direct pyrolysis of heteroatom-

containing polymeric precursors or biomass,?? including polyacrylonitrile,* commercial urea-

formaldehyde resin,>* mesitylene,> and waster chestnut shell;*¢ their derived carbons can exhibit

a relatively high CO, uptake performance, which are in the range of 3.5 mmol/g — 7 mmol/g at 1

bar. In general, both chemical activation and heteroatom doping are viable methods to enhance
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CO, uptake, enabled by the presence of micropores for increasing sorption sites, and the improved

affinity of CO, molecules to the carbon framework.

The gas uptake capacity of porous carbon is primarily determined by their porosity,

micropore volume, and surface area (e.g., Dubinin theory), while the presence of macro- and meso-

pores can enhance the sorbate diffusion kinetics.3”#! Informed by this material design concept,

many studies have focused on developing CO, capture sorbents containing pores at different length

scales, from nano to macro. In general, conventional methods to create macropores include using

templating agents, solvent exchange, and foaming agents. Specifically, colloids,*> nanoparticles,*?

and polymers*** can be employed to generate pores with controlled structures, but typically have

low product yields with respect to the total consumption of raw materials required for synthesis.

While these established methods for developing macropores are effective, designing a process

which inherently produces macropores would be advantageous by reducing process complexity

and cost.*>*7 Particularly, template-free methods for fabricating porous carbons can enable a

streamlined process for materials preparation, providing high potential toward scale-up production

and commercialization.*84°
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Previous studies demonstrate the use of polyolefin homopolymers as carbon precursors,

with common examples of carbon fiber production and plastic waste upcycling.’*->* Our group

recently reported an approach for upcycling waste polypropylene masks to sulfur-doped carbon

fibers as a viable material solution for CO, capture.’> However, this method requires the polymer

precursors having pre-existing fibril structures, which is critical for efficient crosslinking and CO,

uptake. The ability to convert bulk polyolefin-based polymers to porous carbons remains largely

underexplored. Herein, we demonstrate a simple method to synthesize hierarchically porous

carbon sorbents by using polystyrene- block-polyisoprene-block-polystyrene (SIS) as the precursor

and sulfonation-based chemistry for crosslinking. SIS is a common type of low-cost commodity

thermoplastic elastomer, which is widely used in various applications.’® During crosslinking, it

was found that SIS can have much faster reaction kinetics than semi-crystalline polyolefins, while

the gaseous by-products can enable macropore formation within the framework. After

carbonization and chemical activation steps, SIS-derived carbon materials can exhibit a high CO,

adsorption capacity of 3.8 mmol/g at room temperature and 6.0 mmol/g at 0 °C and 1 bar. The

combined use of low-cost commodity plastics and a simple process for preparing hierarchical
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porous carbons renders our system to be a potential industrially viable approach for scaled

production of solid CO, capture sorbents.

oNOYTULT D WN =

16 EXPERIMENTAL SECTION

20 Materials

Sulfuric acid (98 wt%) and potassium hydroxide (KOH) were purchased from Thermo

28 Fisher. Polystyrene-b/ock-polyisoprene-block-polystyrene (SIS) (14 vol% of styrene content,

31 molecular weight: 102,500 g/mol, D: 1.12) was obtained from Sigma Aldrich. Deionized (DI)

water was obtained using a Milli-Q IQ 7003 ultrapure lab water purification system.

39 S1S crosslinking, carbonization, and activation

43 SIS pellets were first weighed out (1.2 g) and placed in a 50 mL glass beaker, where 25

47 mL of 98% sulfuric acid was introduced. These materials were then heated at 140 °C using a

50 Thermolyne electric muffle furnace. After reaction, samples were carefully collected from the

beaker and washed with DI water for three times. Subsequently, crosslinked SIS was completely
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dried at elevated temperatures (140 °C) under vacuum, and then carbonized in a tube furnace (MTI

Corporation OTF-1200x) using a heating ramp of 1 °C/min to 600 °C, and 5 "C/min to 800 °C

under N, atmosphere. For SIS samples crosslinked at different temperatures, a similar procedure

was used while the crosslinking time was varied. Activation was performed utilizing carbonized

SIS and KOH blend, which was then reacted at 700 °C under nitrogen atmosphere. Specifically, a

1:1 mass ratio of SIS and KOH blend was activated for 30 min, 60 min, and 90 min, respectively.

1: 0.5 and 1: 2 mass ratios of SIS-derived carbon to KOH were also employed, which were

activated for 60 min. After KOH activation, these samples were washed three times in centrifuge

tubes using 45 mL of DI water and dried at 100 °C in a vacuum oven to obtain carbon powder.

Characterization methods

Changes in the chemical composition of SIS during crosslinking were determined using a

PerkinElmer Frontier attenuated total reflection Fourier transform infrared (FTIR) spectrometer,

with a scan range of 4000—600 cm™! running over 32 scans in average at a resolution of 4 cm’!.

Micrographs of SIS samples after crosslinking, carbonization and activation were obtained using

a Zeiss Ultra 60 field-emission scanning electron microscope (SEM). Macropore diameters were

measured using ImageJ software. A Micromeritics Tristar II instrument was used to determine
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pore textures of SIS-derived carbons, including their adsorption and desorption isotherms under

N, at 77 K. Surface area was determined using Brunauer-Emmett-Teller (BET) analysis, while the

pore size distribution was calculated using the non-local density functional theory (NLDFT)

model. Additionally, this instrument was employed to obtain CO, and N, sorption performance of

carbons at ambient temperature by measuring their respective adsorption-desorption isotherms

from 0.01 to 1 bar. X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Fisher

ESCALAB Xi+ spectrometer equipped with a monochromatic Al X-ray source (1486.6 ¢V) and a

MAGCIS Ar+/Ar,+ gas cluster ion sputter gun. Measurements were performed using the standard

magnetic lens mode and charge compensation. The base pressure in the analysis chamber during

spectral acquisition was at 3 x 10~7 mbar. Binding energies were calibrated with respect to the Cls

peak at 284.8 eV. Thermo Scientific Avantage analysis software v5.9904 was used to analyze

heteroatom content of SIS-derived carbon samples. SAXS experiments were conducted on a

laboratory beamline system (Xenocs Inc. Xeuss 2.0) with an X-ray wavelength of 1.54 A and

sample to detector distance of 4 m. Samples were kept under vacuum to minimize air scattering.

SAXS data reduction and analysis were performed using Nika software. Thermogravimetric

analysis (TGA) was conducted using a Discovery Series TGA 550 (TA Instruments) to determine
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char yield of polymer precursors, as well as characterize the sorption behaviors of carbon sorbents

with a continuous CO, flow at 30 ml/min.

RESULTS AND DISCUSSION

SIS crosslinking is enabled by a sulfonation-based chemical reaction, which is similar to

previously described approaches for polyolefin materials.>’->® During this step, both polyisoprene

(PI) and polystyrene (PS) segments can be functionalized with sulfonic acid groups. The

crosslinking reaction of SIS is shown in Figure 1(A), which includes multiple reaction mechanisms

that occur concurrently. For polyethylene and polypropylene, the initial step in the crosslinking

process is the addition of sulfonic acid functional groups to the polymer backbone, followed by

elimination to form double bonds. These double bonds can then be initiated to participate in

crosslinking. A similar reaction mechanism is anticipated for the PI block in SIS, while the

presence of double bonds in the polymer backbone may result in enhanced reaction kinetics.

Additionally, sulfonation of PS using sulfuric acid is an established process, which can achieve

nearly 100% degree of functionalization.’® As shown in Figure 1(B), the mass of SIS increases

10
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with extending reaction time, reaching a plateau value of approximately 50 wt% after 1 h. This

result indicates that the crosslinking reaction kinetics of SIS is significantly faster than that of

polyolefin homopolymers in the literature, especially considering the SIS employed in this study

were in pellet form, with an averaged diameter of 2-3 mm. We attributed the enhanced kinetics to

the amorphous nature of PI matrix (Figure S1), which significantly accelerated the acid diffusion

within the polyolefins due to the absence of crystallinity. Figure 1(C) shows the FTIR spectra of

SIS as a function of crosslinking time. Specifically, the stretching vibrations at 1127 cm™! is

associated with the presence of sulfonic acids installed on the polymer backbone, which can be

observed after crosslinking for 40 min. The band at 1032 cm! is representative of the sulfonation

of the aromatic rings within the PS block of the polymer, which can undergo nearly quantitative

sulfonation degree in sulfuric acid within 1 h at elevated temperatures.> The PS sulfonation occurs

simultaneously with the crosslinking of the PI block. As the reaction progresses, the intensity of

bands at 1644 cm! increases, which corresponds to the formation of C=C stretching in polymers.

This result suggests that while the alkenes inherent to the Pl segments can undergo radical

initiation to form crosslinks, further additions, eliminations, and rearrangements also occurred

along the polymer chains to form crosslinked sites. The band representing C-H bond stretching

11
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was found at 2918 cm! in the initial SIS sample and decreased in intensity after 40 min and

completely disappeared after 90 min. Hydroxyl groups in the polymer system were also formed

through the sulfonation reaction, as indicated by the formation of a broad peak at 3362 cm'!. The

FTIR spectra of crosslinked SIS remains nearly constant after extending crosslinking time above

90 min (Figure S2). Therefore, utilizing SIS as the carbon precursor, we can successfully address

the previous challenge of diffusion-limited crosslinking of polyolefin materials, which is a key

bottleneck in scaled manufacturing of their derived carbon materials.
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Figure 1. (A) A simplified reaction scheme showing the sulfonation-enabled crosslinking SIS.
(B) Mass gain and (C) FTIR spectra of crosslinked SIS as a function of crosslinking time at 140
°C.

oNOYTULT D WN =

14 Upon crosslinking, it was found that macropores were generated within the SIS materials,

which can be attributed to the gaseous by-products released from the polymer matrix.®%¢! Figure

21 2(A) shows the SEM micrograph of a pristine SIS sample, which has a smooth and uniform surface

24 at a macroscopic scale. After sulfonating at 140 °C for 40 min, macropores were observed in the

polymer framework (Figure 2(B)), which further developed upon extending the reaction time.

31 Figure 2(C-D) shows the SEM images of crosslinked SIS samples after 60 min and 90 min reaction

34 time, which are highly porous and have a majority of pores with diameters ranging from 4.3 pm

to 6.0 pm. The macropore formation in this process is driven by the rigorous reaction of the PI

41 segment crosslinked using concentrated sulfuric acid at 140 °C. The release of gaseous byproducts,

primarily SO, and CO,, can disrupt the rubbery SIS framework, and thus form macropores.

48 Notably, our approach can produce relatively uniform pores through a template-free method,

51 which is easy to scale-up.

13
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Figure 2. SEM images of A) pristine SIS and SIS crosslinked within concentrated sulfuric acid
at 140 °C for B) 40 min, C) 60 min, D) 90 min.

To further elucidate how the crosslinking reaction conditions impact the development of

macropores within SIS, two different crosslinking temperatures were employed, including 70 °C

and 100 °C. Both temperatures result in fully crosslinked SIS, while different times were required

(24 h for 70 °C and 2 h for 100 °C) as evidenced by the mass uptake and FTIR results (Figure S3

and S4). Previous reports indicate that at least 90 °C is needed for the crosslinking of polyethylene

and polypropylene to occur within the sulfuric acid, while we found that PI requires milder reaction

conditions for reaching a fully crosslinked state. As shown in Figure 3(A-B), both crosslinked SIS

samples (70 °C for 24 h and 100 °C for 2 h) contain macropores, with similar averaged sizes as

samples shown in Figure 2(C-D). These results further indicate that our approach of reaction-

induced pore formation is applicable for a wide range of processing conditions, enabling their

potential broad use for preparing macroporous polymer materials. Furthermore, SAXS was

14
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employed to characterize the nanostructure of SIS after crosslinking reactions. As shown in Figure

S5(A), the neat SIS sample has multiple ordering peaks, suggesting the presence of ordered

cylindrical structures due to spontaneous microphase separation between distinct segments. The

primary ordering peak was at 0.201 nm!, corresponding to a domain spacing of 31.3 nm. However,

fully crosslinking SIS samples (including three different crosslinking temperatures) leads to the

complete disappearance of ordering peaks in the SAXS patterns, indicating the disordered

structures, as shown in Figure S5(B). The loss of ordering can be attributed to the sulfonation

reaction employed in the crosslinking process. In some seminal works, the reaction induced

disordering of block copolymers was also observed. Specifically, 7n-situ polymer grafting onto

poly(styrene)-block-poly(butadiene) can lead to nanostructural transition with a decreased degree

of ordering.®? Similarly, in-film photopolymerization of monomer vapors within SIS films can

disrupt the pre-ordered nanostructures.5*%* The sulfonation of PI and PS blocks in our systems may

lead to increased miscibility between distinct domains due to their reduced Flory-Huggins

interaction parameter, while the macropore formation process can also largely disrupts the ordered

nanostructures. These phenomena collectively lead to a completely disordered morphology of SIS

samples after fully crosslinked by sulfonation chemistry.

15
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Figure 3. SEM images of crosslinked SIS samples, which were reacted at A) 70 °C for 24 h, and
B) 100 °C for 2 h.

Crosslinked SIS was then pyrolyzed at 800 °C under an inert atmosphere, with a product

yield of approximately 35 wt%. As shown in Figure S6, pristine SIS is completely decomposed

at temperatures beyond 435 °C under nitrogen atmosphere. Upon carbonization, the crosslinked

polyolefin matrix in SIS was converted to carbon materials, while PS segments were thermally

decomposed. Figure 4(A) shows the morphology of carbonized SIS samples (crosslinked at 140

°C for 90 min), indicating that the macropores can be successfully retained, with similar pore

diameters in the range of 4.4 pm-6.3 pm as compared to the crosslinked samples. Additionally,

the nitrogen physisorption isotherm of carbonized SIS in Figure S7 (pore size distribution is

included in Figure S8) indicates a low BET surface area of 37 m?/g. In addition to the presence

of macropores, the SIS-derived carbon material presents another important feature, which is the

16
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inclusion of sulfur heteroatoms within the framework. The presence of sulfur and oxygen is

confirmed by the XPS spectrum shown in Figure 4(B, C) and Figure S9, in which the doping

content of sulfur heteroatoms within the SIS-derived carbon is approximately 2 at%. This result

is slightly lower compared to our recent study of upcycling mask waste to multifunctional carbon

fibers.>> We attribute this difference to much longer reaction times in our previous study which

extended up to 12 h. When comparing shorter reaction times in the polypropylene fiber-based

system, the doping contents are comparable (1.9 at% for 90 min in this study compared to 2.3

at% for 2 h in the previous study).>® Sulfur doping can lead to enhanced CO, sorption as shown

in the literature, and the type of sulfur moiety within the carbon framework also plays a

significant role. Here, we found that 72.5 at% of sulfur heteroatom is in the form of C-S-O

(Figure 4(C)), derived from the sulfonate functional groups, which is the most favorable type to

strengthen molecular-level interactions between carbon surface and CO, molecules.

17
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Figure 4. A) SEM image of carbonized SIS samples, showing retention of pores formed during

crosslinking reaction. B) XPS spectrum of carbonized SIS, including the atomic percentage of O

Is, C 1s, and S 2p. C) High resolution XPS scan of S 2p

Figure 5 shows the CO, sorption performance of three different SIS-derived porous

carbons, which were fully crosslinked at different temperatures. These materials exhibited very

similar adsorption capacity of CO, molecules at room temperature (25 °C) and 1 bar, which are

2.0 mmol/g, 2.0 mmol/g, and 2.1 mmol/g, corresponding to samples crosslinked at 70 °C, 100 °C,

and 140 °C, respectively. While these materials exhibit very similar low surface areas (Figure

S10), their CO, uptake performance is comparable with many other reported porous carbons with

significantly higher surface areas. For example, nitrogen-doped hollow carbon nanospheres, with

a surface area of 767 m?/g, exhibit a CO2 uptake capacity of approximately 2.5 mmol/g at room

temperature and 1 bar.% Similarly, templated porous carbons with surface areas in the range from

18
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800 m?%/g to 1400 m?/g can uptake 2-2.5 mmol/g of CO2 at 25 °C and 1 bar.%” These results further

confirm that sulfur heteroatom in the carbon framework can effectively alter the electro-negativity

of porous carbon surface, enabling enhanced interactions between sorbent and sorbates (CO,

molecules).% Additionally, The consistent performance from different SIS-derived carbon

sorbents further confirms that the key role of microporosity in determining CO, capture sorption.

These values were slightly lower than our previous report of sulfur-doped carbon fibers derived

from mask waste, which exhibited a CO, uptake capacity of 3.1 mmol/g under identical CO,

sorption conditions.”> We believe this difference is associated with the surface area of our SIS-

derived carbons, since the carbon fiber recorded a BET surface area up to 361 m?/g. However, the

requirement of pre-existing fibril structures within mask waste may limit its broad adoption.

Furthermore, previous results indicate that polyolefin crosslinking using sulfuric acid is a

diffusion-limited process. Herein, through utilizing the highly reactive and amorphous PI phases

in the precursors, this method provides much faster reaction kinetics, an inherent pore formation

mechanism, and can be applied to a broad range of SIS-based materials without any previous

treatment required for creating pre-defined structures.

19
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Figure 5. CO, adsorption isotherm of different carbonized SIS samples, which were fully
crosslinked at 70 °C for 24 h, 100 °C for 2 h, and 140 °C for 90 min.

As discussed earlier, there are several efficient routes for functionalizing SIS-derived
carbon materials to enhance their CO, adsorption capacity. Considering the low surface area is a
performance-limiting factor in our systems, chemical activation of these carbon materials was
employed using KOH. To briefly describe this process, KOH can react with carbons at high
temperatures (> 500 °C) for partial framework etching/removal, while the KOH/carbon ratio can
dictate the micropore formation mechanisms.”® In this work, a KOH/carbon mass ratio of 1:1 was
employed to allow the generation of micropores with an interconnected morphology.”! Porous

carbon derived from SIS crosslinked at 140 °C for 90 min was employed for activation process.

20
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Figure 6(A) shows the liquid nitrogen sorption isotherms of activated SIS-derived carbons, of

which surface areas increased from 767 m?/g to 796 m?/g and 905 m?/g by extending the activation

time from 30 min to 60 min and 90 min (activation was performed at 700 °C under N,). The

introduction of micropores through activation was confirmed by their characteristic type I

isotherm, which corresponds to the presence of both micropores and macropores. Figures S11

displays the pore size distribution of these samples upon applying different chemical activation

times, which all demonstrated a significant increase in the micropore volume compared to their

counterpart prior to activation. Other KOH to carbon mass ratios were also employed for the

activation process in order to control the surface area of resulting carbons. Figure S12 shows the

sorption isotherms of activated carbons using both 1:0.5 and 1:2 mass ratios of SIS-derived carbon

and KOH, which has a surface area 256 m?/g and 707 m?/g, respectively. SEM imaging confirmed

that the macropores formed during the SIS crosslinking step were retained after our KOH

activation process, as shown in Figure 6 (B). The average diameters of these macropores were still

in the range of 4-6 Pm, which is similar to the carbonized samples. Furthermore, after activation

(KOH to carbon mass ratio is 1:1), the sulfur content decreased with prolonged reaction times. The

amount of oxygen in the samples initially increased to 33.4 at% but decreased to 16.8 at% after 90

21
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minutes of reaction. Specifically, both O-C-O and C-S-O bonds are retained from the SIS-derived

carbon prior to activation, while C-S-C bonds are no longer present, as shown in Figure S13. As

demonstrated in a previous study, the presence of sulfoxide bonds within the carbon framework

can be instrumental in optimizing the materials CO, uptake capacity.>

30 min: 766 m°/g Cis:

33.4 at% -
306 I 64.8 at% S2p:
1.7 at%
800 600 400 200
Binding Energy (e.v.)

) —
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Figure 6. A) Adsorption-desorption isotherm, B) SEM image demonstrating pore retention, and

C) XPS survey scam spectra of SIS-derived carbons after different activation time.

The CO, adsorption capacity of activated SIS-derived carbons at ambient temperature are

shown in Figure 7(A). Upon activation for 30 min, the CO, uptake of these porous carbons changed

from 2.1 mmol/g to 3.5 mmol/g, corresponding to a more than 65% increase through the creation

of micropores. Further extending the activation time to 60 min and 90 min leads to a CO, sorption

capacity of 3.7 mmol/g and 3.8 mmol/g which corresponds well with their increased surface areas.

22
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This result indicates the role of micropores for determine CO, capture performance of porous

carbons, despite a slight decrease in sulfur doping content after the activation step. Notably, at 0.15

bar, a condition which is relevant to CO, concentrations in flue gases, these materials show a

relatively high CO, uptake ranging from 1.18-1.21 mmol/g. Furthermore, these materials exhibit

a higher CO, uptake of 5.4 mmol/g, 5.3 mmol/g, and 6.0 mmol/g at 0 °C, corresponding to the

samples activated for 30 min, 60 min, and 90 min, respectively. These results confirm that the

presence of hierarchical pores within activated SIS-derived carbons can lead to excellent CO,

capture performance, which is comparable or higher than several recent reports.’>’* For example,

a very recent work from Mohamed et al. reported the development of porous organic polymers

linked with crown ether and benzoxazine through a multi-step procedure, which can uptake CO,

up to 5.8 mmol/g at 0 °C.7* Moreover, using the CO, sorption capacity of activated SIS-derived

carbons at 0 °C and 25 °C and various pressure, heat of adsorption for these samples can be

determined according to Clausius-Clapeyron equation, which is in the range of 15-28 kJ/mol,

consistent with physisorption mechanism and suggesting small amount of energy would be enough

for sorbent regeneration. Furthermore, gas sorption selectivity measurements of these samples

were performed to compare their performance between two different gas molecules, including CO,
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and N,, which are very common in post-combustion flue gases. As shown in Figure 7(B), these

SIS-derived activated carbons showcase a high selectivity for CO, over N , of 69:1 at 0 °C and

43:1 at 25 °C, which is important for application relevant conditions. For comparison, activated

carbons prepared from cellulose and chitosan char typically exhibit an CO,/N, selectivity of 42:1

and 37:1, respectively. 7> 7% For other activated carbon samples, they exhibit slightly lower sorption

performance as shown in Figure S14, which can be attributed to their lower surface area. Notably,

our method only requires low-cost commodity thermoplastic elastomers as the precursors, along

with simple, scalable processes for the generation of bimodal pores, enabling the high potential

toward scaled production.
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Figure 7. (A) CO, adsorption capacity and (B) CO,/N, selectivity of activated SIS-derived at 0 °C
and 25 °C. KOH activation was performed at 700 °C. The mass ratio of SIS-derived carbon to
KOH is 1:1.

Finally, we examine the cycle stability of SIS derived, hierarchically porous carbon for
CO, capture and release, which is important for informing their long-term use and performance.
As shown in Figure S15(A), under saturated CO, environment, the carbon sorbents can increase
approximately 14% of its original weight attributed to the sorption of CO, molecules, which is
consistent with their uptake capacity determined by physisorption measurements. By heating the
materials to 130 °C, a complete mass recovery was observed, suggesting a full release of CO, upon
desorption through thermal treatment. Furthermore, the sorbent exhibits an excellent cycle
stability, retaining over 94% of CO, sorption capacity after 40 cycles (Figure S15(B)), which
confirms the highly reversible interactions between carbon framework and CO, gases through
adsorption mechanisms. The excellent recyclability further strengthens the potential of these
porous carbons, which are converted from commodity polymer using a simple process, for

efficiently capturing CO, with durable performance and sustainable use.

CONCLUSIONS

In this study, sulfur doped, hierarchically porous carbons were prepared through steps of

crosslinking, carbonization, and activation, using commodity SIS as the precursor. The

crosslinking reaction, accomplished by heating SIS samples in concentrated sulfuric acid at
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elevated temperatures, leads to the macropore formation in polymer framework due to the release

of gaseous by-products. With varying crosslinking time and temperature, this approach results in

similar pore textures of crosslinked SIS, suggesting its broad applicability and insensitivity to

processing conditions. Upon pyrolysis under nitrogen atmosphere, SIS-derived macroporous

carbons demonstrate a CO, uptake capacity up to 2.1 mmol/g at 25 °C and 1 bar. Further activating

these carbons using KOH leads to significantly improved surface area from ~38 m?/g to as high as

905 m?/g, which enables an excellent CO, adsorption capacity of 6.0 mmol/g at 0 °C and 3.8

mmol/g at 25 °C. Our system has advantages of using low-cost polymer precursors and simple

manufacturing processes, which can provide a feasible material solution for combating CO,

emission from industrial sectors. Moreover, the ability to create macropores through sulfonation-

based crosslinking reactions of polyolefins can be extended to other systems for fabricating porous

materials for broad applications.

ASSOCIATED CONTENT

Supporting Information.

26

Page 26 of 34



Page 27 of 34 New Journal of Chemistry

Supporting information includes following data: Differential scanning calorimetry thermogram for

a pristine SIS bead, mass gain and FTIR spectra of samples crosslinked at 70 °C and 100 °C, TGA

oNOYTULT D WN =

9 analysis of pristine SIS, BET adsorption-desorption isotherm of carbonized SIS, high-resolution
XPS spectra for carbonized SIS and after activation at different periods of time, pore textures

14 (surface areas, pore area) for carbonized materials, and CO, adsorption cycle stability.

20 This material is available free of charge.
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