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tion affinities. According to the experimental data, the CO, uptake
was best measured as 3.37 mmol/g at 0 °C and 1 bar and 2.56 mmol/g at 25 °C and 1 bar. The results show that the higher porosity
of SDC materials adds to a large amplification in the CO, uptake capability. The work underlines the delicate interaction between
sulfur doping, morphological porosity, and surface reactivity in enhancing the effectiveness of CO, sequestration. SDC materials hold
considerable promise in tackling the present ecological concerns and developing CO, collection techniques. The suggested single-
step synthesis technique described here provides a sustainable and environmentally friendly method for synthesizing SDCs for
carbon capture applications.
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1. INTRODUCTION of adsorbents, porous carbons have received great attention
due to their potential as very promising sorbents for the
extraction of CO,. This heightened attention is a result of their
advantageous characteristics, which encompass a remarkable
specific surface area, robust thermal and chemical stability,
mild adsorption conditions, cost-effective production methods,
facile regeneration processes, minimal energy consumption,
and environmentally friendly attributes. These combined
qualities underline the potential usefulness of porous carbons
in tackling CO, collection difficulties, putting them as a focus
point in continuing research initiatives.”*~*® Recent inves-
tigations have indicated that the insertion of nitrogen (N),
sulfur (S), or oxygen (O) into the carbon framework of porous
carbons may have a detectable influence on the surface
chemical composition and the electron cloud density encircling
the carbon skeleton. This, in turn, improves the interaction

CO, uptake is pivotal for the maintenance of environmental
equilibrium, encompassing diverse mechanisms through which
CO, is absorbed from the atmosphere and integrated into
various reservoirs, ultimately influencing global carbon
dynamics and climate stability.' The principal biological
mechanism driving CO, sequestration is photosynthesis,
whereby autotrophic organisms, predominantly plants, assim-
ilate. CO, as a substrate for the synthesis of organic
compounds, thus facilitating plant growth and development.
This process not only underpins terrestrial ecosystems but also
contributes to carbon sequestration as organic matter
accumulates within vegetation and soils. Furthermore, oceanic
CO, dissolution engenders chemical reactions leading to the
formation of bicarbonate ions, with cascading effects on marine
ecosystems and oceanic carbon cycling. These complex
biological and chemical processes synergistically regulate ——
atmospheric CO, concentrations.”’ Received:  December 27, 2023

In the past decade, substantial research efforts have been Revised:  February 6, 2024
directed at exploring solid adsorbents, such as carbons,*™"° Accepted:  February 15, 2024
metal—organic frameworks (MOFs),'*'” zeolites,'® covalent- Published: February 26, 2024
organic frameworks (COFs),'”*® and porous polymers,”*~>* =
for the objective of CO, removal. Within this broad spectrum
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between CO, and the carbon surface, hence boosting the
overall effectiveness of CO, capture.”” > S- and N-doped
porous carbon materials have recently been widely investigated
for the CO, uptake.******7** Although N-doped porous
carbon materials have advantages, such as thermal stability,
chemical binding, and enhancing uptake capacity in CO,
capture, they also have disadvantages. For example, the
incorporation of polar nitrogen functionalities into N-doped
porous carbon structures can induce heightened hydrophilicity
within the material, while this elevated hydrophilicity facilitates
enhanced hydrogen bonding between the surface and water
molecules, it concurrently raises the prospect of entrapment for
water molecules within confined micropores.”” This phenom-
enon can thereby lead to a diminution in the overall efficiency
of CO, catching, particularly when confronted with scenarios
marked by elevated humidity levels.”*" Sulfones, sulfoxides,
and sulfonic acids have been identified for their ability to
attract CO, through polar interactions and hydrogen
bonding.*>** Sulfur’s larger size relative to carbon introduces
strain-induced defects that enhance CO, trapping by localizing
charges. The polarizable d-orbitals and lone pair of electrons in
sulfur enable effective interaction with CO,’s oxygen atoms,
while their exceptional pore utilization boosts CO, extrac-
tion.**

S-doped porous nanocarbon (SDC) materials have attracted
considerable scholarly interest concerning their applicability in
the realm of CO, sequestration, primarily attributed to their
distinctive physicochemical attributes. The integration of sulfur
functionalities into carbon matrices introduces a degree of
structural heterogeneity alongside active centers that have the
potential to substantially augment the uptake capacities
pertinent to CO,. The distinct electronic configuration
inherent to sulfur dopants serves to facilitate heightened
intermolecular interactions with CO, species, thereby instigat-
ing an elevation in uptake affinities.*> Concurrently, the
introduction of sulfur moieties may engender a consequential
alteration in the surface chemistry of the carbon substrate,
potentially inducing shifts in surface polarity and wettability,
thereby engendering a modulation of the material's CO,
sorption proclivity. The enhanced porosity characteristic of
SDC materials, frequently engendered via pyrolytic procedures,
engenders supplementary location for the physisorption of
CO, molecules, therein contributing substantively to an
overarching amplification in the CO, uptake capacity. Mastery
of the intricate nexus between sulfur doping, morphological
porosity, and surface reactivity is of cardinal import, given its
propensity to mold SDC materials in a manner that optimizes
the efficiency of CO, capture.*® For this reason, the inquiry
into the attributes of SDC materials emerges as a vanguard
avenue within the ambit of CO, capture methodologies,
bearing relevance in the amelioration of contemporary
ecological exigencies. SDCs have been prepared by high-
temperature pyrolysis using various sulfur-containing polymers
as raw materials such as poly(styrene-divinylbenzene),*”
dipotassium anthraquinone-1,8 disulfonate,*® poly(sodium 4-
styrenesulfonate),”” thienyl-based polymer,” and poly(ether
ketone).>”

This inquiry proposes a thorough and environmentally
responsible technique for manufacturing SDCs employing
potassium persulfate (PP) as a sulfur dopant and coconut shell,
a generally accessible biomass material, as the precursor. The
intrinsic availability of coconut shells, a byproduct from the
food sector, puts them as an economically effective biomass
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source characterized by cellulose, hemicellulose, and lignin
content. Subjecting these components to high-temperature
calcination creates highly organized, porous nanocarbons. The
technology adopted here is a one-step synthesis procedure,
whereby carbonized coconut shells function as the carbon
precursor and PP performs a dual role as both the activator and
sulfur supplier. This unusual technique stands out for its
explicit avoidance of extra toxic and corrosive sulfur sources,
such as H,S or SO,, and the deliberate absence of corrosive
activation agents like KOH, H;PO,, or NaOH. By sidestepping
these conventionally utilized ingredients, our new technique
not only bolsters the environmental sustainability of the
synthesis process but also coincides with a larger ideology of
eco-friendly practices in the area of porous nanocarbon
production.

2. SYNTHESIS AND CHARACTERIZATION

SDCs were synthesized through a one-pot approach, where
carbonized coconut shell (C) served as the carbon precursor
and both activation and sulfur incorporation were achieved
using PP. For the preparation procedure, a mass ratio of PP to
C was selected as 1, 2, and 3, while the activation temperatures
were set at either 700 or 750 °C, depending on the case.
Nitrogen protected the pyrolysis process. The samples when
prepared were allocated as C-PP-X-Y, in which X and Y denote
the activation temperature and mass ratio of PP to C,
respectively. The yield for these SDCs varies from 81.4 to
25.1%, which declines with increasing activation temperature
and PP concentration. Detailed information regarding the
preparation of materials, physical characterization, and analysis
of CO, adsorption can be accessed in the Supporting
Information.

3. RESULTS AND DISCUSSION

3.1. Exploring Phase Structure, Morphology, and
Surface Chemistry. The scanning electron microscopy
(SEM) images in Figure 1 depict the precursor (C) and the

Figure 1. SEM image of (a) C, (b), and (c) CC-P-750-1 and TEM
image of (d) CC-P-750-1.

optimal CC-P-750-1 sample. Both samples consist of irregular
small carbon particles with a surface displaying uneven
morphology. In comparison with C, CC-P-750-1, which were
activated with PP, exhibited more voids and randomly
scattered surface holes. Notably, the CC-P-750-1 appears
rougher surface compared to C, most probably owing to
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Table 1. Pore Structure, Elemental Composition, and CO, Sorption Characteristics in SDCs

sample Sper” (m*/g) Vo (em’/g) VS (em¥/g)  V, (em’/g)
C 0.10
C-PP-700-1 427 0.18 0.16 0.24
C-PP-700-2 511 022 0.19 027
C-PP-700-3 642 029 0.24 031
C-PP-750-1 581 026 023 0.43
C-PP-750-2 849 0.48 036 0.26
C-PP-750-3 866 0.56 0.49 037

CO, uptake

(mmol/g)
C(wt%) H(wt%) N(Wwt%) Swt%) 25°C 0°C
84.77 3.20 0.42 0.28 0.26 0.43
92.99 1.61 0.52 2.63 220 2.89
89.32 1.74 0.63 2.86 2.39 3.05
90.32 1.93 0.57 3.15 2.4S 3.31
88.00 1.44 0.62 123 2.56 3.77
89.32 1.21 0.78 1.98 2.29 3.20
90.14 091 0.84 2.73 1.59 2.35

“Surface area was calculated using the BET method at P/P; = 0.005—0.05. bTotal pore volume at P/P, = 0.99. “Evaluated by the t-plot method.
9Pore volume of narrow micropores (<1 nm) obtained from the CO, adsorption data at 0 °C.
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Figure 2. XPS S 2p spectra for (a) C-PP-700-3, (b) C-PP-750-1, (c) C-PP-750-2, and (d) C-PP-750-3.

interactions between the PP and carbon precursors that led to
changes in the pore structure and the formation of uneven
surfaces. To delve deeper into the exploration, the transmission
electron microscopy (TEM) depiction in Figure 1d offers a
direct view of the sample’s worm-like microscale pore
configuration, unveiling its microscale pore arrangement. The
considerable abundance of these micropores proves highly
advantageous in CO, adsorption, as elucidated in previous
research.’*> To ensure the evaluation of the phase structure
of the CC-P-750-1 sample, powdered X-ray diffraction (XRD)
characterization was employed. The XRD pattern depicted in
Figure S1 (Supporting Information) demonstrates that the
carbon has an amorphous structure, with two wide peaks at
around 22 and 43°.

Table 1 illustrates the elemental makeup of C and C-PP-X-
Y. The carbon content of C is 84.77 wt %, accompanied by
3.20 wt % hydrogen, and trace quantities of nitrogen (0.42 wt
%) and sulfur (0.28 wt %). In the C-PP-X-Y samples subjected
to PP activating, a substantial rise was observed in the carbon
and sulfur content. For instance, in sample C-PP-750-1, the
sulfur content was approximately 10-fold that of C. This
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observation underscores the successful integration of sulfur
atoms into the carbon material following the activating process.
It is worth noting that the sulfur content was decreased when
the activation temperature was from 700 to 750 °C. In essence,
the composition of carbon, oxygen, and sulfur within the
samples exhibited dependence on the activation temperature.
At the same time, it was found that the increase in PP dosage
was beneficial for the S-doping. To gain better knowledge
regarding surface chemical characteristics concerning S-doping,
an X-ray photoelectron spectroscopy (XPS) study was
performed for certain typical C-PP-X-Y carbons. The high-
resolution S 2p spectra of C-PP-700-3, C-PP-750-1, C-PP-750-
2, and C-PP-750-3 samples are illustrated in Figure 2. These
spectra displayed two main peaks; (i) oxidized sulfur
(appeared on 168.2 + 0.3 eV) and (ii) neutral sulfur (C—S—
C species) that consist of thiophenic structures together with
neighboring carbon atoms (163.8 = 0.3 and 165.0 + 0.3 eV,
corresponding states of S 2ps,, S 2pi5)- 7" Specifically,
thiophene-S corresponds to sulfur in a non-oxidized state,
whereas SO, (x = 2 and 3) corresponds to sulfur in an oxidized
state. The detailed quantities of different S species for these

https://doi.org/10.1021/acsanm.3c06239
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carbons can be found in Table S1 of the Supporting
Information. The XPS analysis provided conclusive evidence
that sulfur within the porous nanocarbon material, obtained
through PP activation, is predominantly distributed within the
carbon matrix in different states, which results in high CO,
adsorption performance.

3.2. Characteristics of Textual Porosity. The porous
features of the C-PP-X-Y materials, as indicated by nitrogen
adsorption—desorption isotherms produced by a Beishide 3H-
2000PS gas analyzer (Figure 3), coincide with the standard
type I-shaped isotherms suggested by the International Union
of Pure and Applied Chemistry (IUPAC). The N, adsorption
isotherms demonstrate a fast rise at low relative pressures (P/
P, < 0.1), suggesting that the fundamental pore structure of the
produced SDCs is constituted of micropores. It is noteworthy
that discrete hysteresis loops are formed in the P/P, range of
0.2 to 0.4 for the CC-P-750-2 and CC-P-750-3 samples as the
relative pressure rises, suggesting the presence of mesopores.
The pore size distribution curves given in Figure 4
demonstrate that the pore sizes of the S-doped carbon
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adsorbents are largely concentrated within the range of 0.8
to 1.2 nm, with the most pronounced peak intensity found at
1.1 nm for most samples. On the other hand, the C-PP-750-3
sample presents a wide mesopore peak at the 2—4 nm range.
The textural characteristics of the carbon adsorbents are
summarized in Table 1. The BET surface area values range
from 427 to 866 m> g_l, and total pore volume values range
from 0.18 to 0.56 cm® g~'. Among the samples, C-PP-750-3
exhibited the highest surface area (Sgpr) of 866 m* g™' and the
largest total pore volume (V) of 0.56 cm® g~'. Generally
speaking, as the activating temperature increases, the textural
features of the C-PP-X-Y samples develop. A similar trend
occurs for the amount of the activating agent, where the higher
amount of PP results in induced pore characteristics. This was
attributed to complete PP decomposition, leading to open
excess pore channels and the release of CO, and CO gases
from the structure, by leaving an open pore framework.
From former studies, it was recommended that the narrow
micropore (<1 nm) was the main factor in deciding the CO,
adsorption capacity under atmospheric pressure conditions (1

https://doi.org/10.1021/acsanm.3c06239
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heat of adsorption across all sorbents, and (d) breakthrough curves of C-PP-750-1 under adsorption conditions: 298 K adsorption temperature, 10
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bar) at 25 °C.°"** In the current inquiry, the estimation of
narrow micropore volumes (V,) for C-PP-X-Y was followed by
the application of the Dubinin—Radushkevich (D—R)
equation, leveraging the CO, adsorption data at 0 °C. Table
1 delineates the detected V, values throughout these
specimens, displaying a range stretching from 0.24 to 0.43
cm?/ g
3.3. CO, Adsorption Evaluation. The CO, adsorption
analysis of the C-PP-X-Y samples was conducted at both 0 and
25 °C, spanning a pressure range of up to 1 bar. The CO,
adsorption isotherms displayed in Figure S exhibit the notable
influence of the chemical reaction conditions on the adsorption
capacity of each sample. It has been observed the adsorption
capacity exhibited an upward trend as the pressure increased.
Additionally, Figure S illustrates that the CO, adsorption
capacity increased as the test temperature decreased from 25 to
0 °C, suggesting the exothermic nature of the CO, adsorption
process. It has been noted that there is no direct trend between
the PP/C ratio and the CO, capture capacity. At 700 °C, as
the K,S,04 amount rises, the CO, capture capacity decreases.
On the other hand, the opposite trend has been observed at
the activating temperature of 750 °C. An indefinite changing
trend between activation temperature and CO, capture
capacity was also found. When the PP/C ratio was 1, the
CO, uptake increased with increasing activation temperature,
while the CO, adsorption capacity decreased with increasing
activation temperature under the PP/C ratio of 2 and 3.
Remarkably, the C-PP-750-1 sample demonstrated the highest
CO, adsorption capacity among the samples, boasting 3.77
mmol g_1 at 0 °C and 2.56 mmol g_1 at 25 °C. At 0.15 bar, the
maximum CO, uptake for this series of carbons are 1.65 mmol
g ' at 0 °C and 0.96 mmol g™" at 25 °C, respectively. Based on
Table 1, though C-PP-750-1 has moderate Sgpr and V,, along
with the lest sulfur functionality, its CO, adsorption perform-
ance is higher. Upon closer examination, it becomes apparent
that the predominant factors governing the CO, uptake are the
copious presence of narrow microporous structures (the
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highest V, for the C-PP-750-1). On the other hand, when
comparing C-PP-750-3 with C-PP-700-2 or C-PP-700-3, the
C-PP-750-3 has higher V,, than those of C-PP-700-2 and C-PP-
700-3 but lower CO, uptake. This can be attributed to that the
surface composition of C-PP-700-2 and C-PP-700-3 was
enriched with higher amounts of sulfur species. This
underscores the multifaceted nature of factors influencing
adsorption capacity, i.e, both porosity and chemical
composition synergize to influence the adsorbent’s CO,
adsorption properties.

It is interesting to underline that the highest CO, adsorption
capabilities discovered in this inquiry are noticeably lower than
those reported for some KOH-activated porous nanocarbons,
as shown by earlier investigations,5 3 However, they
demonstrate equivalent or even greater adsorption values
when compared with particular carbon materials®*~*° and
various other standard CO, adsorbents, including COFs,”
porous polymers,”’ and MOFs.'® A complete comparison of
the uptake of CO, among SDC carbons and other solid
sorbents is presented in Table S2 of the Supporting
Information.

It is widely acknowledged that the efficient separation and
capture of CO, from flue gas are pivotal criteria for evaluating
the potential applications of adsorbents. The CO,/N,
selectivity of the sorbents needs to be evaluated. To assess
the CO,/N, selectivity, we conducted separate CO, and N,
adsorption tests for the representative C-PP-750-1 under
identical conditions at 25 °C and 1 bar (as illustrated in Figure
6a). We utilized the IAST method to predict the CO,/N,
selectivity under a gas mixture of CO,/N, (10:90, V/V) at 25
°C and 1 bar. Notably, C-PP-750-1 exhibited an impressive
selectivity of 17, suapassing some previously reported carbona-
ceous adsorbents”*®' and underscoring its potential for
practical CO, capture applications.

CO, adsorption kinetics is also an important indicator to
assess the actual adsorbents. Based on the kinetic analysis
shown in Figure 6b, 90% of the saturation adsorption capacity
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of C-PP-750-1 can be reached within 3.5 min, proving the fast
adsorption performance of the as-prepared S-doped carbon
adsorbent.

The isosteric heat of adsorption (Q,) serves as a crucial
parameter characterizing adsorption performance, offering
insights into regeneration energy requirements and the
interaction between the adsorbate and adsorbent. Utilizing
the Clausius—Clapeyron equation, we calculated Q, values for
all the samples from CO, adsorption isotherms at 25 and 0 °C
(Figure 6¢). The observed Q, values ranged from 17 to 39 kJ
mol™!, indicating that the CO, adsorption mechanism
predominantly adheres to a physisorption process. Addition-
ally, the high initial Q. suggests a strong interaction between
the adsorbent and the CO, molecules. Further exploration
revealed that as the level of CO, capture increased, Q,, values
declined until reaching a certain threshold, indicating
heterogeneous binding energies within the pores. The
relatively lower adsorption heat of these SDCs under high
CO, loading amounts suggests ease of desorption, the
potential for adsorbent recycling, and minimal energy
consumption—a favorable combination for practical sulfur-
doped carbon adsorbent applications.

We further run a breakthrough experiment to assess the
dynamic sorption capacity of the adsorbent; see Figure 6d. The
breakthrough experiment comprised subjecting a binary N,/
CO, mixture (90:10 v/v) to continuous gas flow at a pressure
of 1 bar. Figure 6d clearly illustrates the breakthrough point,
occurring roughly 10 min after the commencement of contact
between the sorbent and the flowing gas mixture. Under the
required test circumstances, the dynamic CO, capture capacity
(C-PP-750-1) is found to be 0.64 mmol/g, demonstrating
good potential for collecting CO, from actual flue gas streams.
However, it is vital to recognize the presence of moisture in
real flue gas, which may lower the CO, capture capacity of S-
doped carbons owing to the competing adsorption dynamics
between CO, and H,0.

To assess the recyclability of the S-doped carbonaceous
adsorbent in CO, adsorption, we performed five consecutive
CO, adsorption/desorption cycles for C-PP-750-1 at 25 °C
and 1 bar (Figure 7). Encouragingly, the adsorbent maintained
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Figure 7. Repetitive CO, adsorption testing was conducted on C-PP-
750-1.

its CO, capture capacity across multiple cycles, signifying
remarkable reusability and potential for real-world engineering
applications.

4. CONCLUSIONS

Within the context of this study, we effectively produced SDCs
using the carbonization process of coconut shells, utilizing PP
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as both an activating agent and a sulfur source. The synthesis
process involves systematic adjustments in the pyrolysis
temperature, including the range of 700 to 750 °C, and
modulation of the PP/C ratio at 1, 2, and 3. This deliberate
control over synthesis settings created a varied variety of
porous nanocarbon materials, showing a spectrum of features.
Notably, the materials displayed a maximum surface area of
866 m* g~!, paired with a pore volume of 0.56 cm’® g~'.
Furthermore, the heteroatom composition within the materials
was finely adjustable. Under the working settings of 1 bar and
temperatures of 0 and 25 °C, the ideally constructed C-PP-
750-1 adsorbent displayed exceptional CO, absorption
capabilities, recording values of 3.77 and 2.56 mmol g_l,
respectively. This discovery emphasized the significant impact
of both the narrow microporosity and sulfur content on
increasing the CO, sorption capacity. Beyond mere capacity,
these sulfur-doped porous carbons demonstrated desirable
features, including a favorable isosteric heat of adsorption,
quick adsorption kinetics, excellent CO,/N, selectivity, strong
cycle stability, and significant dynamic CO, capture capacity.
Collectively, these outcomes not only present a significant
advancement in the production of porous carbon materials
endowed with boosted sulfur functionalities but also advocate
for a comprehensive exploration of these materials across a
spectrum of applications involving gas adsorption and
separation. The nuanced tailoring of synthesis parameters
and the consequent different characteristics of the materials
create pathways for specialized applications in numerous
scientific and commercial fields.
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