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Abstract: The design of novel porous solid sorbents for carbon dioxide capture is critical in developing
carbon capture and storage technology (CCS). We have synthesized a series of nitrogen-rich porous
organic polymers (POPs) from crosslinking melamine and pyrrole monomers. The final polymer’s
nitrogen content was tuned by varying the melamine ratio compared to pyrrole. The resulting
polymers were then pyrolyzed at 700 °C and 900 °C to produce high surface area nitrogen-doped
porous carbons (NPCs) with different N/C ratios. The resulting NPCs showed good BET surface
areas reaching 900 m? g~!. Owing to the nitrogen-enriched skeleton and the micropore nature of
the prepared NPCs, they exhibited CO, uptake capacities as high as 60 cm3 g~! at 273 K and 1 bar
with significant CO, /N, selectivity. The materials showed excellent and stable performance over five
adsorption/desorption cycles in the dynamic separation of the ternary mixture of N /CO,/H,O.
The method developed in this work and the synthesized NPCs’ performance towards CO, capture
highlight the unique properties of POPs as precursors for synthesizing nitrogen-doped porous
carbons with a high nitrogen content and high yield.

Keywords: porous polymer; nitrogen-doped carbons; porous carbons; carbon dioxide capture;
humid flue gas

1. Introduction

Global warming has become one of the main threats to human life because of the
massive amounts of CO; being released into the atmosphere. The emitted CO, is mainly a
result of human activity and burning fossil fuels to produce the energy necessary for many
industries that improve our life welfare. Accumulation of CO;, a heat-trapping greenhouse
gas in the atmosphere, is causing a continuous increase in Earth’s temperature, which is
altering the climate and could, if not controlled, lead to the end of life on Earth [1-3]. To
handle this global catastrophe, many researchers are racing discover new methods and
technologies, especially for CO, capture, which may give the world a fighting chance of
survival [4]. Currently, amine scrubbing is the most well-developed method available
for capturing CO, from fossil fuels [5]. Even though this method is well-understood and
widely used in industries, it still has some significant drawbacks, such as its large energy
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consumption, corrosion problems, and solvent degradation into possibly harmful materials.
So, to avoid these issues, an up-and-coming alternative method is the implementation
of porous solid sorbents that can adsorb CO, selectively under ambient conditions [6,7].
Many scientific findings have proven that porous materials with flexible arrangements for
pressure, temperature, and vacuum swing adsorption are considered the most promising
for CO, capture and sequestration (CCS) [8,9]. There are multiple families of materials that
can be included under the title of porous solid sorbents; these materials include zeolites,
metal-organic Frameworks (MOFs) [10-12], porous organic polymers (POPs) [13-15], and
porous carbons (DPC) [16-18]. N-doped porous carbons (NPCs) have garnered much
attention in this field of study due to the controllability of their pore architecture, shape
or size for any targeted application [19,20], ease of preparation, sizeable variety of raw
materials, and wide-ranging applications [21,22]. Although porous carbons have been
proven to have high CO, capacities, achieving high CO, /Ny selectivity is challenging due to
the weak surface chemical interaction. Adding CO;-philic moieties, such as nitrogen atoms
in NPCs, within the carbon framework can improve their adsorption energy, increasing
CO, uptake and CO, /N selectivity. This is the primary purpose of nitrogen-doping, which
will produce greater affinity towards CO, because of the strong interaction between the
basic N-functional sites and the acidic CO, molecules [23,24].

Here, we have developed a series of new NPCs derived from melamine pyrrole-based
POPs. The pyrolysis of the melamine pyrrole-based POPs produced a high yield compared
to other porous carbon sources. The developed porous carbon enhanced the CO; capture
performance compared to the parent POPs.

2. Materials and Methods

All chemicals and reagents were used as received without any purification or modi-
fication. Melamine (99% purity), p-formaldehyde (99% purity), and pyrrole (99% purity)
were obtained from Alfa Aesar, Hyderabad, India. Hydrochloric acid (37 wt.%; HCl) and
toluene (99% purity) were brought from Acros Organics, Geel, Belgium. Methanol (99.9%
purity; MeOH), N,N’-dimethylformamide (99% purity; DMF), and palladium on carbon
(5% w/w; Pd/C) were obtained from Sigma Aldrich, Missouri, USA. Ultrapure water was
prepared using a milli-Q ultrapure water purification system. For gas sorption analysis,
nitrogen gas (99.999% purity), carbon dioxide gas (99.99% purity), helium (99.999% purity),
and zero air (99.999% purity) were provided by Air Liquid Co. Dammam, Saudi Arabia.

Fourier transform infrared (FT-IR) spectra were recorded with a PerkinElmer 16 PC
spectrometer using potassium bromide (KBr) pellets. The output spectral bands were
labeled as s, strong; m, medium; w, weak; and br, broad. The spectra were recorded
over 4000-400 cm~! in transmission mode. A solid-state carbon-13 nuclear magnetic
resonance (1*C NMR) analysis was performed on a Bruker 400 MHz instrument, operating
at 125.65 MHz at room temperature. Cross-polarization magic angle spinning (CP-MAS)
at 14 kHz was used. Powder X-ray diffraction (PXRD) patterns were collected using a
Rigaku MiniFlex II X-ray diffractometer (Tokyo, Japan) with a Cu K« radiation source
(A = 1.54178 A). On a Quantachrome Quadrasorp instrument, low-pressure nitrogen gas
sorption isotherms were measured. The experiments were carried out in a bath of liquid
nitrogen at 77 K. Measurements at 273 and 298 K were managed using a water bath
connected to an adjustable chiller. Thermogravimetric Analysis (TGA) was measured with
a TA Q500 instrument. Measurements were made under airflow (20 mL/min) and a heating
rate of 10 °C/min.

2.1. Polymers Synthesis
2.1.1. POP101

Synthesis was achieved following a previously reported method [23]. Melamine
(1.26 g, t mmol) and p-formaldehyde (1.80 g, 60 mmol) were added to DMF (50 mL) inside
a 250 mL round-bottomed flask. The mixture was left at room temperature for 5 min under
vigorous stirring (700 rpm). Pyrrole (0.67 g, 10 mmol) was then added, and the mixture
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was stirred wholeheartedly for an extra 5 min. While stirring, HC1 (1.0 mL) was added to
the reactants slowly, and then immediately, and the flask was sealed with a rubber septum.
The reaction mixture was then transferred to a pre-heated oil bath at 90 °C and stirred at
the same rate for 24 h. After 24 h, the reaction mixture was removed and left to cool to
room temperature. Afterward, the mixture was poured in MeOH (50 mL), closed tightly,
and was sonicated for 30 min. The solid product was then filtered and washed in DMF
(50 mL) for 1 h. Finally, the resulting solid was further purified using Soxhlet extraction
with methanol overnight. The resulting polymer was dried in a vacuum oven at 80 °C for
12 h, yielding a total of (3.53 g) of dry product.

2.1.2. POP102

POP102 was synthesized following the exact procedure as mentioned above, only
varying the (melamine: pyrrole) molar ratio to 1:2. Melamine (1.26 g, 10 mmol) and
p-formaldehyde (2.70 g, 90 mmol) were added to DMF (70 mL) inside a 250 mL round-
bottomed flask. The mixture was left at room temperature for 5 min, under vigorous
stirring (700 rpm). Pyrrole (1.40 g, 20 mmol) was then added, and the mixture was stirred
wholeheartedly for 5 min. While stirring, HCI (1.0 mL) was slowly added to the reactants;
the flask was then immediately sealed with a rubber septum. The reaction mixture was
then transferred to a pre-heated oil bath at 90 °C, and kept stirring at the same rate for
24 h. After 24 h had passed, the reaction mixture was removed and left to cool to room
temperature. Afterward, the mixture was poured in MeOH (50 mL), closed tightly, and
sonicated for 30 min. The solid product was then filtered and washed in DMF (50 mL) for
1 h. Finally, the resulting solid was further purified using Soxhlet extraction with methanol
overnight. The resulting polymer was dried in a vacuum oven at 80 °C for 12 h, yielding a
total of (4.94 g) of black solid, dense particles.

2.1.3. POP103

POP103 was synthesized following the exact procedure as mentioned above, only
varying the (Melamine: pyrrole) molar ratio to 1:3. Melamine (0.63 g, 5 mmol) and p-
formaldehyde (1.80 g, 60 mmol) were added to DMF (50 mL) inside a 250 mL round-
bottomed flask. The mixture was left at room temperature for 5 min under vigorous
stirring (700 rpm). Pyrrole (1.01 g, 15 mmol) was then added, and the mixture was stirred
wholeheartedly for an extra 5 min. While stirring, HCI (1.0 mL) was slowly added to
the reactants; the flask was then immediately sealed with a rubber septum. The reaction
mixture was then transferred to a pre-heated oil bath at 90 °C and stirred at the same rate
for 24 h. After 24 h had passed, the reaction mixture was removed and left to cool to room
temperature. Afterward, the mixture was poured into MeOH (50 mL), closed tightly, and
sonicated for 30 min. The solid product was then filtered and washed in DMF (50 mL) for
1 h. Finally, the resulting solid was further purified using Soxhlet extraction with methanol
overnight. The resulting polymer was dried in a vacuum oven at 80 °C for 12 h, yielding a
total of (2.87 g) of dry final product.

2.1.4. POP104

POP104 was synthesized following the exact procedure as mentioned above, only
varying the (melamine: pyrrole) molar ratio to 1:4. Melamine (0.63 g, 5 mmol) and p-
formaldehyde (2.25 g, 75 mmol) were added to DMF (50 mL) inside a 250 mL round-
bottomed flask. The mixture was left at room temperature for 5 min, under vigorous
stirring (700 rpm). Pyrrole (1.34 g, 20 mmol) was then added, and the mixture was stirred
wholeheartedly for an extra 5 min. While stirring, HCI (1.0 mL) was slowly added to
the reactants; the flask was then immediately sealed with a rubber septum. The reaction
mixture was then transferred to a pre-heated oil bath at 90 °C, and kept stirring at the same
rate for 24 h. After 24 h had passed, the reaction mixture was removed and left to cool to
room temperature. Afterward, the mixture was poured into MeOH (50 mL), closed tightly,
and sonicated for 30 min. The solid product was filtered and washed in DMF (50 mL) for
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(a) Polymer Synthesis

NH,

1 h. Finally, the resulting solid was further purified using Soxhlet extraction with methanol
overnight. The resulting polymer was dried in a vacuum oven at 60 °C for 12 h, yielding a
dense black precipitate with a weight of 4.17 g.

2.2. N-Doped Carbon Synthesis

Carbonization of the polymers was carried out using a horizontal quartz tubular
reactor with a continuous nitrogen flow. The process begins with 1.0 g of polymer being
heated gradually, rate = 5.0 °C/min, up to 360 °C. After the temperature ramp, an isotherm
is maintained at this temperature for 3 h. Afterward, the temperature is raised to pyrolysis
temperature (700 °C or 900 °C) at a rate of 3 °C/min and held for an additional hour.
Finally, the material was left to cool down to room temperature.

In addition to the detailed synthetic description provided for polymers and NPCs, we
have summarized both of the synthetic procedure and the synthetic conditions in Figure 1
and Table 1 respectively.
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Figure 1. Detailed synthetic scheme of the melamine pyrrole-based POPs (a), and their pyrolysis to
NPCs (b).

Table 1. Summary of the synthetic conditions and optimizations for all POPs and NPCs.

Entry Material Precursors Method Temperature

Melamine/Pyrrole Solvothermal o

1 POP101 Molar ratio: 1:1 (DMEF) n0°C
Melamine/Pyrrole Solvothermal o

2 POP102 Molar ratio: 1:2 (DMF) 0°C
Melamine/Pyrrole Solvothermal o

3 POP103 Molar ratio: 1:3 (DMEF) n-C
Melamine/Pyrrole Solvothermal o

4 POP104 Molar ratio: 1:4 (DMEF) n0°C

5 NPC101-700 POP101 Pyrolysis 700 °C

6 NPC102-700 POP102 Pyrolysis 700 °C

7 NPC103-700 POP103 Pyrolysis 700 °C

8 NPC104-700 POP104 Pyrolysis 700 °C

9 NPC101-900 POP101 Pyrolysis 900 °C

10 NPC102-900 POP102 Pyrolysis 900 °C
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3. Results and Discussion

The main goal of this work is to develop a facile and practical method to prepare
a unique nitrogen-doped porous carbon material for the selective capture of CO,. Our
two-step synthetic strategy helped us gain control over the nitrogen content within the final
NPCs by optimizing the porous material preceding the pyrolysis, which is the crosslinking
of melamine and pyrrole with a methylene linkage. Both melamine and pyrrole are aromatic
amine-based, CO,-philic monomers. By varying their molar ratios concerning each other,
we obtained various versions of the same framework POP, but with varying degrees of
nitrogen content within the framework. Furthermore, the monomer ratio optimization
enables the tuning of the micro/mesopore nature of the resulting framework. Increasing
the ratio of pyrrole, which has four crosslinking points, increases the degree of crosslinking
and rigidity. Utilizing the POPs generated from this optimization technique is crucial for
guaranteeing the obtainment of the optimum NPC material for the targeted application.

The successful synthesis of the polymers and the NPCs was proven with different
characterization techniques. Their physical properties were studied to evaluate how these
materials can perform and compete against other materials in CO, capture. Although
various NPCs have been synthesized from different POPs and at different temperatures,
we selected the best-performing material (NPC10X-900) for the structural characterization,
referred to as NPC10X, without reflecting the temperature.

3.1. Structural Characterization & Permanent Porosity

FI-IR analysis was used to spot the changes in materials due to any alterations in their
functionalities. Both pure monomers’ spectra, pyrrole and melamine, were graphed in
comparison with the synthesized polymers to facilitate the comparison of the fingerprints
between their FT-IR spectra (Figure 2). Figure 2a shows a clear difference between the
monomers and the polymer POP101 at high wavenumber. At ~3500 cm~!, we can identify
the two characteristic bands of a primary amine in melamine. In pyrrole, only one band
appears in approximately the same wavenumber corresponding to the secondary amine
stretch. At the same time, in the case of POP101, broadband reflects the presence of both
amine types within different environments in the polymer. All three other polymers also
exhibited similar behavior with a broad absorption band around 3413 cm~! (Figure 2b).
A shoulder to the absorption band at around 3240 cm~! proves that the POPs contained
free amine moieties. Additionally, the presence of the aromatic -C=C- vibrational bands of
the pyrrole, located at 1515 cm ™!, in the POP101 spectrum provide strong evidence that
this monomer is incorporated in the polymer [23]. Finally, the presence of the melamine
monomer was indicated by the presence of the characteristic out-of-the-plane bend of
the 1,3,5-triazine ring at 812 cm~! [25]. The '3C NMR proves the monomers’ successful
incorporation and the aliphatic linkage formation (Figure 2d). The structure elucidation
matches the previous study’s matching chemical shifts [23]. The range between 20-50 ppm
shows around four main peaks representing the formation of the methylene linkage through
different monomer connections. The peaks of pyrrole carbons are shown within a range of
100-140 ppm, while the peaks at 150-170 ppm represent the 1,3,5-triazine carbons.

The crystallinity of the materials was investigated with PXRD, and the produced
patterns show almost identical behavior with a broad peak centered around 20-25 degrees,
indicating their amorphous nature, with no evidence of any long-range order or repeating
atomic structure for both POPs and NPCs (Figure 3a). The thermal stability of the polymers
was investigated with TGA, as shown in Figure 3b, and all polymers showed good stability
up to ~250 °C.

Measurement of a low-pressure N isotherm at 77 K was conducted to examine the ar-
chitectural stability and permanent porosity of the synthesized POPs and NPCs (Figure 4a).
The isotherms obtained from POP102, POP103, and POP104 all showed a behavior char-
acteristic of Type-IV isotherms according to the classification system of the International
Union of Pure and Applied Chemistry (IUPAC) [26]. An initial uptake at very low P /P,
followed by a slight increase up to ~0.5 P/ Py, then a final increase corresponding to the
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condensation within the mesopores, which ends in either saturation or an inflection point,
then forms a hysteresis loop upon desorption. For POP101, the isotherm started exactly like
the other polymers, but showed a different pattern at high P/Py, with a very sharp uptake,
which makes it a Type-II isotherm. The hysteresis formed upon desorption is potentially
caused by the mesopore filling due to capillary condensation/evaporation [27,28].

(a) Melamine (b)

W
/‘\'\/\
POP102 N

W

POP104

-NH
Pyrrole
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Figure 2. (a) FT-IR spectra of the melamine, pyrrole, and POP101; (b) FI-IR spectra of POP101,
POP102, POP103, and POP104 stacked together for clear comparison; (c) FI-IR spectra of POP101
and its corresponding NPC101; (d) Solid-state 13C NMR for POP101 and POP102 polymers.

(a) (b)
—POP101 100 | —POP104
—— POP102 —POP103
5 ~ 80 | ——POP102
@ s
s —POP101
g § 60 |
= (&)
- [2]
E § o
= =
[5)
x 20 |
. . . . . . 0 . . . . .
5 10 15 20 25 30 35 40 0 100 200 300 400 500 600 700 800
26 (degree) Temperature (°C)

Figure 3. (a) Thermogravimetric analysis (TGA) of the POPs under air atmosphere. (b) Stacked PXRD
patterns of the synthesized polymers POP101, POP102 and their corresponding NPCs, NPC101 and
NPC102. Measurements were made at a scan rate of 2 degrees/min.

Pore size distributions (PSD) were calculated to obtain an idea of the most common
pore sizes, their distribution, variation, and how the different pores contribute to the total
pore volume of the material. All PSDs are calculated using the quenched solid density
functional theory (QSDFT) with N at 77 K on the carbon model (slit/cylindrical /sphere
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pores, adsorption branch) [29,30]. In Figure 4b, the PSD of the polymers shows a combi-
nation of micro-, meso-, and macro-pores with varying quantities from one polymer to
another, which is an expected outcome given that the polymers are amorphous. Upon
carbonization, all of the NPCs showed a much higher microporous nature, represented
in the higher uptake at low P/Py (similar to aType-I isotherm) and the higher micropore
ratio to other pore sizes in the PSD curves (Figure 5a,b). Surface areas were estimated using
the Brunauer-Emmett-Teller (BET) model, with the experimental data chosen in the range
of P/Py = 0.01-0.3. Table 2 summarizes the surface areas and pore characteristics of the
four POPs and their corresponding NPCs. The surface areas of the materials greatly en-
hanced after the carbonization; for instance, the BET surface area of POP101 increased from
101 m? g1 to 700 m? g~ for its corresponding NPC101-900. One plausible explanation is
that at these high temperatures, various ring fusions or closures could occur [31], which
will result in creating more walls and tightening the pore sizes.

500
@ 5 poP101 -o-POP102 ®) —poPt01  —=-POP102
400 -4-POP103 —-POP104 ——POP103  —+—POP104
b 5
E 300 L
~ c
g T
£ 200 3
> S
Z 3
100
0
0 5 10 15 20 25
Relative Pressure (P/P,) Pore Width (nm)

Figure 4. (a) Low-pressure N, isotherms measured at 77 K, solid and hollow markers represent the
adsorption and desorption branches respectively; (b) pore size distribution (PSD) of the parent porous
organic polymers (POPs) as calculated using the quenched solid density functional theory (QSDFT)
with Nj at 77 K on a carbon model (slit/cylindrical /sphere pores, adsorption branch). POP101 (black
circles), POP102 (blue squares), POP103 (red triangles), and POP104 (green thombuses). The markers
represent the experimental data points, while the connecting lines just serve to guide the eye.

500
@) —e-NPC101_700 (b) ——NPC101_700
—=—NPC102_700
a0 | —a-NPC102_700 S NPG103700
- ——NPC103_700 < ——NPC104_700
Z ——NPC104_700 P
5 300 £
2 8
g =
2 S
5 200 2
z
100 %
0 1 1 1 1
0 02 04 06 08 1
Relative Pressure (P/Py) Pore Width (nm)

Figure 5. (a) Low-pressure N, isotherms measured at 77 K, solid and hollow markers represent the
adsorption and desorption branches respectively; (b) pore size distribution (PSD) of the N-doped
porous carbons (NPCs) as calculated using the quenched solid density functional theory (QSDFT)
with N at 77 K on a carbon model (slit/cylindrical /sphere pores, adsorption branch). NPC101-700
(black circles), NPC102-700 (blue squares), NPC103-700 (red triangles), and NPC104-700 (green
rhombuses). The markers represent the experimental data points, while the connecting lines just
serve to guide the eye.
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Table 2. Surface area, pore size distribution, and pore volumes of the synthesized POPs and NPCs.

Material BET Area Langmuir Area Pore Volume ! Micropore Volume 2 DFT Pore Radius
(m? g-1) (m?g-1) (cm® g—1) (em® g1) (nm)
POP101 205 324 0.59 0.000 0.25
POP102 263 441 0.62 0.000 0.62
POP103 333 532 0.50 0.000 0.59
POP104 436 695 0.55 0.010 0.63
NPC101-700 570 792 0.60 0.201 0.39
NPC102-700 369 552 0.42 0.094 0.39
NPC103-700 387 542 0.34 0.080 0.54
NPC104-700 348 495 0.30 0.065 0.54
NPC101-900 537 807 0.78 0.141 0.39
NPC102-900 659 1067 0.83 0.120 0.50

1 DFT accumulated pore volume. 2 Micropore volume calculated using t-plot method, thickness method: DeBoer.

3.2. Thermodynamic Uptake Capacity

The improved surface area of the carbonized samples (NPCs) encouraged us to in-
vestigate them more. So, we evaluated the thermodynamic gas adsorption capabilities for
the synthesized POPs and the two best-performing carbonized samples. Low-pressure,
single-component gas adsorption isotherms of CO, and N; gases were measured at 273 K
and 298 K (Figure 6). At 273 K and 760 Torr, POP101 and POP102 showed a moderate
CO, uptake capacity (30.0 and 29.3 cm3 g1, respectively), but the N, uptake capacities
under identical experimental conditions were very low (1.2 and 2.2 cm® g1, respectively).
In contrast to the N isotherm, the POPs exhibited a substantially steeper CO, uptake in
the low-pressure region, which suggests stronger interactions between polymers and CO,
molecules. More interestingly, the CO, uptake capacity of NPC101-900 was nearly twice
that of the polymer POP101 (Figure 6¢,d). A summary of the CO; sorption data for the
POPs and NPCs at different temperatures is provided in Table 3.

40 40
4 | @ 273K —+—POP102 (b) 273K ——POP103
I —e—POP101 BT -=-POP104
— 30| _ 30 |
[ "
= 25 F L] L
EL E 25
v 20 L
E % 20
5 st S 15t
2 -
© 10 AT
5 5
0 0
0 200 400 600 800
Pressure (Torr) Pressure (Torr)
60 - 60
() 273K co, (d) 298K  —e—POP101
50 | 50 NPC101-900 o,
= —s—POP101 =
o 40T NPC101-900 o 40
£ * £
CA CA
2 e
= =
£ g
o pul
2 2
o (U]

Pressure (Torr) Pressure (Torr)

Figure 6. CO, and N single component gas sorption isotherms of (a) POP101 and POP102 at 273 K,
(b) POP103 and POP104 at 273 K, (c) POP101 and NPC101-900 at 273 K, and (d) POP101 and NPC101-
900 at 298 K. The markers represent the experimental data points, while the connecting lines just
serve to guide the eye.
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Table 3. Data of all CO, adsorption capacities at 273 K and 298 K.

CO;, Uptake CO, Uptake
Samples (em3 g-1) (em3g-1)
273 K 298 K
POP101 30.8 20.7
POP102 29.3 19.2
POP103 28.9 19.3
POP104 30.8 19.6
NPC101-900 59.4 441
NPC102-900 57.5 46.5

3.3. Thermodynamic Analysis of the Adsorption Process

The change in entropy (AS®), the difference in the enthalpy of reaction (AH?), and the
change in Gibbs free energy (AG®) are the thermodynamic properties considered for the
adsorption process. These properties were estimated using Van Hoff’s expression, and are
presented in Equations (1) and (2) [32-34].

—AH AS
anF = T + T, (1)
AG = —RTInKp, )

where K is the Freundlich constant, R is the universal gas constant, and T is the temperature
of adsorption (Kelvin). The values obtained for the thermodynamic parameters are shown
in Table 4. It can be observed from Table that all the thermodynamic properties have a
negative sign. The negative sign in the entropy changes values indicates that the adsorbate
molecules are highly ordered. This can also reveal how the CO, molecules behave during
the process, as the molecules appear to transition from a random state to a more organized
one [34,35]. The NPC101 molecules have higher orderliness than the NPC102. The negative
sign in the enthalpy change values indicates that the adsorption process is exothermic,
and it can also indicate whether the adsorption process is physical (i.e., physisorption) or
chemical (i.e., chemisorption) in nature. Values of around —20 kJ/mol suggest that the
adsorption process is physisorption, while values ranging from —80 to —200 kJ/mol imply
that the adsorption process is chemisorption [33-36]. Our data show that both NPC101
and NPC102 capture CO; physically (physisorption). The negative values of AG° show
that the nature of the adsorption process is exothermic and spontaneous [37]. The values
of AG® at 273 K are higher than those at 298 K for the two materials, which shows that
the adsorption process is favorable at a lower temperature [35]. Considering the three
thermodynamic properties presented in Table 4, it can be noticed that the adsorption
process is more exothermic and spontaneous with the material NPC101, and its molecules
display a high degree of orderliness when compared to the material NPC102. Comparing
the thermodynamic properties presented here with what is available in the literature for
activated carbon [33,37], it can be observed that NPC101 and NPC102 are good candidates,
suitable for physical CO; adsorption through fundamental electrostatic, dipole—dipole,
and van der Waals interactions. This is based on the adsorption—desorption isotherms that
show no hysteresis loops with CO, uptake, and the values of isosteric heat of adsorption.

Table 4. Thermodynamic parameters were calculated for NPC101 and NPC102.

AG® (kJ/mol)
273 K 298 K

NPC101-900 —0.074 —23.620 —-3.35 —1.50
NPC102-900 —0.044 —14.827 —2.73 —1.62

Material AS° (kJ/mol K) AH® (kJ/mol)
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Another important thermodynamic property that describes the interaction between
an adsorbent and an adsorbate is isosteric heat (E;t). The isosteric heat of adsorption can
be expressed as the ratio of limitless small change in adsorbate enthalpy to the limitless
small change in quantity adsorbed [38]. It illustrates the intensity of interaction between
the adsorbate molecules and the adsorbent’s surface. A Clausius—Clapeyron equation is
used to estimate adsorption’s isosteric heat expressed in Equation (3) [32,34].

oln(P)
a<%> Mads

The E is obtained from the slope of Equation (3) when In(P) is plotted against the
inverse of temperature 1/T at different CO, uptakes, where P is the pressure, and m, is the
CO, uptake or surface coverage. The values of Eg; range between 18.52-26.41 k] /mol for the
materials under consideration. This range of values is further confirmed by knowing that
the adsorption process is physisorption [39]. The higher value of Ey;, which corresponds
to the material NPC101, shows interaction and attractiveness between the surface of
the material and the molecules of CO,, which ended up filling the micropores of the
material [34,40,41].

The Selectivity of NPC101 and NPC102 towards the binary mixture of 20% CO; and
80% N was simulated using the Ideal Adsorption Solution Theory (IAST) model over a
varying range of pressures (0-1000 mbar), and the data are presented in Figure 7.

Es = |RT 3)

60 60
(a) NPC101 (b) NPC102
50 | 50 |
40 40
> =
= =
S 30 ¢ 8 30
@ &
(%)
20 20
10 10
0 1 1 1 1 0 1 1 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000
Pressure (mbar) Pressure (mbar)

Figure 7. Selectivity plots of CO, /N, (20%: 80%) for (a) NPC101 and (b) NPC102 as calculated by
the TAST model at 298 K.

3.4. Dynamic CO; Separation

Dynamic breakthrough tests were carried out to assess NPC101-900’s efficacy and
selectivity in capturing CO, under real-world flue gas conditions. A typical experiment
involves loading an activated sample of NPC101-900 into a bed and exposing it to a gaseous
mixture that contains 80% N;, and 20% CO,. These are volumetric percentages that are
meant to mimic the flue gas composition. The full breakthrough capacity of CO, was
measured by evaluating the composition ratio of the downstream gas to the feed gas.

1 298
Gco, = mFCt(273>' 4)

where g, is the CO, capacity (cm® g~1) at 298 K, m is the mass of adsorbent (g), F is the
input flow rate (cm?® min~1) at STP, C is the influent CO, concentration (vol.%), and  is the
time (min).



Polymers 2023, 15, 2475

110f15

An online mass spectrometer was used to monitor the effluent composition during the
experiment to precisely record the breakthrough time (i.e., the moment when a material
reaches saturation and extra CO, molecules “break through” the bed). N, gas is the only
gas present in the effluent for 1.6 min before CO; reaches its breakthrough point. It is
obvious that NCP101-900 selectively retains CO, for a considerable amount of time, even
in the wet CO; streams, with a breakthrough time of 1.5 min and a loss of only 10% in the
total uptake. These findings show some early promise for NCP101-900, but a crucial factor
still needs to be proven. The corresponding dynamic CO, uptake capacity of NCP101-900,
computed from the breakthrough time, was 10.6 cm® g 1. Since competitive adsorption
occurs easily in water, porous materials often struggle to capture CO, selectively. This
reduces the material’s ability to absorb CO, and/or makes it less stable and less recyclable
over time. We investigated the material’s capability to separate CO; from N in the presence
of water in light of NCP101-900’s original breakthrough results under dry conditions, and
investigated its water stability. As a result, NCP101-900 was exposed to a ternary gas
mixture that contained COy, Ny, and H,O (20%, 80%, and 91RH, respectively). NCP101-900
was once more capable of selectively retaining CO,, as depicted in Figure 8.

1
0.9
0.8
07 Dry-C1
0.6 ® Wet-C1
0.5
0.4
0.3
0.2
o J
0

0 20 40 60 80 100 120 140 160 180 200

cic,

Time (s)

Figure 8. A 20:80 gas mixture containing CO;, and N, respectively, under dry (orange squares) or
wet (91% RH, blue circles) conditions was flown through a fixed bed of NPC101-900 at 298 K and
1 bar (mass of the sample 0.3 g, and 10 cm® min~! flow rate). Dynamic breakthrough measurements
demonstrate the ability of NPC101-900 to separate CO, from N, under wet and dry conditions.

The long-term usage and recyclability of an adsorbent material, without performance
degradation, is a crucial aspect that must be considered for deployment in an industrial
setting. As a result, we performed a continuous multicycle breakthrough measurement
(>5 cycles) at 298 K. (Figure 9). NCP101s were first exposed to a wet N, stream (91% RH)
for each cycle of this experiment until water saturation was noticed. When the wet N
stream reached saturation, a dry stream of CO, (20% v/v) was injected, and the effluent
was watched for the breakthrough time. Over the course of the multicycle testing, NPC101-
900 demonstrated remarkable stability and recyclability. It is crucial to remember that
NPC101-900 was regenerated between each cycle by passing a moist N; stream through
the material at 298 K. This regeneration process is a notably alluring property for using
NPC101-900 as an adsorbent for the selective capture of CO, from actual flue gas mixtures
from the perspective of energy costs. Table 5 compares NPCs’ performance with similar
related material toward CO, capture.
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Figure 9. The long-term recyclability performance of NPC101 using wet CO, breakthrough measure-
ments. The desorption/activation of the sample was carried out through N; flow at room temperature.
Over complete five consecutive cycles, the dynamic adsorption capacity has not decreased.

Table 5. Comparison table of NPCs’ performance with similar related material toward CO; capture.

SABET C02 Uptake Temp. COz/Nz

Material (m? g1 (mmol g—1) (K) Selectivity Ref.

POP-derived NPCs 570-659 1.9-2.1 298 50-53 This work
CMK-3 carbon 624 1.7 293 35-38 [42]
Mesoporous carbon-MgO 0.9 298 — [43]

Mesoporous N-doped carbon tea waste
(TW-900) 354 17 298 79 [44]
Activated porous biocarbons (NEPB-3UK) 982 2.2 298 — [45]
BPL Carbon 1210 2.1 298 — [46]
Cellulose-based carbons -AC-N» 500 2.6 — [47]
benzoate-derived porous carbon 777 3.6 298 — [48]
(N, S, O, P)-doped porous carbon microspheres

(PCMS—750) 342 1.8 298 10.6 [49]
PCMSs—800 481 2.8 12.7 [49]
Hierarchical porous carbon 4.5 273 — [50]
Carbon monoliths 595-621 2.3-3.0 298 — [51]

4. Conclusions

We have developed a strategy to investigate and select the best-performing N-doped
porous carbon (NPC) prepared from a porous organic polymer (POP). The samples pre-
pared at 900 °C had a higher surface area than those at 700 °C. NPC101-900 has shown
a high CO, uptake capacity of 44 cm? g~! at 298 K and 1 bar, and great potential for
selectively capturing CO, from binary, CO, /Ny, and ternary CO,/N,/H,0O gas mixtures.
NPC101-900 showed good dynamic CO, uptake capacities of 10.6 and 10.0 cm® g1 under
dry and wet conditions, respectively. Furthermore, withstanding a multicycle continuous
breakthrough measurement, in which a subtle regeneration of NPC101-900 was applied at
low energy consumption, showed that our material could selectively capture CO, from a
wet N stream over an extended period, without suffering material degradation. The results
presented here emphasize a strategy for advancing the synthesis of N-doped porous car-
bons from porous polymers as prospective and sensible adsorbent materials for industrially
relevant and realistic gas separation procedures.



Polymers 2023, 15, 2475 13 of 15

Author Contributions: Conceptualization, M.M.A ; Data curation, M.M.A., M.A. and A.M.A.; For-
mal analysis, M.M.A. and K.M.O.; Funding acquisition, M.A.N.; Investigation, M.M.A. and A M.A;
Methodology, MM.A., M.Z.,, M.A., E-H.M.M. and M.D.; Project administration, M.A.N.; Resources,
M.M.A. and A.M.A; Supervision, M.M.A. and M.A.N.; Visualization, M.M.A. and A.M.A.; Writing—
original draft, MM.A., M.A., E-HM.M.,, KM.O., M.Z., AM.A. and M.D.; Writing—review and edit-
ing, M.M.A. and A.M.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by IRC Hydrogen and Energy Storage (HES) at KFUPM, grant
number INHE2201.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge Zain Yamani, director of IRC-HES, for his support
and permission to use the center’s facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yuan, Z;Eden, M.R; Gani, R. Toward the Development and Deployment of Large-Scale Carbon Dioxide Capture and Conversion
Processes. Ind. Eng. Chem. Res. 2016, 55, 3383-3419. [CrossRef]

2. Bilgen, S. Structure and Environmental Impact of Global Energy Consumption. Renew. Sustain. Energy Rev. 2014, 38, 890-902.
[CrossRef]

3. Jackson, R.B.; Canadell, ].G.; Quéré, C.L.; Andrew, R.M.; Korsbakken, ].I; Peters, G.P,; Nakicenovic, N. Reaching Peak Emissions.
Nat. Clim. Chang. 2016, 6, 7-10. [CrossRef]

4. Zhao, X.; Hu, X.; Hu, G; Bai, R.; Dai, W.; Fan, M.; Luo, M. Enhancement of CO, Adsorption and Amine Efficiency of Titania
Modified by Moderate Loading of Diethylenetriamine. J. Mater. Chem. A 2013, 1, 6208—-6215. [CrossRef]

5. Rochelle, G.T. Amine Scrubbing for CO, Capture. Science 2009, 325, 1652-1654. [CrossRef] [PubMed]

6. Wang, Q.; Luo, J.; Zhong, Z.; Borgna, A. CO, Capture by Solid Adsorbents and Their Applications: Current Status and New
Trends. Energy Environ. Sci. 2011, 4, 42-55. [CrossRef]

7. Wang, J.; Huang, L.; Yang, R.; Zhang, Z.; Wu, J.; Gao, Y.; Wang, Q.; O'Hare, D.; Zhong, Z. Recent Advances in Solid Sorbents for
CO, Capture and New Development Trends. Energy Environ. Sci. 2014, 7, 3478-3518. [CrossRef]

8.  D’Alessandro, D.M.; Smit, B.; Long, ].R. Carbon Dioxide Capture: Prospects for New Materials. Angew. Chem. Int. Ed. 2010, 49,
6058-6082. [CrossRef]

9. Lee, S.C; Lin, C.T; Tsai, M.S. The Pricing of Deposit Insurance in the Presence of Systematic Risk. J. Bank. Financ. 2015, 51, 1-11.
[CrossRef]

10. Sumida, K.; Rogow, D.L.; Mason, ].A.; McDonald, T.M.; Bloch, E.D.; Herm, Z.R; Bae, T.H.; Long, ].R. Carbon Dioxide Capture in
Metal-Organic Frameworks. Chem. Rev. 2012, 112, 724-781. [CrossRef]

11. Trickett, C.A.; Helal, A.; Al-Maythalony, B.A.; Yamani, Z.H.; Cordova, K.E.; Yaghi, O.M. The Chemistry of Metal-Organic
Frameworks for CO, Capture, Regeneration and Conversion. Nat. Rev. Mater. 2017, 2, 17045. [CrossRef]

12. Hu, Z.; Wang, Y.; Shah, B.B.; Zhao, D. CO, Capture in Metal-Organic Framework Adsorbents: An Engineering Perspective.
Adv. Sustain. Syst. 2019, 3, 1800080. [CrossRef]

13. Jia, J.; Chen, Z; Jiang, H.; Belmabkhout, Y.; Mouchaham, G.; Aggarwal, H.; Adil, K.; Abou-Hamad, E.; Czaban-J6zwiak, J.;
Tchalala, M.R,; et al. Extremely Hydrophobic POPs to Access Highly Porous Storage Media and Capturing Agent for Organic
Vapors. Chem 2019, 5, 180-191. [CrossRef]

14. Li, L.; Cai, K; Wang, P; Ren, H.; Zhu, G. Construction of Sole Benzene Ring Porous Aromatic Frameworks and Their High
Adsorption Properties. ACS Appl. Mater. Interfaces 2015, 7, 201-208. [CrossRef] [PubMed]

15.  Zhang, C.; Kong, R.; Wang, X.; Xu, Y.; Wang, E; Ren, W.; Wang, Y.; Su, E; Jiang, ] X. Porous Carbons Derived from Hypercrosslinked
Porous Polymers for Gas Adsorption and Energy Storage. Carbon 2017, 114, 608-618. [CrossRef]

16. Shen, Z.; Song, Y.; Yin, C.; Luo, X.; Wang, Y.; Li, X. Construction of Hierarchically Porous 3D Graphene-like Carbon Material by B,
N Co-Doping for Enhanced CO, Capture. Microporous Mesoporous Mater. 2021, 322, 111158. [CrossRef]

17.  Shen, Z,; Liu, C,; Yin, C.; Kang, S.; Liu, Y.; Ge, Z.; Xia, Q.; Wang, Y.; Li, X. Facile Large-Scale Synthesis of Macroscopic 3D Porous
Graphene-like Carbon Nanosheets Architecture for Efficient CO, Adsorption. Carbon 2019, 145, 751-756. [CrossRef]

18. Tian, W.; Zhang, H.; Sun, H.; Suvorova, A.; Saunders, M.; Tade, M.; Wang, S. Heteroatom (N or N-S)-Doping Induced Layered
and Honeycomb Microstructures of Porous Carbons for CO, Capture and Energy Applications. Adv. Funct. Mater. 2016, 26,
8651-8661. [CrossRef]

19. Ren, X,; Li, H.; Chen, ].; Wei, L.; Modak, A.; Yang, H.; Yang, Q. N-Doped Porous Carbons with Exceptionally High CO, Selectivity
for CO, Capture. Carbon 2017, 114, 473-481. [CrossRef]

20. Sevilla, M.; Parra, ].B.; Fuertes, A.B. Assessment of the Role of Micropore Size and N-Doping in CO, Capture by Porous Carbons.
ACS Appl. Mater. Interfaces 2013, 5, 6360—-6368. [CrossRef]

21. Basha, D.B.; Ahmed, S.; Ahmed, A.; Gondal, M.A. Recent Advances on Nitrogen Doped Porous Carbon Micro-Supercapacitors:

New Directions for Wearable Electronics. |. Energy Storage 2023, 60, 106581. [CrossRef]


https://doi.org/10.1021/acs.iecr.5b03277
https://doi.org/10.1016/j.rser.2014.07.004
https://doi.org/10.1038/nclimate2892
https://doi.org/10.1039/c3ta10651a
https://doi.org/10.1126/science.1176731
https://www.ncbi.nlm.nih.gov/pubmed/19779188
https://doi.org/10.1039/C0EE00064G
https://doi.org/10.1039/C4EE01647E
https://doi.org/10.1002/anie.201000431
https://doi.org/10.1016/j.jbankfin.2014.10.012
https://doi.org/10.1021/cr2003272
https://doi.org/10.1038/natrevmats.2017.45
https://doi.org/10.1002/adsu.201800080
https://doi.org/10.1016/j.chempr.2018.10.005
https://doi.org/10.1021/am505697f
https://www.ncbi.nlm.nih.gov/pubmed/25495481
https://doi.org/10.1016/j.carbon.2016.12.064
https://doi.org/10.1016/j.micromeso.2021.111158
https://doi.org/10.1016/j.carbon.2019.01.093
https://doi.org/10.1002/adfm.201603937
https://doi.org/10.1016/j.carbon.2016.12.056
https://doi.org/10.1021/am401423b
https://doi.org/10.1016/j.est.2022.106581

Polymers 2023, 15, 2475 14 of 15

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Li, M,; Xu, E; Li, H; Wang, Y. Nitrogen-Doped Porous Carbon Materials: Promising Catalysts or Catalyst Supports for
Heterogeneous Hydrogenation and Oxidation. Catal. Sci. Technol. 2016, 6, 3670-3693. [CrossRef]

Abdelnaby, M.M.; Cordova, K.E.; Abdulazeez, I.; Alloush, A.M.; Al-Maythalony, B.A.; Mankour, Y.; Alhooshani, K.; Saleh, T A;
Hamouz, O.C.S. Al Novel Porous Organic Polymer for the Concurrent and Selective Removal of Hydrogen Sulfide and Carbon
Dioxide from Natural Gas Streams. ACS Appl. Mater. Interfaces 2020, 12, 47984-47992. [CrossRef] [PubMed]

Sethia, G.; Sayari, A. Comprehensive Study of Ultra-Microporous Nitrogen-Doped Activated Carbon for CO, Capture. Carbon
2015, 93, 68-80. [CrossRef]

Jawaid, S.; Talpur, EN.; Afridi, H.I.; Nizamani, S.M.; Khaskheli, A.A.; Naz, S. Quick Determination of Melamine in Infant Powder
and Liquid Milk by Fourier Transform Infrared Spectroscopy. Anal. Methods 2014, 6, 5269-5273. [CrossRef]

Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, ].P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W. Physisorption of Gases,
with Special Reference to the Evaluation of Surface Area and Pore Size Distribution (IUPAC Technical Report). Pure Appl. Chem.
2015, 87, 1051-1069. [CrossRef]

Balzer, C.; Braxmeier, S.; Neimark, A.V.; Reichenauer, G. Deformation of Microporous Carbon during Adsorption of Nitrogen,
Argon, Carbon Dioxide, and Water Studied by in Situ Dilatometry. Langmuir 2015, 31, 12512-12519. [CrossRef]

Hart, K.E.; Springmeier, ].M.; McKeown, N.B.; Colina, C.M. Simulated Swelling during Low-Temperature N, Adsorption in
Polymers of Intrinsic Microporosity. Phys. Chem. Chem. Phys. 2013, 15, 20161-20169. [CrossRef]

Ravikovitch, PI.; Neimark, A.V. Density Functional Theory Model of Adsorption on Amorphous and Microporous Silica Materials.
Langmuir 2006, 22, 11171-11179. [CrossRef]

Ravikovitch, PI; Vishnyakov, A.; Russo, R.; Neimark, A.V. Unified Approach to Pore Size Characterization of Microporous
Carbonaceous Materials from Ny, Ar, and CO, Adsorption Isothermst. Langmuir 2000, 16, 2311-2320. [CrossRef]

Blazs6, M. Polyaromatization in Common Synthetic Polymers at Elevated Temperatures. J. Anal. Appl. Pyrolysis 1993, 25, 25-35.
[CrossRef]

Sarwar, A.; Ali, M.; Khoja, A.H.; Nawar, A.; Waqas, A.; Liaquat, R.; Naqvi, S.R.; Asjid, M. Synthesis and Characterization of
Biomass-Derived Surface-Modified Activated Carbon for Enhanced CO,adsorption. J. CO2 Util. 2021, 46, 101476. [CrossRef]
Rashidi, N.A ; Yusup, S.; Borhan, A. Isotherm and Thermodynamic Analysis of Carbon Dioxide on Activated Carbon. Procedia
Eng. 2016, 148, 630-637. [CrossRef]

Gautam; Sahoo, S. Experimental Investigation on Different Activated Carbons as Adsorbents for CO, Capture. Therm. Sci. Eng.
Prog. 2022, 33, 101339. [CrossRef]

Zhao, Y.; Wang, D.; Xie, H.; Won, SW.; Cui, L.; Wu, G. Adsorption of Ag(I) from Aqueous Solution by Waste Yeast: Kinetic,
Equilibrium and Mechanism Studies. Bioprocess Biosyst. Eng. 2015, 38, 69-77. [CrossRef]

Liang, S.; Guo, X.; Feng, N.; Tian, Q. Isotherms, Kinetics and Thermodynamic Studies of Adsorption of Cu?* from Aqueous
Solutions by Mg2+/ K* Type Orange Peel Adsorbents. . Hazard. Mater. 2010, 174, 756-762. [CrossRef] [PubMed]

Hauchhum, L.; Mahanta, P. Carbon Dioxide Adsorption on Zeolites and Activated Carbon by Pressure Swing Adsorption in a
Fixed Bed. Int. |. Energy Environ. Eng. 2014, 5, 349-356. [CrossRef]

Serafin, J.; Narkiewicz, U.; Morawski, A.W.; Wrébel, R.].; Michalkiewicz, B. Highly Microporous Activated Carbons from Biomass
for CO, Capture and Effective Micropores at Different Conditions. J. CO2 Util. 2017, 18, 73-79. [CrossRef]

Sreniscek-Nazzal, J.; Kielbasa, K. Advances in Modification of Commercial Activated Carbon for Enhancement of CO, Capture.
Appl. Surf. Sci. 2019, 494, 137-151. [CrossRef]

Singh, G.; Ismail, L.S,; Bilen, C.; Shanbhag, D.; Sathish, C.I.; Ramadass, K.; Vinu, A. A Facile Synthesis of Activated Porous Carbon
Spheres from D-Glucose Using a Non-Corrosive Activating Agent for Efficient Carbon Dioxide Capture. Appl. Energy 2019, 255,
113831. [CrossRef]

Nuhnen, A.; Janiak, C. A Practical Guide to Calculate the Isosteric Heat/Enthalpy of Adsorption: Via Adsorption Isotherms in
Metal-Organic Frameworks, MOFs. Dalton Trans. 2020, 49, 10295-10307. [CrossRef] [PubMed]

Vorokhta, M.; Moravkovd, J.; Dopita, M.; Zhigunov, A; Slouf, M.; Pila¥, R.; Sazama, P. Effect of Micropores on CO, Capture in
Ordered Mesoporous CMK-3 Carbon at Atmospheric Pressure. Adsorption 2021, 27, 1221-1236. [CrossRef]

Burri, H.; Anjum, R.; Gurram, R.B.; Mitta, H.; Mutyala, S.; Jonnalagadda, M. Mesoporous Carbon Supported MgO for CO,
Capture and Separation of CO, /Ny. Korean . Chem. Eng. 2019, 36, 1482-1488. [CrossRef]

Tao, D.J.; Mao, EF; Luo, J.J.; Zhou, Y.; Li, ZM.; Zhang, L. Mesoporous N-Doped Carbon Derived from Tea Waste for High-
Performance CO, Capture and Conversion. Mater. Today Commun. 2020, 22, 100849. [CrossRef]

Singh, M.G.; Lakhi, K.S.; Park, D.H.; Srivastava, P.; Naidu, R.; Vinu, A. Facile One-Pot Synthesis of Activated Porous Biocarbons
with a High Nitrogen Content for CO, Capture. ChemNanoMat 2018, 4, 281-290. [CrossRef]

Abdelnaby, M.M.; Qasem, N.A.A.; Al-Maythalony, B.A.; Cordova, K.E.; Al Hamouz, O.C.S. A Microporous Organic Copolymer
for Selective CO, Capture under Humid Conditions. ACS Sustain. Chem. Eng. 2019, 7, 13941-13948. [CrossRef]

Xu, C.; Ruan, C.Q,; Li, Y;; Lindh, J.; Stremme, M. High-Performance Activated Carbons Synthesized from Nanocellulose for CO,
Capture and Extremely Selective Removal of Volatile Organic Compounds. Adv. Sustain. Syst. 2018, 2, 1700147. [CrossRef]

Lu, T;; Ma, C.; Demir, M,; Yu, Q.; Aghamohammadi, P; Wang, L.; Hu, X. One-Pot Synthesis of Potassium Benzoate-Derived
Porous Carbon for CO, Capture and Supercapacitor Application. Sep. Purif. Technol. 2022, 301, 122053. [CrossRef]

Wang, Y.; Wang, M.; Wang, Z.; Wang, S.; Fu, J. Tunable-Quaternary (N, S, O, P)-Doped Porous Carbon Microspheres with
Ultramicropores for CO, Capture. Appl. Surf. Sci. 2020, 507, 145130. [CrossRef]


https://doi.org/10.1039/C6CY00544F
https://doi.org/10.1021/acsami.0c14259
https://www.ncbi.nlm.nih.gov/pubmed/32986948
https://doi.org/10.1016/j.carbon.2015.05.017
https://doi.org/10.1039/C4AY00558A
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1021/acs.langmuir.5b03184
https://doi.org/10.1039/C3CP53402B
https://doi.org/10.1021/la0616146
https://doi.org/10.1021/la991011c
https://doi.org/10.1016/0165-2370(93)80030-4
https://doi.org/10.1016/j.jcou.2021.101476
https://doi.org/10.1016/j.proeng.2016.06.527
https://doi.org/10.1016/j.tsep.2022.101339
https://doi.org/10.1007/s00449-014-1244-z
https://doi.org/10.1016/j.jhazmat.2009.09.116
https://www.ncbi.nlm.nih.gov/pubmed/19853995
https://doi.org/10.1007/s40095-014-0131-3
https://doi.org/10.1016/j.jcou.2017.01.006
https://doi.org/10.1016/j.apsusc.2019.07.108
https://doi.org/10.1016/j.apenergy.2019.113831
https://doi.org/10.1039/D0DT01784A
https://www.ncbi.nlm.nih.gov/pubmed/32661527
https://doi.org/10.1007/s10450-021-00322-y
https://doi.org/10.1007/s11814-019-0346-3
https://doi.org/10.1016/j.mtcomm.2019.100849
https://doi.org/10.1002/cnma.201700348
https://doi.org/10.1021/acssuschemeng.9b02334
https://doi.org/10.1002/adsu.201700147
https://doi.org/10.1016/j.seppur.2022.122053
https://doi.org/10.1016/j.apsusc.2019.145130

Polymers 2023, 15, 2475 15 of 15

50. Prasankumar, T.; Salpekar, D.; Bhattacharyya, S.; Manoharan, K.; Yadav, RM.; Campos Mata, M.A.; Miller, K.A.; Vajtai, R,;
Jose, S.; Roy, S.; et al. Biomass Derived Hierarchical Porous Carbon for Supercapacitor Application and Dilute Stream CO,
Capture. Carbon 2022, 199, 249-257. [CrossRef]

51. Du,J,;Li, W.C,; Ren, ZX,; Guo, L.P; Lu, A.H. Synthesis of Mechanically Robust Porous Carbon Monoliths for CO, Adsorption
and Separation. J. Energy Chem. 2020, 42, 56-61. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.carbon.2022.07.057
https://doi.org/10.1016/j.jechem.2019.06.006

	Introduction 
	Materials and Methods 
	Polymers Synthesis 
	POP101 
	POP102 
	POP103 
	POP104 

	N-Doped Carbon Synthesis 

	Results and Discussion 
	Structural Characterization & Permanent Porosity 
	Thermodynamic Uptake Capacity 
	Thermodynamic Analysis of the Adsorption Process 
	Dynamic CO2 Separation 

	Conclusions 
	References

