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ABSTRACT: A cross-linked microporous organic copolymer,
termed KFUPM-2, was synthesized through a Friedel—Crafts
alkylation polymerization of phenothiazine, pyrrole, and p-
formaldehyde in the presence of iron(III) chloride catalyst.
KFUPM-2 was demonstrated to have intrinsic permanent
microporosity with a Brunauer—Emmett—Teller surface area
of 352 m* g”' and a high capacity (39.1 cm® g™' at 273 K and
760 Torr) and affinity (Qy = 34 kJ mol™ and CO,/N,
selectivity of 51) toward CO, as a result of its nitrogen-rich
structure. To demonstrate its practical applicability, break-
through measurements were performed using a gas mixture
that mimicked the composition of an industrial flue gas stream
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(CO,/N, = 20/80% v/v with 91% relative humidity). Accordingly, KFUPM-2 was shown to have an ultrahigh CO, dynamic
capacity (32 cm® g7! at 298 K) in the presence of water and was demonstrated recyclable over at least 10 cycles with mild

regeneration conditions needed between each cycle.
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B INTRODUCTION

It is widely recognized by the international scientific
community that atmospheric CO, levels are risin$ and playing
a prominent role in accelerating climate change.” One of the
single greatest anthropogenic contributors to this problem is
coal- and natural gas-fired power plants.”* For example, in a
typical 500 MW coal-fired power plant, more than 3 million
tons of CO, is emitted per year.’” With a lack of widespread
implementation of alternative energy sources, these contrib-
utors have caused atmospheric CO, levels to climb above 400
ppm for the first time in recorded history.” When considering
the enormity of the CO, emission problem together with the
relatively slow implementation of alternative and cleaner
energy sources, the capture and sequestration (CCS) of CO,
at point sources is of the utmost importance in the near
future.”” However, despite decades of investigation into
potential avenues for achieving scalable, cost-effective, and
energy-efficient CCS technologies, the most widely employed
technique to date remains the use of aqueous monoethanol-
amine (MEA) solutions.” In this process, flue gas from power
plants is passed through an MEA solution, which captures CO,
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via chemisorptive covalent bond formation (e.g. ammonium
carbamate formation).” Although MEA is extremely effective at
capturing CO, in this fashion, the overall process is not energy
efficient due to the high heat capacity of the aqueous MEA
solutions (25—40% of a power plant’s energy output is
required for regeneration), lacks long-term reusability, and
carries significant capital costs to sustain the employment of
this corrosive solution.'’

Compared to aqueous MEA solutions, CCS using solid
adsorbents represents an ideal route for lowering energy costs
and establishing long-term reusability without loss in perform-
ance in addition to being overall more environmentally
friendly.'" For a solid adsorbent material to be considered
attractive it must achieve exceptional performance under the
prescribed general conditions of flue gas mixtures.'”” The
general conditions for a postcombustion flue gas stream from a
coal-fired power plant are close to ambient pressure (~1 bar)
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Figure 1. Synthesis of KFUPM-2. The synthesis followed a Friedel—Crafts alkylation polymerization of phenothiazine with pyrrole via p-
formaldehyde as a cross-linking agent and ferric chloride as the Lewis acidic catalyst.

and slightly elevated temperatures (40—80 °C) with a
composition of N, (70-75%), CO, (15—-16%), and H,0O
(5—7%), among other lesser gaseous components, by
volume."*'* The challenge, therefore, lies not in the opera-
tional conditions (i.e., pressure and temperature), but rather in
the selectivity of the prospective solid sorbent for CO, in the
presence of other competitor gases, most notably N, and H,O.
Traditional solid adsorbents, including porous carbon, zeolites,
and metal—organic frameworks, have contributed significantly
to our understanding of the structure—property relationship
needed for this application.">™*" From this foundation, a class
of materials, known as porous organic polymers, have emerged
as prominent candidates due to their ease of synthesis,
exceptional chemical stability, outstanding physicochemical
properties, immense structural diversity with potential for
chemical modification, and high internal surface areas.””™ A
wide range of porous organic ?olymers, such as covalent
organic frameworks (COFs),”** crystalline triazine frame-
works (CTFs),”*”” porous aromatic frameworks (PAFs),”*
hypercross-linked polymers (HCPs),”” ™" and conjugated
microporous polymers (CMPS),32 have proven their potential
to be exploited for CO, capture. Combined experimental and
simulation studies have shown that incorporating phenyl rings
and polar functionalities enhance the binding affinity to CO,,”
improving the surface area leads to higher uptake,”*~**** and
tuning the pore size has the potential to impact selectivity.
Nevertheless, there have been few reports in which a porous
organic polymer was demonstrated feasible for selectively
capturing CO, under practical conditions.*"**~**

Herein, we report the synthesis and structural character-
ization of a new microporous organic copolymer, termed
KFUPM-2. The synthesis strategy for realizing KFUPM-2 was
based on a one-pot Friedel—Crafts alkylation polymerization of
inexpensive monomers, phenothiazine, and pyrrole, which
were cross-linked by p-formaldehyde in the presences of a
catalytic amount of iron(III) chloride (Figure 1). The resulting
polymer was proven permanently microporous and, as a result
of its nitrogen-rich backbone, was demonstrated capable of
adsorbing CO, through strong physisorptive interactions.
Furthermore, KFUPM-2 was shown to selectively adsorb
CO, under humid conditions (32 cm® g™' at 91% relative
humidity) and was capable of being regenerated with no
energy input without loss of performance over 10 cycles. This
report highlights a new porous organic polymer material that is
among the best performing solid adsorbents for carbon capture
under practical, industrially relevant conditions.

B EXPERIMENTAL SECTION

Materials and General Procedures. Full synthetic and
characterization details can be found in the Supporting Information,
sections S1 and S2. Pyrrole (98% purity), methanol (99.9% purity),
and N,N’-dimethylformamide (99% purity) were purchased from
Sigma-Aldrich Co. Anhydrous iron(III) chloride (>99.99% purity)
was obtained from Alpha Chemika. Phenothiazine (98% purity) and
p-formaldehyde (>99% purity) were purchased from Fluka. Pyrrole
was distilled under N, flow at 145 °C prior to use. All other chemicals
were used without further purification. For gas sorption measure-
ments, ultrahigh purity grade nitrogen (99.999%), helium (99.999%),
and high purity CO, (99.9%) were obtained from Abdullah Hashem
Industrial Co., Dammam, Saudi Arabia. Solid state *C nuclear
magnetic resonance (NMR) spectroscopy measurements were carried
out on a Bruker 400 MHz spectrometer operating at 125.65 MHz
(11.74 T) and at ambient temperature (298 K). Samples were packed
into 4 mm ZrO, rotors and cross-polarization magic angle spinning
(CP-MAS) was employed with a magic angle spinning rate of 14 kHz.
Fourier transform infrared (FT-IR) spectroscopy measurements were
performed on a PerkinElmer 16 PC spectrometer using KBr pellets.
The spectra were recorded over 4000—600 cm™' in transmission
mode, and the output signals were described as follows: s, strong; m,
medium; w, weak; and br, broad. CHN analysis was carried out on a
PerkinElmer (EA-2400) elemental analyzer. Thermogravimetric
analysis (TGA) was run on a TA Q-500 instrument with a platinum
pan sample holder. For this measurement, ~10 mg of sample was
heated under air flow with a heating rate of 10 °C min™". Powder X-
ray diffraction (PXRD) measurements were recorded on a Rigaku
MiniFlex II X-ray diffractometer with Cu Ka radiation (4 = 1.54178
A). Low pressure nitrogen sorption isotherms were performed using a
Quantachrome Quadrasorb-Evo instrument. A liquid nitrogen bath
was used for the measurements at 77 K. CO, sorption isotherms were
measured on an Autosorb iQ2 volumetric gas adsorption analyzer.
The measurement temperatures at 273 and 298 K were controlled
with a water circulator.

Synthesis of KFUPM-2. Phenothiazine (0.40 g, 2.00 mmol) and
p-formaldehyde (0.36 g, 12.0 mmol) were dissolved in 20 mL of DMF
in a 50 mL round-bottom flask and stirred at room temperature for 5
min. Then, pyrrole (0.40 g, 6.00 mmol) was added, and the reaction
mixture was stirred for an additional S min and purged with N, for 2—
3 min. At this time, ferric chloride (FeCl;, 0.194 g, 1.20 mmol) was
added under inert atmosphere, and the flask was sealed with a rubber
septum. The reaction was heated by a preheated oil bath at 90 °C and
continuously stirred for 24 h with a rate of S00 rpm (a black solid was
formed after 10 min). The resulting solid was washed with 20 mL of
methanol followed by sonication for 30 min. The solid was then
rigorously washed with 30 mL of methanol two times per day for 5
days with stirring until a clear filtrate solution was obtained. Finally,
the product was dried at 80 °C in an oven for 12 h. The final yield
(0.87 g) was 92% based on the monomer weights (after excluding the
equivalent amount of water as a byproduct). Anal. Caled for
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Figure 2. Structural characterization of KFUPM-2. (a) Fourier transform-infrared spectroscopy (FT-IR) spectra of KFUPM-2 (black) in
comparison to pure phenothizaine (red) and pure pyrrole (blue). Those absorption bands directly related to the characteristic functionalities of
KFUPM-2 are highlighted. (b) Cross-polarization-magic angle spinning solid state nuclear magnetic resonance (CP-MAS "*C NMR) spectrum at
14 kHz with the corresponding peak assignments. Inset: The core structure of KFUPM-2 is provided for peak assignment. (c) N, isotherms
measured at 77 K. Filled and open circles correspond to the adsorption and desorption curves, respectively.

CooHygN,S: C, 7529, H 5.66, N 12.11, S 6.93. Found C, 51.47, H
3.24,N 10.07, S 1.79. FT-IR (KBr, cm™): 3430 (br), 2920 (w), 2860
(w), 1620 (w), 1410 (w), 1020 (w), and 747 (w).

Breakthrough Measurements. Full details regarding the
breakthrough setup used for this study and the measurement
parameters are provided in the Supporting Information, section SS.
In a typical measurement, a fixed bed was packed with KFUPM-2
powder (0.63 g), and the sample was activated at 373 K for 24 h
under vacuum prior to carrying out the measurement. The
breakthrough experiments were conducted under ambient conditions
(298 K and 1 bar) with a 10 sccm flow rate of CO,:N,(20:80 v/v)
feed mixture. For the measurements under humid conditions, a dry
N, gas stream was passed through a water humidifier at room
temperature, which was then passed through the sample bed. The
water level in the gas stream was monitored by mass spectrometry
until saturation was obtained (91% RH). The full dynamic capacity of
CO, and N, was estimated by evaluating the ratio of compositions of
the downstream gas and the feed gas. The regeneration of the sample
was conducted at room temperature by flow of pure wet N, through
the sample bed for 5—6 h.

B RESULTS AND DISCUSSION

Synthesis Strategy. The synthetic approach for synthesiz-
ing a new, CO,-philic, microporous polymer relied on a
modified Friedel—Crafts alkylation polymerization.”> Pheno-
thiazine and pyrrole were chosen as monomers due to their
polar structures—an important consideration for increasing
the affinity of CO, to the backbone of the resulting polymer.
For the polymerization reaction, phenothiazine and pyrrole
were dissolved in N,N’-dimethylformamide (DMF) in a molar
ratio of 1:3. The molar ratio of these monomers was initially
varied, and ultimately, it was found that the 1:3 ratio was
optimal for producing the polymer with the highest surface
area. DMF was chosen due to its high boiling point (153 °C)
and its solvation ability, both of which proved important for
this polymerization. An excess of cross-linking agent, p-
formaldehyde, was also added together with FeCl; catalyst
(chosen for its strong Lewis acidity). The reaction mixture was
stirred and heated to 90 °C under an inert atmosphere for 24
h. It is noted that the polymerization occurred very rapidly
with a black, insoluble solid precipitating within 10 min;
however, we found that allowing the reaction to proceed for a
longer period of time led to consistently higher yields and
higher resulting surface areas, presumably due to increasing the
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degree of cross-linking within the polymer. After 24 h, the
resulting polymer, termed KFUPM-2, was obtained in a 92%
yield (Figure 1). To ensure reproducibility, the synthesis of
KFUPM-2 was repeated over four separate batches, in which
case, each batch produced the same yield, surface area, and
CO, uptake capacity. The formation of KFUPM-2 occurs via
the following proposed mechanism: p-formaldehyde is first
activated by the FeCl; catalyst, which, in turn, leads to an
electrophilic aromatic substitution with the a-carbon of a
pyrrole monomer. This forms primary alcohol that serves as
the precursor to the eventual methylene cross-linking unit.
Upon activation, the primary alcohol leaves to yield the
resonance-stabilized 1-azafulvene intermediate.’”” Through a
second electrophilic aromatic substitution process, the
intermediate is added to a phenothiazine monomer at the y-
carbon closest to sulfur (this is due to the electron-donating
nature of the nitrogen atom in phenothiazine). Indeed, this
step is critical in that the two monomers are now cross-linked
together. The overall addition—elimination reaction then
proceeds until all of the monomers are essentially consumed.

Structural Characterization. Given the fact that KFUPM-
2 was X-ray amorphous, structural elucidation was carried out
by combining Fourier transform infrared spectroscopy (FT-
IR), cross-polarization magic angle spinning solid-state '>C
nuclear magnetic resonance spectroscopy (CP-MAS '*C
NMR), and thermal gravimetric analysis (TGA). The presence
of both the phenothiazine and pyrrole monomers cross-linked
by a methylene unit was first confirmed by FT-IR (Figure 2a).
For this, an absorption band centered at 2918 cm™' was
identified as the —CH stretch specific for the methylene cross-
linking unit between pyrrole and phenothiazine. A broad
absorption band at 3413 cm™" was attributed to characteristic
—NH-— stretching vibrations from both pyrrole and pheno-
thiazine. Finally, the —C—S—C— absorption band was
observed at 670 cm™!, which again supports the presence of
the phenothiazine monomer within the structure. Further
direct structural support was provided by CP-MAS *C NMR
spectroscopy (Figure 2b). A characteristic peak for the
methylene cross-linking unit (—CH,) was found at 25 ppm.
It was expected that at least three distinct chemical shifts for
the methylene unit would be observed due to differing
electronic effects between cross-linking pyrrole—phenothia-
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zine, pyrrole—pyrrole, and phenothiazine—phenothiazine.
However, we observed one broad chemical shift at 25 ppm
that encompassed all of these possibilities.*” Support for the
incorporation of pyrrole was provided by a characteristic broad
peak at 108 ppm—a chemical shift that was assigned to the
aromatic sp>-hybridized -carbon atoms of this monomer. The
aromatic a-carbon atoms in pyrrole (adjacent to the nitrogen
atom) clearly resonate at 130 ppm. Characteristic chemical
shifts for the phenothiazine monomer appeared at 120 and 140
ppm, which were assigned to the aromatic carbon atoms in this
monomer. Taken together, the FT-IR and CP-MAS 3C NMR
provided strong evidence and support for the structure of
KFUPM-2. Finally, the TGA of KFUPM-2 demonstrates this
material’s exceptional thermal stability up to ~500 °C—a
result that is due to a high degree of cross-linking between the
monomers (Supporting Information, Figure S4). It is noted
that there was no Fe,Oj; residue remaining after completion of
the TGA measurement, which is direct evidence for the
absence of any trapped FeCl, catalyst within the pores.

The porosity of KFUPM-2 was assessed by N, adsorption
measurements at 77 K (Figure 2c). In the isotherm, a sharp
uptake at low relative pressure (P/P, < 0.001) was observed
indicating KFUPM-2 is predominantly microporous in nature
(i.e., Type-I profile). Hysteresis was noted upon desorption,
which was attributed to the elastic deformation or swelling of
the polymeric network.*’ The Brunauer—Emmett—Teller
(BET) surface area of KFUPM-2, calculated at P/P, = 0.01—
0.3, was 352 m? g_l. The pore volume, calculated using a DFT
model, was 0.21 cm® g™". Finally, by application of a quenched
solid-state density functional theory model, the pore size
distribution (PSD) was obtained. As expected, the PSD
exhibited pore sizes primarily in the microporous size regime.

Gas Adsorption Properties. Our strategy for evaluating
KFUPM-2 for use in postcombustion CO, capture centered on
understanding four key properties: (i) thermodynamic CO,
uptake capacity; (ii) coverage-dependent enthalpy of adsorp-
tion to understand the material’s affinity toward CO,; (iii)
selectivity of KFUPM-2 toward CO, over N,; and (iv)
dynamic adsorption capacity, via breakthrough measurements,
under both dry and wet conditions.

Thermodynamic Uptake Capacity. 1t is well understood
through previous reports, that the ability of a material to
capture CO, effectively depends not only on the surface area
or pore nature but also the internal pore environment through
its density of polarizable sites.*” Thus, the combination of
advantageous properties found in KFUPM-2 (e.g, intrinsic
microporosity and nitrogen-enriched backbone) provided
justification for testing this material's CO, adsorption proper-
ties. Accordingly, thermodynamic CO, adsorption isotherms
were measured at 273 and 298 K (Figure 3 and Supporting
Information, section S4). As is shown, the isotherms were
reversible yet exhibited a small hysteresis upon desorption.
This hysteresis is indicative of a strong interaction between
KFUPM-2 and CO,. Nevertheless, KFUPM-2 exhibited an
overall high CO, uptake capacity of 39.1 cm® g™! at 273 K and
760 Torr and 23.3 cm® g™ at 298 K and 760 Torr. For
comparison, the N, adsorption isotherms for KFUPM-2
showed low uptake capacities as expected (5.1 and 1.0 cm?®
g' at 760 Torr and 273 and 298 K, respectively). Upon
analysis of the initial slopes of both the CO, and N,
isotherms—a useful qualitative assessment of the material’s
interactions with the appropriate gas molecule—it is clearly
evident that the slope for CO, adsorption is much steeper than
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Figure 3. CO, (blue squares) and N, (red circles) adsorption
isotherms for KFUPM-2 at 298 K. Filled and open symbols represent
adsorption and desorption branches, respectively. The connecting
lines serve as a guide to the eye.

N,, which reflects the fact that KFUPM-2 interacts more
strongly with CO, as opposed to N,. The CO, uptake capacity
of KFUPM-2 at 273 K is comparable to or higher than those
capacities reported for crystalline covalent organic frameworks
(COFs; COF-1:51.9 cm® g, COF-5:29.9 cm® §—l, COF-
8:32.0 cm® g7!, and COF-10:27.0 cm® g™').*****° Further-
more, the CO, uptake capacity measured for KFUPM-2 is
comparable with other porous organic polymers based on
similar monomers at 760 Torr and 273 K. These include:
NUT-1 (36.8 cm® g7'),*” CMP-1 (29.6 cm® g™!),"® and PPN-
6-CH,CI (28.6 cm® g™') (Table 1).*

Coverage-Dependent Enthalpy of Adsorption and CO,/N,
Selectivity. With the thermodynamic uptake capacities in
hand, we were encouraged to further pursue and understand
the relationship of KFUPM-2 with CO,. Accordingly, a virial-
type expansion equation was employed to fit the CO,
isotherms at 273 and 298 K in order to estimate the
coverage-dependent enthalpy of adsorption (Q,) (Supporting
Information, section S4). The resulting initial Q, value was
calculated to be 34 kJ mol™', which quantifiably reflects the
strong binding affinity of KFUPM-2 to CO,. This moderately
high Q, value is within a favorable range for strong, yet
reversible physisorption and is comparable to those for
similarly related adsorbents:>>*° BILP-1 (26.5 kJ mol™!),>!
Azo-COP-1 (29.3 kJ mol™!),** and PAF-1 (15.6 k] mol ™). It
is noted that as CO, covers the surface of KFUPM-2, the Q,
decreases due to the strongest binding sites being occupied.
The CO,/N, selectivity of the KFUPM-2 was then estimated
by applying the ideal adsorption solution theory (IAST)
model. As such, KFUPM-2 produces a remarkably high CO,/
N, selectivity (S1) for a gaseous mixture containing 20% CO,
and 80% N, (v/v) at pressures varying from 0 to 1 bar (Table
1).

Dynamic Breakthrough Measurements. Given the
thermodynamic (static) gas adsorption properties of
KFUPM-2, we sought to assess the practical capability of
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Table 1. Dynamic CO, Capture Properties under Wet Conditions for KFUPM-2 in Comparison with Similarly Related High-

Performing Adsorbents

material SAgpr (m* g7')  CO, uptake (cm® g™)”

KFUPM-2 352 233
Py-1 437 424
KFUPM:-1 305 234
carbon monolith (HCM-DAH-1) 670 582
Az0-COP-1 635 32
CTE-FUM-350 230 57.2
CTF-DCN-500 735 38.4
BPL carbon 1210 47
NUT-6 1138 83.5
NUT-10 100" 402
PPN-6-SO,NH, 593 81
LZU-301 (COF) 654 35.6
[HO,C]100%-H,P-COF 364 76
FCTF-1 662 72
FCTCz 1845 62.9
Fe-POP-1 875 96.3"
TPOP-1 560 60"

dynamic CO,
=2
CO,/N, selectivity”  dry wet  regeneration temp (K) ref

S1 9.7 322 298 this work
117°¢ — — — 29
141 8.5 15.1 298 31
28 20.9 20.3 298 39
96 — — 298 52
102 114 — — 54
37 8.3 — — 54
— 6.0 42 — 5§
338 — — 333 47
159 — — 333 S8
196 25.8 — 363 59
— 4.9 8.2 373 25
77 16.4 — 353% 60
31 16.1 14.2 298% 61
26 —_ — — 62
— — — — 63
—_ —_ — - 64

“At 298 K and 760 Torr. Calculated by ideal adsorbed solution theory at 298 K and 1 bar. “Calculated from dynamic breakthrough experiments.
9Calculated at 1.13 bar. “Calculated at 273 K by initial slope method. /Calculated from CO, isotherms at 273 K. #Regenerated under vacuum.
"Calculated at 273 K. Those properties that were not reported are identified with “—”.
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Figure 4. A 20:80 gas mixture containing CO, and N, respectively, was flown through a fixed bed of KFUPM-2 at 298 K and 1 bar (a) under dry
conditions (b) under wet conditions (91% relative humidity). Inset: There is no loss in dynamic adsorption capacity over 10 consecutive

breakthrough measurements.

this material for selectively capturing CO, from N, under both
dry and wet conditions in a dynamic environment. The gold
standard for assessing this is through a dynamic breakthrough
measurement, in which an adsorbent material is exposed to a
gaseous mixture and the effluent is monitored by mass
spectrometry. As such, an activated sample of KFUPM-2 was
subjected to a dry gaseous mixture containing 20% CO, and
80% N, (v/v)—a composition that closely resembles that
found in a flue gas mixture. As shown in Figure 4a, the
experimental breakthrough curves clearly demonstrate that
CO, was retained within KFUPM-2 while N, passed through
unencumbered. The calculated dynamic uptake capacity of
CO,, based on the breakthrough time, was 9.7 cm® g~". This
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capacity, under dry conditions, was comparable to other
porous polymers, such as CTF-FUM-350 (11.4 cm® g™') and
CTE-DCN-500 (8.3 cm® g™'),%* yet greater than that reported
for COFs (LZU-301:49 ¢ cm® g')* and commercially
available BPL carbon (6.0 cm® g™').>

When taking into consideration the fact that industrial flue
gas contains significant amounts of moisture (5—7% 11/1)),13
effective CO, adsorbents must demonstrate their effectiveness
in mitigating the effect of water over long periods of sustained
use. Accordingly, we performed a multicycle (10 cycles total),
continuous breakthrough measurement under wet conditions
at 298 K. In this measurement, KFUPM-2 was first subjected
to a wet N, stream with 91% relative humidity until the bed
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was fully saturated with water. At the point of saturation, a dry
CO, stream (20% v/v) was then added to the wet N, stream
and the effluent was monitored for the breakthrough time.
This process was then repeated for 10 cycles, through which
KFUPM-2 demonstrated an exceptionally selective and
sustained dynamic CO, uptake capacity (32 cm® g™') (Figure
4 and Table 1). We speculate that the enhancement in
dynamic CO, uptake capacity under wet conditions is a result
of the fact that KFUPM-2 contains both micro- and mesopores
with polar functional groups lining the pores (Supporting
Information, Figure S$6). This combination of structural
features allows the material to adsorb significant amount of
water molecules. Consequentially, a higher CO, uptake was
observed as a result of increased CO2 solubility.*® Addition-
ally, we speculate that the presence of water inside the pores
formed a thin film that settled on the polymer surface via a
network of hydrogen bonds.”” This thin film of adsorbed water
molecules then served as binding sites for CO,, which, in turn,
attracts more water molecules that bind with additional CO,
molecules in a cooperative fashion. We note that enhancement
of CO, uptake in the presence of water was observed in other
similarly related porous organic materials with aromatic amine
groups functioning through physisorption mechanisms.”>"

Between each cycle, KFUPM-2 was regenerated under mild
conditions by simply flowing the wet N, stream through the
material at ambient pressure and temperature. This facile
regeneration process reflects the capability of KFUPM-2 for an
energy-efficient pressure swing adsorption process, which is
used for continuous industrial-scale flue gas purification.

B CONCLUSION

In conclusion, a new cross-linked porous polymer termed
KFUPM-2 was successfully synthesized from the polyconden-
sation of phenothiazine and pyrrole with (1:3) ratio using p-
formaldehyde as a cross-linker with a catalytic amount of ferric
chloride. The KFUPM-2 polymer proven microporous with a
surface area of 352 m* ¢! and a majority of micropores (1.0
nm pore width). The KFUPM-2 showed moderate CO, uptake
of 23.3 cm® g~ with CO,/N, selectivity of 51 at 298 K.
Furthermore, the KFUPM-2 material was explored for the
selective dynamic CO, separation from dry and wet (91%
humidity) N, flow showing a dynamic capacity of 9.7 and 32
cm® g7, respectively. Additionally, a multicycle continuous
breakthrough experiments (10 cycles) were performed and the
regeneration between each cycle was achieved at ambient
condition by simple N, flow. Such high recyclability and
energy efficient regeneration make KFUPM-2 a promising
candidate as a solid sorbent for selective CO, capture and
separation under humid condition relevant to industrial flue

gas.
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