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Rational design concepts were used to prepare a novel porous
benzimidazole-linked polymer (BILP-101) in a simple one-pot
reaction. BILP-101 has ultra-microporosity (0.54 nm), very high
CO, uptake (~1 mmol/g, 4 wt%, 0.15 bar/298 K) and exceptional
CO,/N, selectivity of 80 (298 K), which results in remarkable
working capacity and regenerability for CO, capture applications.

Carbon dioxide (CO,) capture using solid sorbents has deemed high
potential to remove CO, from power plant flue gas to mitigate
problems associated with greenhouse gas emissions. Sorbents
including zeolites, porous carbon, organic molecular crystals, and
metal organic frameworks (MOFs) have been advent materials to
the current solvent-based CO, t:ap'cure.l'2 The ultimate goal is to
capture CO, from the flue gas and release it for a long time storage
without a high-energy penalty. Porous organic polymers (POPs)
have been suggested as strong candidate for achieving these goals.
Given their highly porous structures with tunable textural and
chemical properties, and inherent lightweight, an increasing
amount of research effort has been dedicated to the design and
synthesis of versatile type of pops.>*

Ability to access targeted properties in a given material using simple
and robust chemistry is vitally important to achieve CO, capture
and separation goals.S'7 Textural properties such as pore size and
surface area of polymers have a complimentary role with functional
groups in CO, uptake performance of sorbents.® The selection of
certain properties is prominent for a polymer to be at the “sweet
spot” of gas interactions i.e. at the cusp of chemisorption-
physisorption.9 This would minimize the energy penalty to
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regenerate the sorbent while maintaining high CO, uptake and
selectivity properties. Strong interaction between CO, and
framework of the sorbent is needed due to low partial pressure of
CO, in gas separation systems such as those for flue gas. Studies
have shown that pore size plays a more significant role than surface
area in the CO, uptake at low CO, concentrations (~15% CO,). to-11
Therefore it is necessary to construct highly stable porous sorbent
exhibiting narrow pore size distribution and high percentage
functional sites for target CO, capture and separation systems.
Accordingly, benzimidazole-linked polymers (BILPs)
reported by El-Kaderi and showed promising
performances for selective CO, capture.12

recently
co-workers

Herein, we report a new sorbent, benzimidazole-linked polymer (
BILP-101), synthesized from commercially available building blocks.
BILP-101 vyields four distinct properties: (i) enhanced Lewis basic
nitrogen /carbon ratio to ensure high CO, uptake, (ii) smaller pore
size and high micro porosity rather than high surface area, (iii)
optimal interaction energy within physisorption limits and (iv) high
physicochemical stability. BILP-101 was synthesized by a facile,
efficient and template-free polycondensation reaction,13 between
aryl-o-diamine and aryl-aldehyde; 1,2,4,5-benzenetetramine
tetrahydrochloride (TBA) and 1,3,5-triformylbenzene, respectively.
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Figure 1. Illustirative scheme of BILP-101 synthesis, (i) DMF, -30 °C,

1 hr, (ii) DMF, RT, 12 hr under N,, (iii) DMF, at 130°C for two days
under O,.
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Figure 2. Pore size distribution (PSD) (A) and N, uptake isotherm of

BILP-101 at 77K (B).

The chemical connectivity of BILP-101 was investigated by FT-IR
while chemical composition was confirmed by microelemental
analysis. The characteristic stretching bands from the imidazole ring
(free N-H and hydrogen-bonded N-H ) were observed in FT-IR (Fig.
s4).?
corresponding to the aldehyde carbonyl, indicates a complete
consumption of aldehyde functional groups. The
connectivity of BILP-101 remained intact after washing with 1 M HCI
and 1 M NaOH. The thermal stability of BILP-101 was confirmed by
thermogravimetric analysis (TGA) which shows thermal stability up
to ~ 600 °C (Fig. S1).

The absence of the strong peak located at 1700 cm’l,

chemical

Porosity measurements were performed via low-pressure nitrogen
sorption measurements at 77 K on the activated sample of the BILP-
101 (Fig. 2B). The typical Type | isotherm showed a rapid N, uptake
at low relative pressures (P/P,<0.1 bar) as an indication of the
microporous nature of BILP-101."* The calculation of the specific
BET surface area (SAggr) using a BET consistency plot (Fig. S6)
showed that BILP-101 posesses SAger=536 m? g‘1 similar to reported
POPs such as BILP-S,12 and SNW-1"* which share similar polymer
structure with BILP-101. Pore size distribution (PSD) of BILP-101
calculated by fitting the adsorption branch of the N, isotherm with
none local density functional theory (NLDFT), revealed a pore width
maxima of 0.54 nm. Pore volume was calculated to be 0.41 cc g'1 at
P/P,=0.90 (Fig. S7). Narrower micropores, compared to similar

porous polymers can be attributed to relatively small and rigid
building blocks employed in the synthesis of BILP-101. In addition,
the selection of a smaller aldehyde unit resulted in a higher Lewis
basic N/C ratio, which is necessary to reach high CO, uptakes at low
pressures as it provides more adsorption sites for CO,.

We performed a set of CO, sorption measurements to evaluate
BILP-101 in the target gas separation application: CO, separation
from post-combustion flue gas. The CO, isotherm of BILP-101
showed an uptake of nearly 1 mmol g'1 at 0.15 bar and 298 K,
competing with the best performing polymer, BILP-4 (~1 mmol g'1 )
in all reported polybenzimidazoles (Fig. 3A).12‘15 In a typical gas
separation study, CO, uptake performances of polymers are
evaluated at 1 bar.’*"’ However, major gas separation systems (flue
gas, natural gas and shale gas) are designed for the gas composition
where partial pressure of CO, not exceed 10-30%.
Nevertheless, we studied CO, uptake performances of BILP-101 at
273, 288, 298, 313 K and up to 10 bar to ensure fair comparison
with similar porous organic polymers recognized as CO, sorbents
(Fig. 3A, 4A, S8 and Table S2). Volumetric gas sorption analysis
showed that CO, uptake of BILP-101 (2.43 mmol/g at 298 K and 1
bar) competes with porous organic sorbents such as SNW-1,14
CPOP-1,"® PPN-101," PPF-1,”° 0z-COP,”* ALP-1,%> PAF-5,%> PSNs,*
MPIs** and functionalized NPOFs,24 as well as other porous sorbents
including Zeolite 13X,"! Ui0-66,%° and zIF-82."" We also conducted
gravimetric gas sorption analysis on BILP-101 using gravimetric gas
uptake isotherms. The CO, uptake of BILP-101 at 0.15 and 1 bar,
and at 298 K showed virtually identical results (¥4 and~10 wt%,
respectively) compared to isotherms collected by volumetric gas

does

analysis. Moreover, sorbent regenerability studies showed that
BILP-101 preserves its CO,
subsequent adsoption/desorption cycles without applying any
thermal activation in the desoption cycle (Fig.4B).

adsorption properties after five

High CO, uptake properties of BILP-101 can be explained by two key
parameters; ultra-micropores and high concentration of functional
groups.n’28 While the former parameter endows higher surface
energy, the latter parameter dictates interacting behaviour of the
sorbent with CO, molecules.” For example: CO, uptake capacity of
BILP-101 particularly outperforms SNW-1 polymer despite very
similar textural properties (surface area, pore size, pore volume)
between these two polymers.14
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Figure 3. (A) Low-pressure (0-1 bar) volumetric CO,and N, uptake isotherms at 298 K, (B) CO, Isosteric Heats of Adsorption (Qs;) and (C) IAST

selectivity calculations (CO,:N, = 10:90) for BILP-101.
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Figure 4. (A) High-pressure (0.2-10 bar) CO, adsorption/desorption
isotherm at 288, 298 and 313 K (B) Five subsequent CO, adsorption
cycles at 298 K.

We postulated that this is due to the higher Lewis bacisity of the
imidazole functionalities in BILP-101 compared to triazine
functional groups of SNW-1,"* which play a key role in facilitating
stronger interactions with polarizable COz.19 Such interactions
should be maintained in the physisorption regime to accomplish
adsorbent regeneration with a minimal energy input. To ascertain
this point, the isosteric heats of CO, adsorption (Qs) of BILP-101
was calculated by the two most common methods; virial equation
(Fig. 3) and Clausius-Clapeyron equations (Fig. S13). BILP-101
showed a Q,; value of 33 kJ mol™ for CO, which falls in the optimal
binding affinity region proposed by Wilmer et. al. for CO, capture
from flue gas.30 This binding affinity endows a high CO, uptake in
the low pressure region, yet it still yields minimal hysterisis in
isotherms which is indicative of complete materials regeneration
without heating (Fig. 4b and S9). In addition, the CO, binding
affinity calculated by the Clausius-Clapeyron equation reveals an
increase in Q, with increased loading up to 40 mg/g and then it
starts decreasing (Fig. S13). This increase in binding affinity with
increased CO, loading has been attributed in recent literature to the
cooperative binding of different adsorption sites.”?

We investigated other gas (N, and CH,) uptake performances of
BILP-101 to characterize preferential binding of CO, over N, and
CH,. Compared to CO,, BILP-101 shows much lower uptake for CH,
and almost negligible adsorption of N, (Fig. S8). Using the initial
slope method, BILP-101 revealed CO,/N, selectivity of 80,

This journal is © The Royal Society of Chemistry 20xx

outperforming all reported selectivity values for BILPs (Fig. 510).15
This outstanding selectivity value of BILP-101 compared to other
POPs can be attributed to higher imidazole concentration of BILP-
101 coupled with its narrower pore size property. Recent studies
conclude that the narrow pore size distribution (<1nm) dictates the
selective CO, capture performance of sorbents when low CO,
concentration (<0.5 bar) mixtures are considered, while high
materials are needed as CO, concentration
increases. Still, the trade-off between high CO, selectivity and
uptake remains as great hurdle to subsume these two properties in
a porous sorbent with the desired performance. At this point, the
systematically designed sorbent structure of BILP-101 challenges
this ongoing problem by merging high CO, selectivity with high CO,
uptake properties in a sorbent media.

surface area
30,32

Motivated by these high CO, uptake, selectivity and regenerability
properties, we evaluated the CO, capture of BILP-101 in post
combustion flue gas settings using the set of criteria collected from
the chemical engineering literature." Because this approach
requires the selectivity calculations of BILP-101 using Ideal
Adsorbed Solution Theory (IAST),15 it gives us a chance to validate
our selectivity calculations from the initial slope method. The pure
CO, isotherm and N, isotherms at 298 K were fitted to the dual site
and single site Langmuir isotherm models, respectively (Fig. 11s).
IAST selectivity for CO,/N, (CO,:N,=10:90) values was calculated to
be 71 at 298 K and 1 bar. In general, selectivity should decrease
with increasing pressure (loading) as active sites are saturated and
remaining sites are not that selective towards CO,, however CO,/N,
selectivity in BILP-101 remains near unity at least up to 1 bar due to
high density of strong adsorption sites (N atoms) in BILP-101. We
used the same CO,/N, composition to calculate sorbent selection
parameters as depicted in Table 1 and S2 for BILP-101 under Vacum
Swing Adsorption (VSA) settings at 298K. Working capacity of BILP-
101 was calculated to be 0.80 mol/kg which exceeds reported
sorbents such as ZIF-82, HKUST-1, and MOF-4b (Table 1).11 BILP-101
showed an exceptional sorbent selection parameter, S, (factor of
556.4) which is the comprehensive criteria to evaluate CO, capture
properties of sorbents as it combines the working capacity,
selectivity and regenerability criteria (Eq. S2), and therefore it gives
a better insight into the trade-off between selectivity and uptake.11

Table 1. Top performing sorbents for flue gas (CO,/N,:10/90)
separation using VSA at 298K, P,4s = 1 bar and Pges= 0.1 bar.

Sorbent AN, R 12?9 S
BILP-101 (POP) 080 848 703 556
SNU-Cl-va®(POP) 041 873 380 262
Zeolite-13X* (Zeolite) 135 542 862 128
ZIF-78% (MOF) 058 963 345 39
ZIF-82% (MOF) 038 925 227 101
MOF-4b% (MOF) 006 838 154 104
HKUST-13(MOF) 055 89.0 204 462
Ni-MOF-74%(MOF) 320 737 411 835
NoritR1 extra 028 737 107 5.9

(Activated Carbon)

A M- COz working capacity (mol/kg), R= Regenerability, a12*%= IAST
selectivity, S=Sorbent selection parameter (Eq. S3). *

J. Name., 2013, 00, 1-3 | 3
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This S value is the highest in top performing sorbents considered for
post-combustion flue gas separation including Zeolite 13X, Ni-MOF-
74, and TBILP-2 which were evaluated under the same settings
(temperature, pressure, method).n'le’33

This study presents the rational design of a ultra-microporous
organic polymer, BILP-101, which comprises cost-efficient
preparation with high chemical (acid/base) and thermal stability (>
600 °C). BILP-101 challenges the trade-off between the CO, uptake
and selectivity by scoring very high CO, uptake (~1 mmol/g) at 0.15
bar and 298 K and with an unprecedented CO,/N, selectivity (80 at
298 K). Moreover, BILP-101 shows very promising sorbent selection
parameter performance, S, (556) for practical CO, capture and flue
gas separation.
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