lﬁ: separations

Article

Rational Fabrication of Benzene-Linked Porous Polymers for
Selective CO; Capture

Xiaofei Yan I'*, Fuqun Zhai 1'%, Zifei Sun !, Jingwen Chen ?, Dingming Xue 1*

check for
updates

Citation: Yan, X.; Zhai, F,; Sun, Z;
Chen, J.; Xue, D.; Miao, J. Rational
Fabrication of Benzene-Linked
Porous Polymers for Selective CO,
Capture. Separations 2023, 10, 581.
https:/ /doi.org/10.3390/
separations10120581

Academic Editor: Sohrab
Zendehboudi

Received: 31 October 2023
Revised: 18 November 2023
Accepted: 21 November 2023
Published: 23 November 2023

and Jie Miao 3*

Nanjing Institute of Environmental Sciences, Ministry of Ecology and Environment, 8 Jiangwangmiao Street,
Nanjing 210042, China

Key Laboratory for Protected Agricultural Engineering in the Middle and Lower Reaches of Yangtze River,
Institute of Agricultural Facilities and Equipment, Jiangsu Academy of Agricultural Sciences,

Ministry of Agriculture and Rural Affairs, Nanjing 210014, China

School of Environmental Science and Engineering, Nanjing Tech University, Nanjing 211816, China

*  Correspondence: xue_dingming@nies.org (D.X.); miaojie@njtech.edu.cn (J.M.)

These authors contributed equally to this work.

Abstract: Various porous polymer materials have been prepared for the separation of CO, from
mixed gases. However, complex processes, expensive monomers, and costly catalysts are commonly
used for their synthesis, making the adsorbents difficult to achieve in industrial applications. Herein,
we developed a strategy to fabricate a series of benzene rings containing porous polymer materials
(B-PPMs) via a facile condensation reaction of two inexpensive monomers, namely tetraphenylsilane
and 1,4-bis(bromomethyl)benzene. The B-PPMs are verified to have accessible surface areas, large
pore volumes, and appreciate pore sizes via a series of characterizations. The B-PPM-2 exhibits the
best CO, adsorption amount of 67 cm®-g~! at 273 K and 1 bar, while the CO, /Ny selectivity can
reach 64.5 and 51.9 at 273 K and 298 K, respectively. Furthermore, the adsorbent B-PPM-2 can be
completely regenerated after five cycles of breakthrough experiments under mild conditions, which
may provide promising candidates for selective capture of CO, from mixtures.

Keywords: CO, capture; adsorption; selectivity; porous polymers; polymerization

1. Introduction

Carbon dioxide, being a greenhouse gas, has wrought environmental havoc, severe
pollution, weather calamities, and negative impacts on animals and plants and has be-
come an urgent environmental crisis [1-3]. Carbon capture and storage is considered a
presumable technology that can separate CO; from fossil fuels, thereby reducing the in-
creasing carbon dioxide emissions into the atmosphere. Generally speaking, the traditional
method for removing CO, is the ‘wet method’, namely chemical adsorption, which uses
liquid ammonia solutions, such as monoethanolamine [4-6], diethanolamine [7,8], and
diisopropanolamine [9,10]. However, solvent absorption methods have the disadvantages
of severe equipment corrosion, high regeneration energy consumption, and decreased
absorption capacity.

Different from the solvent adsorption process, the usage of solid adsorbents has the
advantages of simple preparation, low cost, and environmental friendliness, which have
been considered promising alternative methods for the effective removal of CO,. Up to now,
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a variety of porous materials, including metal oxides [11-13], mesoporous silica [14,15], ac-
Licensee MDPI, Basel, Switzerland.

tivated carbon [16-19], porous organic polymers (POPs) [20-28], metal organic frameworks
(MOFs) [29-31], and natural zeolites [32,33] has been prepared for the separation of CO,
from mixed gases such as biogas and natural gas, showing enhanced capture performance.
Attribution (CC BY) license (https://  VVith widespread attention from the scientific and industrial communities, the design and
creativecommons.org/licenses /by / preparation of adsorbent materials with higher adsorption capacity and lower costs have
40). become the focus direction of solid adsorbent research at present.
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According to the literature, MOFs exhibit excellent adsorption capacity for CO, be-
cause of their large specific surface area and high pore volume [34,35]. However, most
reported MOFs are synthesized via complex processes and expensive monomers, and their
structures are prone to collapse under high temperatures, moisture, and other harsh environ-
ments, rendering them unsuitable for industrial applications. As a porous solid adsorption
material, POPs exhibit more stable physicochemical properties due to their stable covalent
bond structure. For example, via condensation reactions of tris(4-aminophenyl)amine
(TAPA) and 4,4,4”-boranetriyltris(2,3,5,6-tetramethylbenzaldehyde) (BTMA) with the
presence of a catalyst, Zhai et al. synthesized the porous polymer, BTMA-TAPA-COEF,
which exhibited large surface areas of 630 m?-g~! and a good CO, capture capacity of
42 cm3-g~1 [36]. Nevertheless, it should be stated that the BTMA was prepared from the
dangerous and expensive monomer tert-Butyllithium at 195 K under a series of complex
reactions. PAF-8 was synthesized via the Yamamoto-type Ullmann reactions from two
monomers of tetraphenylsilane and formaldehyde dimethyl acetal without the presence
of water and oxygen. The resultant PAF-8 possessed a high surface area of 785 m?.g~!
as well as a good CO; capacity of 35.5 cm3-g~! [37]. Despite the numerous solid porous
polymer materials that have been synthesized to date, the challenge remains in synthesizing
the porous polymer materials from cost-effective monomers via a simple polymerization
reaction with the absence of a catalyst.

In the present study, we devised and implemented a strategy to fabricate a series of
benzene rings containing porous polymer materials (B-PPMs) via a straightforward conden-
sation reaction involving tetraphenylsilane and 1,4-bis(bromomethyl)benzene (Scheme 1).
The polymerization reactions can occur with the absence of any catalysts under mind con-
ditions because of the proper reactivity of the reagent. In addition, the low-cost and readily
available monomers without the use of the expensive catalyst enable a good economy and
large-scale production of the B-PPMs in the future. The B-PPMs exhibit corresponding
accessible surface areas and large pore volumes and appreciate pore sizes achieved by mod-
ulating the quantity of 1,4-bis(bromomethyl)benzene. The B-PPMs exhibit remarkable CO,
capture performance, ranging from 38 to 67 cm3-g~! at 273 K and 1 bar. It is noteworthy that
the B-PPM-2 displays outstanding CO, capture performance with a capacity of 67 cm?.g~!,
which surpasses many other reported adsorbents, like BoxPOP-2 (34.7 cm?-g 1) [38], 476-
MOF (47.6 cm3-g~1) [39], and A5 Zeolite (30.2 cm3-g~1) [32]. Additionally, the B-PPM-2
exhibits remarkable CO, /N selectivity of 64.5 at 273 K and 0.1 bar. Notably, the B-PPM-2
also displays full regeneration performance without any significant decrease in capacity
after six consecutive cycles. Furthermore, the adsorbent B-PPM-2 maintains strong sep-
aration performance after five cycles of breakthrough experiments, which may provide
promising candidates for selective capture of CO, from CO, /N, mixtures.

Scheme 1. Synthetic route of the B-PPM-2.
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2. Materials and Methods
2.1. Materials Synthesis

Commercial reagents of the tetraphenylsilane, 1,4-bis(bromomethyl)benzene, and
tetrahydrofuran (THF) were purchased from Adamas-beta, Shanghai, China, and all the
reagents were directly utilized without any further treatment. The ethanol and deion-
ized water were employed for cleaning procedures during the preparation process of
the adsorbents.

The minute synthesis route of the B-PPM-2 was drawn in Scheme 1. Then, 1 mmol
tetraphenylsilane and 4 mmol 1,4-bis(bromomethyl)benzene were dissolved in the THF
(50 mL) in turn. Then, the mixture solution was transferred to a sealed container and kept at
constant temperature of 333 K for 48 h with continuous stirring. Upon cooling to room tem-
perature, the filter cake was rinsed alternately with methanol and deionized water until the
desired neutralization was achieved. With further vacuum drying overnight for the removal
of the traces of methanol and moisture, the obtained residual was donated as B-PPM-2. All
the B-PPMs were synthesized via the same reaction as drawn in Scheme 1. The resultant B-
PPM-1, B-PPM-3, and B-PPM-4 are prepared successfully via the homologous synthesizing
process, which corresponds to above-mentioned 1,4-bis(bromomethyl)benzene reaction
molar amount of 8§ mmol, 2 mmol, and 1 mmol, respectively.

2.2. Characterization

The fracture and generation of chemical bonds are direct evidence for detecting the
successful preparation of materials. Fourier transform infrared (FTIR) spectra of the samples
were recorded on a Nicolet Nexus 360 spectrometer (Thermo Nicolet, Waltham, USA). The
flakes were uniformly mixed using the adsorbent and potassium bromide in a mass ratio
of 1:150 and tested for 32 scans with a wavenumber between 4000 cm~! and 650 cm~!.
The X-ray powder diffraction (XRPD) patterns could characterize crystal structure of
the B-PPMs and were recorded using the Bruker D8 Advance diffractometer (Bruker,
Billerica, USA). The detailed experiment conditions included the 20 range of 5-60, the
step size of 0.02°, and the scan rate of 1°-min~!. Thermogravimetry (TG) analyses were
performed with a TGA209F3 (Netzsch, Bavaria, Germany) apparatus to obtain thermal
stability. The B-PPMs were heated from 298 K to 1073 K at a heating rate of 10 K-min !,
with the protective atmosphere of high-purity nitrogen (99.999%) avoiding oxidation.
Images of high-resolution transmission electron microscopy (HRTEM) were obtained
using a JEM-2010 UHR electron microscope (JEOL, Tokyo, Japan). The scanning electron
microscope (SEM) images were observed on a Hitachi S-4800 (Hitachi, Tokyo, Japan). The
N, adsorption—desorption isotherms were conducted to explore the structural properties
of the B-PPMs at 77 K with BSD-660 (BSD, Beijing, China). Prior to the isotherm test, the
B-PPMs were dried at 383 K under vacuum conditions for 1 h. The samples of 0.1 g were
heated in a vacuum-drying oven for 3 h and then quickly transferred to the analyzer tube
to prevent contamination from moisture and impurities in the air.

2.3. Adsorption Tests

The ASAP 2020 analyzer (Micromeritics, Atlanta, GA, USA) was employed for the
CO,, CHy, and Nj (pure, 99.999%) static adsorption over the B-PPMs at 273 K and 298 K and
0-1 bar. The helium was used to measure the dead volume due to the fact that helium was
rarely adsorbed into the B-PPMs. The isosteric heats of adsorption (Qst) were employed
to illustrate the interaction between the B-PPMs and the gas molecules and calculated
using the Clausius—Clapeyron equation. To predict the selectivity of CO, over N, and
CHy, the ideal adsorption solution theory (LAST) was employed. The IAST was defined
as (x;/y;)/(x;/y;), in which x; and y; (x; and y;) were the molar fractions of component
1 (component 2) in the adsorbed and bulk phases, respectively.

Dynamic breakthrough experiments were critical to further probe the potential of
B-PPM-2 in industrial production. Approximately 0.5 g B-PPM-2 were filled into a special
glass tube and dried under vacuum for 1 h at 393 K, then submerged in the mixture of
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ice and water. The CO,/N; (15/85, v/v) mixture was fed into the system at the rate of
3 mL-min~! at 273 K and 1 bar. The composition of each component gas at the outlet
was precisely recorded every 30 s using automated gas chromatography and drawn as the
dynamic breakthrough curves.

3. Results and Discussion
3.1. Characterization

The FT—IR spectra and TG curves of the B-PPMs are listed in Figure 1a and 1b,
respectively. The B-PPMs’ successful fabrication can be confirmed via the FT—IR spec-
tra, which are listed in Figure la. The -C-Si— bond of the regent tetraphenylsilane is
readily recognized by its stretching vibration bands, which are located at 736 cm~! and
803 cm~! [40,41]. These two stretching vibration peaks of ~C-Si— are observable in the
B-PPMs, illustrating the successful introduction of tetraphenylsilane to the B-PPMs. The
intense stretching vibration of ~C-Br— of the monomer 1,4-bis(bromomethyl)benzene lo-
cated at 743 cm ! is weakened in the B-PPMs, exhibiting the break of the -C-Br- during
the fabrication process. These results imply the B-PPMs are successfully fabricated via a
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Figure 1. (a) FT—IR spectra and (b) TG curves of the B-PPMs.

Figure 1b shows the TG curves of the B-PPMs, which reflect the thermal stability
information. All the samples show two main weight loss processes, and the adsorbed
trace water and impurities quickly escape from the pore structure of the B-PPMs at around
150 °C. A sharp weight loss appears, ranging from 450 °C to 600 °C, giving evidence of
the high thermal stability of the B-PPMs. It is obviously observed that the B-PPM-2 shows
a high initial decomposition temperature of about 450 °C, which is higher than that of
B-PPM-1 as well as that of B-PPM-3 and B-PPM-4. Remarkably, the B-PPM-2 manifests a
total weight residual of 69%, which is bigger in contrast to that of the B-PPM-1, B-PPM-
3, and B-PPM-4 (correspond to 66%, 63%, and 62%, respectively). The difference in the
thermal stability is dictated by introducing 1,4-bis(bromomethyl)benzene. The high-quality
residue remaining after the heat treatment indicates the successful synthetization of the
B-PPMs with a high crosslinking degree from the two simple reactants. The amorphous
characteristics of the B-PPMs are validated via the XRD in Figure S1, and no intense
diffraction peaks are observed [42].

All four Nj adsorption—-desorption isotherms of the B-PPMs are drawn in Figure 2a and
the corresponding pore size distribution of the B-PPMs are drawn in Figure 2b. It is obvious
that the isotherms of the B-PPMs are assigned to the characteristic IV-type isotherm. At the
relative pressure ranging from 0 to 0.05, the B-PPMs exhibit a linear increase in the amount
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of captured N, which is relevant to the high porosity. With the relative pressure increase of
more than 0.1, the B-PPMs still illustrate a rapid escalation in N, uptakes along with visible
hysteresis loops. These results indicate that the B-PPMs achieve a great deal of micropores
and mesopores, which results from the condensation reaction of the two monomers. As the
introducing amount of the monomer 1,4-bis(bromomethyl)benzene decreases, the B-PPMs
show a marked decline in N uptakes. It is believed that the 1,4-bis(bromomethyl)benzene
significantly determines the pore structure of the B-PPMs.
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Figure 2. (a) Nitrogen adsorption—desorption isotherms at 77 K; (b) corresponding pore size distri-
butions of B-PPMs.

As listed in Table 1, the calculated specific surface areas of the B-PPMs have been
calculated upon the N, adsorption—desorption isotherms. The B-PPM-1 owns the largest
surface area, meaning 680 m? -g_l, surpassing the B-PPM-2, B-PPM-3, and B-PPM-4, which
registered surface areas of 593 m?-g~!, 405 m?-g~!, and 309 m?-g~!, respectively. In line
with the tendency of the specific surface area, the B-PPM-1 possesses the highest total
pore volume of 0.61 cm3- g’l, while the total pore volume of the B-PPM-2, B-PPM-3, and
B-PPM-4 range from 0.49 cm®.g~! to 0.26 cm3.g~1.

Table 1. Porosity properties of B-PPMs.

SBET Vtotal Vmeso Vmicro
Sample (m*.g~1) (cm3-g~1) (m®.g-1) (cm3-g~1)
B-PPM-1 680 0.61 0.33 0.28
B-PPM-2 593 0.49 0.24 0.25
B-PPM-3 405 0.34 0.20 0.14
B-PPM-4 309 0.26 0.17 0.09

As shown in Figure 2b, the corresponding pore size distribution of the B-PPMs
illustrates that all the B-PPMs possess abundant micropores, which are favorable for
the CO; molecules immobilization. The B-PPM-1 exposes the ultra-micropores between
0.45 nm to 0.81 nm. Simultaneously, the B-PPM-2 exhibits micropores around 0.52-0.83 nm,
slightly less than those observed in B-PPM-1, a consequence of the decreased introduction
of the 1,4-bis(bromomethyl)benzene. With decreasing the 1,4-bis(bromomethyl)benzene
content, the pore structures of the polymer-PPMs are undeveloped evidently, as previously
mentioned. The B-PPM-3 and B-PPM-4 both show fewer pores, which are located around
between 0.45 and 0.85 nm and between 0.55 and 0.9 nm, respectively. In accordance with
the TG curves, these results indicate that the 1,4-bis(bromomethyl)benzene determines the
pore structures of the porous polymer. It is clearly observed that all the B-PPMs mainly
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reveal microporous structures. Based on previous work, the micropores are regarded as
responsible for gas storage and transport [43—45]. Consequently, the synthesized B-PPMs
with large surface areas and well-distributed micropores possess great potential for use in
gas separation and storage.

The surface morphologies and pore structures of the B-PPMs are observed using SEM.
As shown in Figure 52, all of the B-PPMs exhibit irregular block morphology with disordered
channels and pores. The TEM images of the representative sample B-PPM-2 are displayed
in Figure 53, and the images highlight the abundant micropores with the wormhole-like
arrangement of B-PPM-2 from macropores to micropores that are hyperconnected.

3.2. Gas Adsorption Performance

The gas capture performance of adsorbents B-PPMs for pure single-component CO,
was investigated and shown in Figure 3a, while Figure 3b,c exhibit the CO, isosteric heat of
the B-PPMs and the IAST selectivity for the B-PPM-2. With the absolute pressure increased
from 0 to 1 bar, all the B-PPMs emerge a tendency for the CO, amount to increase steadily
and gently at 273 K. These adsorption isotherms indicate the reality that the accessible pore
structures of the B-PPMs have been occupied by a great deal of CO, molecules. For instance,
B-PPM-1 demonstrates a CO, adsorption capacity of 52 cm?®.g~!, primarily attributed to
its high surface area of 680 m?-g~! and total pore volume of 0.61 cm3-g~!. As reported
in the literature, a higher specific surface area of the adsorbent always supplies the more
available accessible pores and achieves the higher CO, adsorption capacity [44,46,47].
Consequently, it is beyond question that the insufficient pore structure of the B-PPM-3 and
B-PPM-4, characterized by smaller surface area (405 m?-g~! and 309 m?-g~!) and pore
volume (0.34 cm®-g~! and 0.26 cm3-g~1), lead to the lower CO, uptake of 41 cm3-g~! and
38 cm3.g
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Figure 3. (a) CO, adsorption isotherms of the B-PPMs at 273 K, (b) CO, isosteric heat of adsorption
of the B-PPMs, (c) IAST selectivity of CO,/Nj; (15:85) and CO,/CHy (50:50) on the B-PPM-2 at 273 K.
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However, the largest surface area does not have responsibility for ensuring the high-
est CO, adsorptive capacity, and the B-PPM-2 demonstrate the highest CO, adsorptive
capacity of 67 cm®-g~!, which is also better than much other literature data (as listed in
Table 2), such as 476-MOF (47.6 cm3-g~1) [39], BoxPOP-2 (34.7 cm3-g~1) [38], 13X-PEI-60
(48.2 cm3-g’1) [48], A5 Zeolite (30.2 cm3-g’1) [32], and P2 (67.6 cm3-g’1) [49]. Even more
interesting is that the B-PPM-2 possesses a lower surface area (593 m?-g~!) and pore vol-
ume (0.34 cm3-g~!) compared with the B-PPM-1. This contrastive result confirms that
the surface area is not the sole determinant of CO, adsorptive capacity. The pore size
of B-PPMs is also beneficial to the improvement of the CO, adsorptive performance. As
previous work reported, theoretical calculation indicates that Van der Waal’s interaction
between the captured CO, and the pores of the adsorbents generates powerful heat effects.
Along with the reduction in the pore diameters from 2 nm to 0.5 nm, the calculated ad-
sorption heat values range from 18.9 k]-mol~! to 29.6 kJ-mol~! [50]. Similar results are
shown in Figure 3b: all the Qst values of the B-PPMs are located around the 26 kJ-mol~!
to 37 kJ-mol !, exhibiting that the Qst results from the CO, capacity into the micropore
structure of the B-PPMs. It is interesting that the Qst value of the B-PPM-2 is always slightly
bigger than that of the B-PPM-1, B-PPM-3, and B-PPM-4 at a certain adsorption capacity,
Originating from the more developed micropore structure of the B-PPM-2. When the pore
diameter falls below 0.5 nm, the so-called ultra-micropores are rendered useless because
the CO, molecules are prevented from accessing the tiny space [50]. In the case of the
B-PPM-1, the micropores with sizes less than 0.5 nm do not help in capturing the CO,
molecular, while the B-PPM-2 is instrumental in immobilizing the CO, molecular because
of the micropore size about 0.52-0.83 nm. Therefore, the efficient improvement of the CO,
adsorptive capacity originates from the synergistic effect of the specific surface area, pore
volume, and appropriate micropore size of the B-PPMs.

Table 2. The adsorption capacity and selectivity for the different adsorbents.

SBET CO; Uptake ? Selectivity P

Samples T/K (m2 & 1) (cm? P o, /Nzy Ref.
B-PPM-2 273 593 67 64.5 This work

A5 Zeolite 273 179 30.2 NA [32]

BoxPOP-2 273 225 34.7 NA [38]

476-MOF 273 898 47.6 75 [39]

CAGE 298 32 23 40 [42]

M90_0.5 298 328 47 53 [51]

13X-PEI-60 273 1.3 48.2 NA [48]

PEI-100CP-MAG 348 NA 11.2 110 [52]

P2 273 242 67.6 34 [49]

TPI-5 273 201 35 46 [25]

CO2-NPC-800-15 273 34.9 20.2 NA [53]

AHEP 273 418 31 47 [54]

@ The CO, uptake is tested at 1 bar. b The selectivity of CO, /N are calculated at 0.1 bar. NA, not available.

As shown in Figure 54, the adsorption isotherms of CO,, CHy, and N, on B-PPMs
are systematically investigated. Under the influence of a higher temperature of 298 K
at 1 bar, the CO; uptakes of the B-PPMs manifest a marked decline. For example, the
adsorption capacity of B-PPM-2 has decreased from 67 cm3-g~! to 34 cm?®.g~!. All four
B-PPM polymers show reasonable CO, adsorptive capacity and barely a few N, uptakes.
The sample B-PPM-2 not only exhibits the best adsorption performance for CO, but also has
the highest adsorption capacity for CHy (18 cm3-g~1) and N (3 cm3-g~!) at 273 K and 1 bar,
signifying that the B-PPM-2 has a latent capacity for industrial applications, particularly in
the separation of the CO, /N, and CO,/CH, gas mixture. The selectivity of CO,/CH, and
CO, /N3 for the B-PPM-2 at 273 K and 298 K were determined using the IAST model, as
depicted in Figure 3¢ and Figure S5. Wherein, the mixture gases have a resemblance with
the typical industrial gas composition, with the CO,/CH,4 and CO, /N, ratios of 50/50
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and 15/85. At 273 K and 0.1 bar, the CO;,/Nj selectivity of the B-PPM -2 is as high as
64.5, making allowances for the relatively few captured amounts of N,. The selectivity
value of 64.5 for the B-PPM-2 is higher than much other literature data (as listed in Table 2,
e.g., 40 for CAGE [42], 53 for M90_0.5 [51], 34 for P2 [49], 46 for TPI-5 [25], and 47 for
AHEP [54]). Compared with some membranes reported in the literature, such as 64 for
PPPS/PDMS/PSf (298 K, 5 bar) [55] and 54.8 for Cu-BTC-SC/Pebax (298 K, 1.5 bar) [56],
the B-PPM-2 are equally capable of selectively separating the CO, from the mixture. The
CO,/CHy selectivity of the B-PPM-2 is 6.6 at 273 K and 0.1 bar, which slightly decreases
to 5.1 upon the high temperature. Moreover, the IAST selectivity on the B-PPM-2 sample
at 273 K and a certain pressure are invariably higher than those at 298 K. For example,
at the 0.3 bar, the CO, /N selectivity on B-PPM-2 is 16.7 at 273 K, which is higher than
13.4 at 298 K. The results indicate that the B-PPM-2 can produce a marked effect on CO,
purification in the CO, /CH4 and CO,/N; mixed systems.

In general, the sorbent regeneration stage is the most critical step of CO, capture.
Numerous regeneration methods have been used in the different regeneration strategies
(e.g., PSA, TSA, and VSA) [57,58]. In this case, the method of regeneration in situ is accepted
since the porous materials B-PPMs are prepared and tested in the lab. To further investigate
the feasibility of the long-term use of the industrial separation of B-PPM-2, consecutive
recycling experiments were conducted, as shown in Figure 4a. The adsorption/desorption
isotherms of CO, for the B-PPM-2 were measured for six cycles. It is clear that there
is a slight loss of CO, adsorption capacity during the continuous six cycles. In a single
cycle, the adsorption isotherm exhibits a smooth increase, and the desorption isotherm
shows the absolute removal of the adsorbed CO, gases. Following the completion of
the entire adsorption/desorption process, a very mild vacuum step is operated at 273 K
and maintained for 1 h. After the six cycles, all the adsorption/desorption isotherms are
almost coincident, indicating the excellent CO, adsorption regeneration of the B-PPM-2.
Compared with the initial CO, adsorptive capacity of 67 cm3-g~1, the adsorptive capacity
for the sixth cycle is approximately 66.2 cm>-g~1, indicating nearly equivalent performance.
These results demonstrate that by only adjusting the operating pressure, CO; can be entirely
released without any residue from the samples. The excellent regeneration will give the
B-PPM-2 a passport to the application in the pressure swing adsorption technology (PSA).
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Figure 4. (a) Six adsorption/desorption cycles of CO; over B-PPM-2 at 273 K and 1 bar. (b) Dynamic
breakthrough curves of the B-PPM-2 for CO, /N, mixture.

Moreover, the price of the porous adsorbents is a crucial factor for the sustained use
of industrial separation. The gas separation process over the various solid adsorbents is
inherently similar. Therefore, the costs of the monomers and the catalysis mainly determine
the overall cost of porous adsorbents. A comparison of the cost of adsorbents based on
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the price of monomers and catalysts is listed in Table S1. It is important to note that the
calculated price of the adsorbents is based on a rough estimation under realistic reaction
conditions. Numerous additional factors, such as reaction temperature, duration, multi-
level reactions, and pressure, may impact product prices but are not fully considered in
this analysis. Consequently, in view of these data, it is evident that the rough price of our
material B-PPM-2 is less than that of some reported porous adsorbents.

Dynamic breakthrough experiments are important to further assess the selective
adsorption performance of B-PPM-2 in the PSA. As depicted in Figure 4b, in the case of the
first dynamic breakthrough experiment for the B-PPM-2, N;, is the first component to break
via the fixed bed. This observation is attributed to the poor capture of N, via B-PPM-2.
Moreover, the CO; breaks the fixed bed over B-PPM-2 at 450 s, which is much longer than
30 s of Ny. In the case of the fifth dynamic breakthrough experiment, the N, molecular
escape from the fixed bed as quickly as around 30 s is out of the question. Correspondingly,
the CO; breaks the fixed bed over B-PPM-2 at 420 s, which is a slight fluctuation, compared
with the 450 s of the initial one. These results of the dynamic breakthrough curve of the
B-PPM-2 are consistent with the single-component adsorption isotherms, indicating more
powerful evidence for the potential application over high-efficient CO, capture from gas
mixtures. Altogether, the excellent recycling performance and low price further confirm
that our porous material B-PPM-2 is a promising adsorbent for the separation of CO;,/Nj.

4. Conclusions

In this work, a series of porous polymer B-PPMs originated from the facile polymeriza-
tion of the tetraphenylsilane and 1,4-bis(bromomethyl)benzene were synthesized success-
fully. The introduction amount variation of the 1,4-bis(bromomethyl)benzene monomer
is important to upgrade the pore structure of the B-PPMs. The B-PPM-2, distinguished
by the substantial surface area, generous pore volume, and well-suited micropore size,
not only effectuates an outstanding CO, capture capacity of 67 cm®-g~! but also displays
a remarkable CO, /N selectivity of 64.5. We believe that our B-PPMs have potential as
competitive candidates for CO, adsorbents, and this facile synthetic protocol can be further
developed to achieve superior porous polymer materials.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/separations10120581 /s1, Figure S1: XRD pattern of the
B-PPMs. Figure S2: SEM images of the (a) B-PPM-1, (b) B-PPM-2, (c) B-PPM-3 and (d) B-PPM-4.
Figure S3: TEM images (a) 100 nm and (b) 10 nm of the B-PPM-2. Figure S4: CO,, N, and CHy
adsorption isotherms of the sample (a) B-PPM-1, (b) B-PPM-2, (c) B-PPM-3, and (d) B-PPM-4 at 273 K
and 298 K and 1 bar. Figure S5: IAST selectivity of CO,/Nj; (15:85) and CO,/CHjy (50:50) on the
B-PPM-2 at 298 K.
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