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ABSTRACT: Carbon molecular sieves (CMS) with a tunable pore 0y C! &
structure hold significant promise for efficient C;Hy/C;Hg separation. R "‘V\
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0 ]

However, understanding the relationship between a precursor’s carbon

framework and the microstructure of carbonized products is still

ambiguous and requires further investigation. Herein, a relative
aliphaticity/aromaticity regulated strategy was proposed to tailor the Interfacial
carbon skeleton of the polyamide precursor, aiming to fine tune the CMS polymerization
pore size between the kinetic diameter of C;H, (4.68 A) and C,H, (5.11

5

A). The relative aliphaticity/aromaticity of the precursor was rationally RN

modulated by replacing aromatic rings in diamine monomers with aliphatic e ~ .
chains of different lengths. Results indicated that polyamide precursors % Ny + oo
with higher relative aliphaticity exhibited increased susceptibility to 5 S

fragmentation during carbonization. Thus, a higher degree of carbon

layer restructuring arising from the degradation of aliphatic chains promoted the formation of orderly graphitized structures with sub
5 A ultramicropores. The ETDA-derived CMS pyrolyzed at 700 °C (ETDA700) exhibited outstanding sieving performance in
separating C;H, from C;Hjg, with C;Hg uptakes of up to 2.33 mmol/g, while propane adsorption capacity was negligible. This work
may provide valuable insights for the design of sieving carbonaceous material by rationally tuning precursor properties for the
efficient separation of gas mixtures with similar sizes.
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1. INTRODUCTION along with high stability and easy availability, have attracted
wide attention in the field of gas separation and have been
successfully applied in the separation of CO,/N,,° CO,/CH,,”
CH,/N,,” C,H,/C,H,’ and C;H4/C;H,."”

Carbonization of polymeric precursors is a representative
method for CMS synthesis, which involves the transformation
of precursors into amorphous carbon networks incorporating
abundant ultramicropores, which serve as permeation channels

Propylene (C;Hy) is an important industrial raw material in
the synthesis of commercially high-value chemicals such as
polypropylene, propylene oxide, propylene glycol, acrylonitrile,
cumene, and polyols." The global demand for propylene is
expected to reach 1.3 billion tons by 2025, growing persistently
at 4-5% per annum.” However, propylene is mainly

manufactured via steam cracking in a mixture with propane,3 . ) S h bonizati R
posing great difficulties in the subsequent separation due to or gas separation. Since the carbonization of precursors

their similar physicochemical properties (boiling point, 225 K involves 1r.1tr1.cate reactions l?etween different functional groups
for CsH, and 231 K for C;Hy; kinetic diameter, 4.67 A for present within the polymeric backbone, the structural proper-
C;Hy and 5.11 A for C3Hg)." Adsorption separation is
emerging as a potential alternative to the traditional energy- Received:  April 30, 2024 o
intense cryogenic distillation for the C;H4/C;Hy separation, Revised:  July 18, 2024
where advanced adsorbents are essential.’” Carbon molecular Accepted: July 18, 2024
sieves (CMS), a special type of carbonaceous materials with Published: July 31, 2024
the advantages of narrow pore size distribution enabling the

separation of small molecules through the size-sieving effect,
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Figure 1. Synthesis of precursor polyamides through interfacial polymerization of 1,3,5-benzenetricarbonyl trichloride with different diamine
monomers to vary the relative aromaticity followed by carbonization at 700 °C under N, to obtain carbon molecular sieves for C;H/C3Hg

separation.

ties of the precursor have a great effect on the pore architecture
and ultimately gas separation performance of CMS."" Various
studies have been conducted to investigate the impact of
different functional groups on the structural properties of
carbons. For instance, Babu et al. studied the influence of N-
doping on the adsorption characteristics in carbon nanoma-
terials and compared them with oxygen functionalized
carbons.'” On the other hand, Rahimi et al. evaluated the
performance of carbon-based adsorbents, focusing on how
variations in oxygen content in the carbon structure influence
gas separation characteristics.* Also, Kiyono et al. investigated
the effect of polymer precursors on the development of carbon
molecular sieves and their implications for gas separation
performance, emphasizing the role of oxygen in enhancing
selective separation.'” Since these studies have focused on
investigating the effects of nitrogen or oxygen only, the role of
different carbons, which are present within the precursor
framework, has not been studied yet. Specifically, aromaticity,
i.e,, the presence of a planar, cyclic structure with delocalized
m-electrons, is of fundamental importance for organic
compounds in defining their stability and reactivity.'> Contra-
rily, the absence of resonance stabilization in non-aromatic
counterparts leads to higher energy levels, making them less
resistant to scission and decomposition during carbonization at
high temperatures. Understanding the structure—activity
relationship between the relative aromaticity/aliphaticity of
the polymeric precursor and the resulting microstructure and
gas separation performance of derived CMS not only
contributes to elucidating the degradation mechanisms at
high temperatures but also facilitates precise control of pore
architecture in CMS for gas sieving applications.

Herein, an aromaticity/aliphaticity-driven pore-engineering
approach was introduced to precisely regulate the ultra-
micropore size within sub 5 A of the CMS for C;H,/C;H;
separation. The relative aliphaticity/aromaticity of the
precursor was adjusted by substituting the aromatic ring of
diamines with aliphatic carbons of varying chain lengths in
polyamide precursors (Figure 1). The effect of the relative
aliphaticity/aromaticity of the precursor on the structural
evolution and separation performance of the derived CMS
were investigated systematically. Characterization results,
including TG-MS, XPS, Raman, etc., combined with multiple
probe gases analysis indicated that polyamide precursors
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containing higher aliphatic content were more readily broken
down at low temperature due to the unstable carbon chains,
leading to a higher degree of carbon structure rearrangement
under less energy input, thus promoting the formation of a
more graphitic carbonaceous structure and the creation of
smaller structural voids within the carbon matrix. Optimal size-
sieving performance for C;H,/C3Hg separation was exhibited
by CMS derived from the ETDA precursor polyamide
(ETDA700), with a C;Hy uptake value of 2.33 mmol/g,
while C;Hg molecules were excluded, as confirmed by a single-
component adsorption isotherm. The superior performance
can be attributed to the ultramicropores, which predominantly
fall within the narrow range of 4.8—5.3 A. Fixed-bed
experiments and cyclic regeneration were conducted to
evaluate the potential of ETDA700 for practical applications.
The work highlights that pore architecture can be manipulated
by varying the relative aromatic/aliphatic content of the carbon
precursor and efficient size-sieving of small gas molecules can
be achieved.

2. EXPERIMENTAL SECTION

2.1. Materials. All the chemicals and reagents including benzene-
1,4-diamine (PPDA), ethane-1,2-diamine (ETDA), propane-1,3-
diamine (PRDA), 1,3,5-benzenetricarbonyl trichloride (TMC),
suberoyl chloride, and n-hexane were all used as received without
any further purification. CO,, N,, C;Hy, C;Hg, and deionized water
were used for carbonization, physical activation, and adsorption—
desorption measurements.

2.2. Synthesis of Polyamide-Derived Carbons. A series of
aromatic to fully aliphatic polyamide precursors were synthesized via a
well- estabhshed interfacial polymerization technique with minor
modifications.'® Typically, diamine monomers (11.3 mmol each)
and 1,3,5-benzenetricarbonyl trichloride or suberoyl chloride (7.53
mmol) were concurrently dissolved in deionized water (200 mL) and
n-hexane (200 mL), respectively, to prepare separate aqueous and
organic solutions. These aqueous and organic solution pairs were then
combined and magnetically stirred to enhance the interfacial area,
ensuring the completion of polyamide formation. The resultant
polyamides were then removed from the reaction medium and dried
at 100 °C overnight to ensure complete evaporation of any residual n-
hexane or water. Following this, the dried polyamides were rinsed
with water and ethanol several times, aimed at removing any
unreacted monomers, and re-dried. For carbonization, the polyamides
were then placed in a ceramic combustion boat and introduced into a
three-zone tube furnace, under a nitrogen atmosphere, programmed
at a ramp rate of S °C/min until it reached 700 °C and maintained for
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Figure 2. (a) Simplified schematic illustration of chemical structures emphasizing the less stable aliphatic regions in different polyamides, (b) TG
weight loss curves measured at 10 °C/min under N, flow, and (c) the relationship between aromatic content vs yield of precursor materials.

90 min. After they were cooled, the samples were transferred to
storage vials and labeled according to the diamine monomer used and
the carbonization temperature. For instance, “PPDA” represented a
polyamide derived from benzene-1,4-diamine (p-phenylenediamine),
while “PPDA700” indicated the corresponding sample carbonized at
700 °C.

2.3. Characterization and Adsorption Measurements.
2.3.1. Material Characterization. Thermogravimetric analysis curves
were obtained under nitrogen purge with a heating rate of 10 °C/min
to a maximum temperature of 900 °C on a TGSS instrument (TA
Instruments, USA). Thermogravimetric mass spectroscopy data were
obtained on a Netzsch STA449F3 instrument, which was attached to
a Netzsch QMS 403Q (Germany) mass spectrometer. 'H-NMR
spectra were measured on a Bruker 400M instrument (with DMSO-d4
as the solvent). Sample morphology was characterized by scanning
electron microscopy (Hitachi S-4800, Hitachi High-Technologies
Corporation, Japan) after gold deposition. The samples were analyzed
using an X-ray diffractometer (XRD, Bruker D8 ADVANCE,
Germany). The surface chemical composition was determined by
K-Alpha XPS (Thermo Fisher Scientificc West Palm Beach, FL).
Raman spectroscopy was performed with a WITec alpha300R
instrument (Germany) with 532 nm laser excitation.

2.3.2. Adsorption Experiments. Adsorption isotherms for C;Hg
and C;Hy at 273, 298, and 313 K and N, at 77 K were conducted
volumetrically using a Micromeritics 3 FLEX analyzer. The sample
(~100 mg) was degassed at 150 °C under vacuum for at least S h
before the adsorption measurements. Regeneration ability tests were
performed using the same Micromeritics 3 FLEX analyzer as above
followed by degassing of the sample at 150 °C under vacuum after
each adsorption cycle. CO, adsorption isotherms at 273 K using an
ASAP 2020 Physisorption analyzer (Micromeritics) were utilized to
determine the textural properties of each CMS material. Water
adsorption isotherms at 298 K were measured volumetrically using a
BELSORP MAX instrument (MicrotracBEL).

2.3.3. Breakthrough Experiments. The dynamic breakthrough
experiments were performed on a GC6600 FID analyzer equipped
with a stainless-steel column fixed-bed packed with 1 g of adsorbent,
and a 50/50 v/v binary gas mixture of C;H4/C;Hg was used with a
flow rate of 2 mL/min. After breakthrough analysis, desorption
experiments were conducted by switching the flow gas to Ar and
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heating the samples to 423 K. Moreover, the C;H and C;Hg dynamic
adsorption capacities were calculated according to the following

equation:
t
/ (C,— C)dt
f

where Q is the adsorption capacity (mmol/g), q is the total gas flow
rate (mL/min), V,, is the molar volume of the gas (mL/mmol), m is
the mass of adsorbents (g), and C, and C; are the C;H4 or C;3H;
concentrations at the inlet and outlet, respectively.

2.3.4. Adsorption Enthalpy Calculations. Using the Virial
equation, the isosteric heat of adsorption can be estimated from the
adsorption isotherms at 273, 298, and 313 K"

9
VoXm

Q:

InP=InN+ I/TiuiNi+ ibjl\E.

i=o j=o

In this equation, P refers to the pressure (bar), N represents the
amount absorbed (mmol/g), T is the temperature (K), 4; and b; are
Virial coefficients, and m and n represent the number of coefficients
required to adequately describe the isotherms. Also, the values of
Virial coeflicients g, to a,, were then used to calculate the isosteric
heat of absorption using the following expression:

Here, Q, represents the coverage-dependent isosteric heat of
adsorption and R refers to the ideal gas constant.

3. RESULTS AND DISCUSSION

3.1. Influence of Relative Aromaticity/Aliphaticity on
Thermal Degradation Behavior. Initially, a series of
aromatic to fully aliphatic polyamide precursors was prepared
via interfacial polyamidation of TMC or suberoyl chloride with
different diamines, aimed at adjusting the relative aromaticity
and aliphaticity, as shown in Figure 2a. Contrary to other
commonly used carbon synthesis strategies,'® precursor
polyamides were obtained through instant interfacial polymer-

https://doi.org/10.1021/cbe.4c00095
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Figure 3. (a—c) 'H NMR spectra and (d—f) TG-MS profiles of PPDA, ETDA, and PRDA precursor polyamides.

ization at ambient conditions and without using any strong
organic solvents. Also, the carbonization of polyamides was
carried out under inert environments without using any
chemical activators, thus eliminating any additional washing
and drying steps. Moreover, the hexane—water reaction
mixtures were magnetically stirred to enhance the interfacial
area and ensure complete polyamidation by mitigating the
“selflimiting effect”'” due to polyamide film thickening.

Thermogravimetric analysis (TGA) was employed to assess
the impact of different aromaticity/aliphaticity structures on
thermal degradation behavior of the polyamide precursor, as
depicted in Figure 2b. TGA profiles revealed that aromatic
polyamides, ie., PPDA, exhibited a greater thermal stability,
indicated by the highest residue yield of 54% at 900 °C, while
semi-aromatic (ETDA, PPDA) and fully aliphatic polyamides
(HXDA) had lower or no yields, highlighting their reduced
thermal stability. The enhanced or complete thermal
degradation underlines thermal instability of the aliphatic
chains, likely influencing the textural properties of carbonized
products obtained from semi-aromatic polyamides. Moreover,
the TGA curves of semi-aromatic polyamides showed multi-
stage weight loss profiles, with the first zone up to 300 °C
induced by moisture desorption and loss of volatile
components. The second zone from 300 to 500 °C involved
significant structural changes through polyamide backbone
degradation. In contrast to the step-wise weight loss profile
observed in the aromatic polyamides TG curve, increasing the
aliphatic content of the polyamide precursor led to sharp
weight loss curves due to the ready breakdown of carbon
chains. Above 600 °C, the third zone showed minimal weight
reduction, signifying the rearrangement of carbonaceous
structures and pore adjustment. Stoichiometric calculations
revealed an increased aromatic content, which significantly
contributes to the elevated percentage residue yield of
polyamides, as shown in Figure 2c.

Moreover, the production yield of carbons was obtained by
dividing the weight of the final activated carbon by the initial
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mass of the precursor polymers. Considering the weight loss
incurred by maintaining the temperature at 700 °C, the final
yields of all samples were in good agreement with
thermogravimetric curves as well as stoichiometric calculations.
As shown in Figure S10, the polyamides derived from the
PPDA, ETDA, and PRDA precursors produced carbon yields
of 43.6%, 18.1%, and 11.61% of the polymer weight,
respectively. The above results suggest that relative aroma-
ticity/aliphaticity of the precursor may play a key role on the
structural evolution of carbon during carbonization and
requires further exploration to elucidate the underlying
degradation mechanism. The distinct thermal behaviors of
precursors with different relative aromaticity/aliphaticities
were further evidenced by comparing SEM images of precursor
polyamides and their corresponding carbonized products
(Figure S1). The precursor polyamides exhibited a ridge—
valley smooth morphology, which is typical for polyamide thin
films synthesized through interfacial polymerization.”” The
morphological characteristics underwent a significant trans-
formation upon carbonization at 700 °C. Specifically, the
PPDA precursor mainly retained thin film morphology,
indicating its greater stability of the polymer matrix, whereas
the carbonization of aliphatic polyamides entailed the
elimination of less stable carbon chains, resulting in the
formation of a more graphitic carbon structure.

Figures 3a—3c present the 'H NMR spectra of PPDA,
ETDA, and PRDA precursor polyamides, disclosing the
successful interaction between diamine monomers and carbon-
yl functionalities of TMC through an interfacial polymerization
reaction. Notably, the symmetric aromatic protons from TMC,
marked as a, exhibited a downfield shift in PPDA associated
with de-shielding due to the electron-withdrawing effect of
delocalized 7 electrons in the neighboring aromatic rings.”" In
contrast, the presence of fewer electron-withdrawing aliphatic
chains with localized electrons resulted in increased shielding;
hence, the aromatic protons peak observed a weaker downfield
shift in ETDA and PRDA. Additionally, the spatial arrange-

https://doi.org/10.1021/cbe.4c00095
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Figure 4. (a) FTIR spectra of precursor polyamides, (b) elemental composition of precursor polyamides and carbonized products as probed by
XPS and (c) XRD spectra, and (d—f) deconvoluted Raman and (g—i) high-resolution C 1s spectra of carbonized products.

ment and steric factors of the aliphatic chains, compared to
more rigid aromatic rings, influenced the amide protons,
denoted as b.”* The NH peaks shifted from 10.6 to 7.9 ppm in
the aliphatic variants, which was coupled with a remarkable
decrease in the intensity and a broadening of the peaks.
Moreover, aromatic/aliphatic protons from diamine moieties
indicated relevant peaks in their respective regions, indicating
the varying local electronic environments of the carbon atoms.
These variations in electronic environments are likely to
generate distinct degradation mechanisms, thereby influencing
the textural properties of carbonized products.
Thermogravimetric mass spectrometry (TG-MS) was
further employed to unveil the degradation mechanisms during
carbonization by analyzing effluent gases, as shown in Figures
3d—3f. It can be seen that significant decomposition of all
polyamides occurs at around 400 °C. Weight loss occurs in
two distinct phases in PPDA at temperatures of 440 and 530
°C. The initial phase involved the release of gasified coke (m/z
12), carbon dioxide (m/z 44), and methane (m/z 16),
indicating the simultaneous breakdown and reaction of
unstable oxygen and carbon functionalities. In the second
phase, the evolution of oxygen (m/z 32), cyano radicals (m/z
26), and amide radicals (m/z 43) coupled with the formation
of several higher molecular weight compounds indicates
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degradation of the polyamide backbone and a series of
complex reactions taking place at higher temperature, as
indicated by Figure S2. Differently, for aliphatic ETDA and
PRDA polyamides, only one sharp peak is observed,
characterized by the cleavage of aliphatic chains at a lower
temperature of ~400 °C in a single rapid degradation step and
rearrangement of polyamide backbones subsequently. The
lower degradation temperature observed in aliphatic ETDA
and PRDA polyamides can be ascribed to their increased
unstable carbon content, which is prone to fragmentation
under minimal thermal energy input. The comparative
instability of the carbon framework in aliphatic ETDA and
PRDA polyamides, in contrast to aromatic PPDA polyamides,
was supported by the TG results. Note that the absence of
significant water peaks across all polyamides apparently results
from the lack of hydroxyl groups in polyamides; rather, traces
of methane (m/z 16) were formed by the reaction of released
hydrogens with carbon atoms. According to the TG and TG-
MS results, polymers with various relative aromaticity/
aliphaticity exhibited differential thermal degradation pro-
cesses, which were likely a result of varying degrees of
restructuring and polycondensation of carbon layers, hence
influencing the pore structure of carbonized products.
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3.2. Influence of Relative Aromaticity/Aliphaticity on
the Structural Characteristics. Fourier transform infrared
(FTIR) spectroscopy was performed to characterize the
surface chemistry of the synthesized polyamide precursor, as
depicted in Figure 4a. The FTIR spectra prominently featured
the characteristic polyamide peaks. The amide I band, typically
in the 1630—1690 cm™' range and attributed to the C=0
stretching vibrations,* reflects consistent conformation across
all polyamides. The amide II band located at 1480—1575 cm™
corresponds to the N—H bending and C—N stretching
vibrations. Notably, a shift to higher wavenumbers in aliphatic
chain-containing polyamides compared to aromatic ones
reflects varying electrostatic interactions.”* The amide III
band, within the 1200—1300 cm™" region, displayed a pattern
of overlaid peaks from the combined C—N stretching and N—
H in-plane bending vibrations depending on the diamine’s
nature.”> Moreover, out-of-plane C—H bending vibrations are
indicative of aromatic structures, appearing between 600—900
cm™'. A distinct peak near 830 cm™" in the PPDA confirms the
aromaticity, while the absence of such ETDA and PRDA
counterparts highlights their aliphatic character. Surface
elemental composition of precursors and carbonized products
was investigated through XPS. The precursor polyamides show
a significant nitrogen and oxygen content. Upon carbonization,
the oxygen content decreases from ~20% to ~10% across all
polyamides, reflecting the scission of more volatile carbonyl
functionalities. On the other hand, loss in nitrogen content is
less obvious for PPDA in comparison to ETDA and PRDA,
indicating the presence of stable amines attached with aromatic
rings. This structural evolution was further characterized by
XRD, as shown in Figure. 4c, and D spacing (D) was
calculated using Bragg’s equation and the Origin peak analysis
tool. Interestingly, diffraction peaks (26) and subsequently
Dy, values for all carbonized products were in a close range
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around ~25° and 3.9 A, respectively. Proximate 26 values
suggest that carbon layer spacing is more of a temperature-
regulated phenomenon and pore diameter is mainly steered by
the defects within carbon layers, which can be tuned by
changing the chemical structure of the precursor material.

Additionally, Raman spectroscopy analysis was performed to
explain the influence of increasing relative aliphaticity on the
content of defects (Figures 4d—4f). Two prominent peaks,
characteristic of amorphous carbons, were deconvoluted using
a four-band model, where the G band near 1590 cm™!
indicates the presence of graphitic domains while the D
band around 1350 cm™ signifies defects or disorder within the
carbon lattice.”® The intensity ratio Ip;/Ig, a significant
indicator of the degree of graphitization, decreased from 2.2
in PPDA700 to 1.93 in PRDA700, indicating a higher degree
of graphitization with fewer defects. Higher aromatic content
in the polymer matrix preserved the polyamide’s original
structure with decreased graphitization. To verify the trend
observed in Raman spectroscopy, X-ray photoelectron spec-
troscopy (XPS) spectra were obtained. The relative content of
sp>/sp® hybridized carbons was estimated from the deconvo-
luted C 1s peak areas, as depicted in Figures 4g—4i. The
relative sp” peak area increased from 57% to 65%, confirming
the role of aliphatic carbon-chain-containing diamines in
increased graphitization.”” Henceforth, it is reasonable to infer
that increased relative aliphaticity in polyamide precursors can
effectively eliminate the unstable carbon chains upon the
carbonization process, leading to the formation of a more
graphitic carbonaceous structure through a higher degree of
carbon structure rearrangement.

The increased relative aliphaticity in precursor polyamides
results in a more ordered graphitic structure, which favors the
creation of smaller structural voids within the carbon matrix.
Therefore, the textural properties of carbonized samples were
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Figure 6. (a—c) Single-component C;H, and C;H; adsorption isotherms of CMS adsorbents at 298 K, (d) comparison of C;H, uptake vs C;Hg/
C3H; uptake ratio for different carbon adsorbents reported in the literature, (e) adsorption enthalpies of carbonized products for C;Hg molecules,
() cycling C;Hy adsorption performance of ETDA700, and (g—i) experimental breakthrough curves of PPDA700, ETDA700, and PRDA700 for
separating equimolar volume ratios of a C;Hs/C;Hg mixture at 298 K and 1.0 bar.

evaluated using N, and CO, as probe gases. PPDA700
exhibited a type IV isotherm profile, characterized by a
hysteresis loop (according to the ITUPAC classification™”), with
N, uptake of 9.13 mmol/g at 77 K, indicating the presence of
micro- and mesopores (Figure Sa). The calculated pore size
based on the nonlinear density functional theory (NLDFT)
model is centered at 0.67, 1.19, and 3.7 nm (Figure Sb).
Contrarily, ETDA700 and PRDA700 showed almost no N,
adsorption (<0.01 mmol g™'), suggesting the absence of pores
above 5.0 A’ Nevertheless, the remarkable adsorption
capacity of CO, over ETDA700 and PRDA700 at 273 K
(Figure Sc) indicated the presence of ultramicropores, which
were undetected by N, molecules due to kinetic restrictions at
77 K. Based on the DFT model, a same pore size distribution
(PSD) centered at 3.5 and 4.8 A was observed for PPDA700,
ETDA700, and PRDA700 (Figure S3). Notably, the PSD
within the micropore scale precisely lies between the kinetic
diameters of C;H, (4.68 A) and C;H, (S.11 A); thus, it can be
reasonably inferred that ETDA700 and PRDA700 are potential
size-sieving adsorbents for C;H4/C;Hg separation. The
discrepancy in pore size distribution between PPDA700 and
aliphatic carbon-chain-containing polyamide-derived CMS
(ETDA700 and PRDA700) was rationalized by the greater
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extent of structure rearrangement resulting from the increased
aliphaticity of the precursor. Water vapor adsorption isotherms
at 298 K were then measured to further verify the porous
structure and surface chemistry of carbonized products. The
low water uptake (<2 mmol/g) in zone 1 (P/P, < 0.3)
demonstrates the hydrophobic character of carbon surfaces,
while gradually increased uptake in zone 2 (0.3 < P/P, < 0.8)
exhibits the filling of narrow ultramicropores. Also, a slower
accumulation of water vapors into the PRDA700 ultra-
micropores suggested rather restricted diffusion and smaller
specific surface area, which is also evident from N, and CO,
isotherms. In zone 3 (P/P, > 0.8), the obvious hysteresis loop
due to capillary condensation further confirms the presence of
mesopores in PPDA700. The above results reveal that
ETDA700 and PRDA700 possess smaller ultramicropores,
allowing smaller CO, molecules (3.3 A) to pass through while
rejecting N, (3.64 A) molecules. The accessible pores within
aliphatic carbon-chain-containing polyamide-derived carbons
are centered around 4.8 A, which is essential for the efficient
sieving of C;Hg from C;Hs.

3.3. C3H4/C3Hg Adsorption Separation Performance.
Considering the presence of narrowly distributed ultra-
micropores in ETDA700 and PRDA700, single-component

https://doi.org/10.1021/cbe.4c00095
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gas adsorption isotherms for C;Hg and C3;Hg were measured to
evaluate their potential in selective gas-phase separation, as
depicted in Figures 6a—6¢c. Due to the higher surface area
contributed to by mesopores, the PPDA700 sample exhibited
the highest C;H, adsorption capacity (2.52 mmol/g) but poor
selectivity with an uptake ratio of 1.48 because the widely
distributed ultramicropores are larger than the C;Hg molecules
and unable to exhibit the size-sieving effect. Contrarily, CMS
derived from the ETDA and PRDA precursors displayed
remarkable C3;H4/C;Hg separation performance due to their
narrowly distributed sub S A pores capable of rejecting C;Hg
molecules. As shown in Figures 6b and 6c, the isotherms of
C;Hg and C;Hg showed significant divergence for ETDA700
and PRDA700. ETDA700 and PRDA700 had adsorption
uptakes of 2.33 and 1.89 mmol/g for C3Hy, respectively, while
both showed negligible adsorption of C;Hg, confirming the
efficient size-sieving of C;H4 from C;Hg. The excellent
separation performance was attributed to the ultramicropore
size that lies between the kinetic diameters of C;Hy and C5Hg,
resulting in the complete exclusion of C;Hg. Despite the size-
sieving performance for both ETDA700 and PRDA700,
ETDA700 exhibited higher adsorption capacity for C;Hq,
owing to their higher cumulative pore volume as calculated by
CO, adsorption isotherms. Note that neither of the precursor
polyamides exhibited adsorption of C;Hg or C;Hj (Figure S3),
indicating that the induction of porosity occurs solely during
carbonization at high temperature. Moreover, kinetic adsorp-
tion experiments of C;Hg and C;Hg were conducted on CMS
samples, as depicted in Figure S8. The results were consistent
with static adsorption isotherms, where PPDA700 and
PRDA700 struggled with poor selectivity and slower kinetics,
respectively. Meanwhile, ETDA700 exhibited promising
performance with excellent selectivity and relatively faster
kinetics for C;Hg adsorption. These adsorption experiments,
supplemented by structural and morphological analyses,
verified that the selectivity and capacity of polyamide-derived
carbon sorbents can be tuned by varying the relative aliphatic
content of distinct diamine monomers for interfacial polymer-
ization.

Further, the C;H; uptake capacities of the synthesized
sorbents were compared with those of other benchmark
sorbents reported in the literature at 100 KPa and 298 K
(Figure 6d). Among the tested sorbents, C;H4 adsorption
capacity and uptake ratio are significantly greater than those of
most of the other reported carbons and crystalline MOFs. Also,
the isosteric heat of adsorption (Q,) is a crucial parameter for
evaluating the strength of adsorbate—adsorbent interactions
and potential regeneration requirements. In this study, the Q
values were calculated using virial equations for adsorption
isotherms measured at three different temperatures. The Q,,
values for C;Hy were found in physisorption range (1—40 kJ/
mol),30 indicating an easy regeneration, which was further
validated by five adsorption—desorption cycles of ETDA700
with only a minimal 2.5% decrease in adsorption uptake.
Column breakthrough experiments were conducted to evaluate
the separation performance of realistic gas mixtures. Using
C;H4/C5Hg at 298 K and 1 bar, the adsorption column packed
with 1 g of ETDA700 materials efficiently separated C;Hg
within 1 min while retaining C;H, for over 20 min (Figures
6g—6i). Additionally, the dynamic adsorption capacity for
CMS samples was also calculated, where PPDA700 and
ETDA700 exhibited a cumulative uptake of 1.79 and 1.75
mmol/g, respectively, while PRDA had an uptake of only 0.91

mmol/g, which may be attributed to diffusion limitations as
evidenced by kinetic curves. Furthermore, desorption curves of
ETDA700 were obtained by heating the samples to 403 K and
the results indicated that >99 % purity of C;Hg can be
achieved. This remarkable elution time difference along with
the high purity of C;Hy highlights the promising separation
efficiency of ETDA700 for C;Hy/C;Hg under practical
conditions.

4. CONCLUSION

In conclusion, we report a strategy by regulating the relative
aliphaticity/aromaticity of the polyamide precursor for the
control of ultramicropore pore size in derived carbon to be
within sub 5 A. The rules governing the adjustment of pore
size distribution based on the relative aliphaticity/aromaticity
of the precursor were investigated systematically. The results
conclusively show that the carbonization of aliphatic
polyamides effectively eliminates unstable carbon chains,
leading to the formation of a more graphitic carbonaceous
structure through varying degrees of melt polycondensation.
Consequently, this process favors the shrinkage of the pores to
a smaller size. The obtained ETDA700 materials exhibited a
superior size-sieving effect for C;H4/C3Hg and 2.33 mmol/g
uptake for C;H4 while PPDA700 and PRDA700 struggled
with poor selectivity and lower C;H uptake, respectively.
Breakthrough experiments confirmed the superior C;Hy/C;Hg
dynamic separation performance of the ETDA700 materials.
This study provides insights in designing carbon materials with
well-controlled porous structures for the molecular sieving of

light hydrocarbon pairs.
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