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ABSTRACT: Aromatic polyamides (aramids) are broadly used
to manufacture desalination membranes; however, they are
rarely considered for gas separation. Here, we report precise
hydrogen sieving in ultramicroporous carbon molecular sieve
(CMS) membranes derived from an uncrosslinked aramid
synthesized by stirred interfacial polymerization of diamine and
mixed diacid chloride monomers. While hydrogen bonds gave
the aramid precursor unattractive separation performance, they
were leveraged to provide aramid-derived CMS membranes
with ultrahigh H,/CO, selectivity exceeding all known CMS
membranes. Adsorption in aramid-derived CMS membranes
suggested their ultrahigh H,/CO, selectivity was attributable to
diffusion selectivity above 3000. The excellent solution
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processability of uncrosslinked aramids allowed the fabrication of scalable CMS hollow fiber membranes. The findings of
this work open the door to a new class of highly selective CMS membranes for H, separation and CO, capture.

he chemistry of polymer precursors is known to
T govern the pore structure and transport properties of

carbon molecular sieve (CMS) membranes. As a
polymer precursor is pyrolyzed, rigid aromatic strands are
formed and organize into defective plates to provide
disordered three-dimensional micropores.” Many polymer
precursors have been studied to fabricate CMS membranes,
includin§ polyimides,” polymers of intrinsic microporosity
(PIMs),” and polybenzimidazoles (PBIs).*” By controlling
the backbone and bulky side group chemistry of the polymer
precursor, the plate defects (i.e., ultramicropores) can be tuned
to control molecular discrimination and to obtain attractive

8—11 12 13 .

gas, vapor, - and liquid ~ separation performance exceed-
ing polymer membranes and many other molecular sieve
membranes. Notably, CMS membranes can recover hydrogen
(H,) and capture carbon dioxide (CO,) to enable sustainable
production of blue H, from steam methane reforming.” Precise
H, sieving and outstanding H,/CO, selectivity is required in
H,-selective CMS membranes to produce a high-purity H,
product stream.

To the best of our knowledge, no CMS membranes have
been reported based on aromatic polyamides (aramids)."* This
is surprising because aramids represent the most broadly
practiced and well-known polymer membrane materials.">~"
Aramids can be inexpensively and rapidly synthesized at room
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temperature by in situ interfacial polymerization on a substrate
or stirred interfacial polymerization in a solution. Aramid
chemistry is highly tunable through a rich library of
multifunctional amine and acid chloride monomers."® Notably,
defect-free ultrathin aramid films made by in situ interfacial
polymerization of m-phenylenediamine (MPD) and trimesoyl
chloride (TMC) can provide thin-film composite reverse
osmosis membranes with attractive water flux and salt
rejection.'”'” However, aramids are conventionally seen as
unsuitable for gas separations. They are known to have low gas
permeabilities™>* at ambient temperature under dry gas
feeds™® and usually considered as barrier materials,”* because
of their strong hydrogen bonds and low fractional free volume
(FFV). Hydrogen/hydrocarbon separation is the only known
commercial gas separation application of aramid membranes.”

In this work, we show that pyrolysis of solution-processable
aramids can provide CMS membranes with precise H, sieving
and outstanding H,/CO, selectivity. Crosslinked aramids are
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Figure 1. (A) Synthetic route of the MTI aramid. (B) FT-IR spectra of the MTI aramid and aramid-derived CMS membranes. (C) TGA
curve of the MTI aramid under nitrogen purge. (D) Photograph showing the excellent flexibility of the aramid hollow fiber (white) and
aramid-derived CMS hollow fiber (black). SEM images of (E) aramid hollow fiber, (F) aramid-derived CMS hollow fiber, and (G) dense wall

of aramid-derived CMS hollow fiber.
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Figure 2. (A) Pure gas permeability and (B) ideal selectivity in aramid-derived CMS membranes. (C) Pure gas H,/CO, separation
performance of the MTI aramid precursor and aramid-derived CMS membranes. (D) Comparing the H,/CO, separation performance of
aramid-derived CMS membrane (MTI-925) with CMS membranes reported in the literature. (E) The effect of pyrolysis temperature on H,/
CO, ideal selectivity, diffusion selectivity, and sorption selectivity in aramid-derived CMS membranes. (F) Mixed-gas H,/CO, permeation in
MTI-925 using an equimolar H,/CO, mixture.

often favored over uncrosslinked aramids for desalination,

. . . 26
because of their superior monovalent ion rejection.” However,

crosslinked aramids cannot be solution-processed into films or

hollow fibers for CMS membrane formation.”” In addition,
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aramid films formed by in situ interfacial polymerization are
known to be asymmetric,”® which prevents unambiguous
determination of the thickness and intrinsic transport proper-

ties of the CMS membranes derived thereof. To circumvent
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these challenges of crosslinked aramids, we synthesized an
uncrosslinked aramid (MTI) by stirred interfacial polymer-
ization,”**° using MPD as the aqueous phase monomer and a
mixture of terephthaloyl chloride (TPC) and isophthaloyl
chloride (IPC) as organic phase monomers (Figure 1A).
Mixing TPC and IPC (in a ratio of 3:7) reduced the polymer
backbone symmetry,”" giving an amorphous polymer that can
be dissolved in strong polar aprotic solvents (see Table S1 in
the Supporting Information).

The aramid formation was evidenced by Fourier transform
infrared (FT-IR) spectroscopy (Figure 1B) with peaks
appearing at 1248 cm™' (C—N stretching), 1477 cm™ (N—
H bending), 1659 cm™' (C=0 stretching, hydrogen-bonded),
and 3311 cm™' (N—H stretching, hydrogen-bonded).

The synthesized MTI aramid was dissolved in dimethylace-
tamide and made into dense films (see Figure S1 in the
Supporting Information) by solution casting. The hydrogen
bonds and lack of bulky side groups gave the aramid low FFV
(0.057), in addition to unattractive H,/CO, separation
performance below the 2008 Robeson upper bound*” with
H, permeability of 1.7 Barrer and H,/CO, ideal selectivity of
4.8 at 35 °C. Differential scanning calorimetry (Figure S2 in
the Supporting Information) suggested that the aramid had a
glass transition temperature of ~275 °C. Thermogravimetric
analysis (TGA) showed that the aramid decomposed at 460 °C
in nitrogen with a high carbon residual (~72% at 550 °C) (see
Figure 1C).

The MTI aramid dense films were used as precursors to
fabricate CMS dense films, which showed significant curling
(see Figure S1), preventing gas permeation measurements.
The solution processability of the MTI aramid allowed the
fabrication of hollow fibers (outer diameter of ~330 um; see
Figures 1D and 1E) by dry-jet/wet-quench spinning (see
Table S2 in the Supporting Information).”’ The aramid hollow
fibers were used as precursors to provide four aramid-derived
CMS hollow fiber membranes (MTI-550, MT1-675, MTI-800,
and MTI-925) via pyrolysis at 550, 675, 800, and 925 °C,
respectively. Several low-intensity peaks were seen in the FT-
IR spectra (800—1600 cm™') of MTI-S50 (Figure 1B),
suggesting the polymer decomposition was incomplete at
550 °C. The peaks became weaker in MTI-675 and MTI-800
and disappeared in MT1-925, which indicated complete aramid
decomposition. Both the aramid hollow fibers and aramid-
derived CMS hollow fibers had excellent flexibility (Figure
1D). The pores in the aramid precursor hollow fibers collapsed
during pyrolysis, thereby giving dense-wall CMS hollow fiber
membranes (Figures 1E and 1F) with an outer diameter of
~140 pum. The thickness (~40 pum) of the dense wall
(separation layer) can be unambiguously determined to allow
gas permeability measurements.’

Pure gas permeation of helium (He, d, [kinetic diameter] =
2.6 A), hydrogen (H,, d; = 2.89 A), carbon dioxide (CO,, d\ =
3.3 A), nitrogen (N,, d; = 3.64 A), and methane (CH,, d; = 3.8
A) was performed in the dense-wall aramid-derived CMS
hollow fiber membranes at 35 °C and 10 bar. Permeability
reduced as the pyrolysis temperature increased (see Figure 24,
as well as Table S3 in the Supporting Information). The
decrease in permeabilities of CO,, N,, and CH, was more
sensitive than H, to pyrolysis temperature. Therefore, the H,/
CO,, H,/N,, and H,/CH, ideal selectivities were significantly
enhanced at higher pyrolysis temperature (Figure 2B). All
aramid-derived CMS membranes showed He permeability that
was lower than H, permeability. While He has a slightly
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smaller kinetic diameter, it is less condensable than H,. In fact,
many nonperfluorinated polymer membranes®> and CMS
membranes® show He/H, selectivity of <1.

The aramid-derived CMS membranes showed particularly
competitive H,/CO, separation performance (Figure 2C).
Following pyrolysis at 550 °C, the aramid-derived CMS
membrane (MTI-550) showed more than 400 times higher H,
permeability than the MTI aramid precursor, which can be
attributed to the formation of CMS micropores. As the
pyrolysis temperature further increased, the H, permeability
decreased with enhanced H,/CO, ideal selectivity. Notably,
the CMS membrane pyrolyzed at 925 °C (MTI-925) had H,/
CO, separation performance well above the 2008 Robeson
upper bound’” with H, permeability of 9.1 Barrer and H,/CO,
ideal selectivity of 366, which were ~5 times and ~76 times
higher than the MTT aramid precursor, respectively.

To our best knowledge, MT1-925 had the highest H,/CO,
ideal selectivity among all known CMS membranes (see Figure
2D, as well as Table S4 in the Supporting Information), which
include those derived from polyimides (Kapton, Matrimid),*®
polyimide-amides (Torlon),”* PBIs,"” PIMs,* and cellu-
lose.*>*® Additionally, MTI-925 had competitive H, perme-
ability among CMS membranes with H,/CO, ideal selectivity
above 100. Kapton-derived CMS membranes™ showed
comparable H,/CO, ideal selectivity; however, they were
pyrolyzed at higher temperature (1100 °C) and had much
lower H, permeability (~0.32 Barrer).

Sorption of H, and CO, was studied in the aramid-derived
CMS membranes (see Figure S3 in the Supporting
Information) at 35 °C to deconvolute the contribution of
sorption selectivity and diffusion selectivity. The CO, and H,
sorption isotherms were fit with the dual-mode sorption
model’” and Henry's law, respectively. Indeed, H, sorption in
porous carbon appeared linear at room temperature at
pressures up to 30 bar.’® The obtained sorption constants
(Table SS in the Supporting Information) allow the
determination of H,/CO, diffusion selectivities (Figure 2E),
according to the sorption-diffusion theory using measured H,/
CO, ideal selectivities. For MTI-800 and MTI-925, H,/CO,
diffusion selectivities were also determined independently
using the time-lag method (see Figure S4 in the Supporting
Information),” which had excellent agreement with those
determined by the sorption-diffusion theory.

As the pyrolysis temperature increased, the H,/CO,
diffusion selectivity dramatically increased from 46 (MTI-
550) to 3052 (MTI-925), which was possibly because the
CMS ultramicropores became smaller (i.e., ultramicropore
tightening).40 The highly condensable CO, sorbs more
strongly than H, giving H,/CO, sorption selectivities well
below 1. Interestingly, MTI-925 had much lower CO, sorption
capacity than those pyrolyzed at lower temperatures. The
reduced CO, sorption capacity caused the H,/CO, sorption
selectivity to rise by 170% from 0.043 (MTI-550) to 0.116
(MTI-925), which contributed to the ultrahigh H,/CO, ideal
selectivity in MTI-925. The reduction in CO, sorption
capacity and, hence, synergistically increased H,/CO, sorption
selectivity can presumably be attributed to the formation of
“H,-selective micropores”, only allowing the smaller H,
molecules to sorb but excluding the larger CO, molecules.’
These H,-selective micropores were formed possibly by
ultramicropore tightening as the CMS structure became
more ordered and graphitic at higher pyrolysis temperature.
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Figure 3. Schematics illustrating the development of CMS membrane ultramicropores using (A) aramid precursor and (B) polyimide
precursor. (C) WAXD patterns of the MTI aramid and aramid-derived CMS membranes. (D) Raman spectra of aramid-derived CMS
membranes. (E) Pore size distribution of aramid-derived CMS membranes.

We performed mixed gas permeation (Figure 2F) in MTI-
925 using an equimolar H,/CO, mixture (2 bar) at 35 °C.
Once steady-state permeation was reached, the aramid-derived
CMS membrane showed stable H, permeability of 3.5 Barrer
and a H,/CO, separation factor of 156. The separation factor
was lower than the H,/CO, ideal selectivity measured under
pure gas permeation. This fact notwithstanding, MTI-925 still
gave one of the highest H,/CO, separation factors among all
known CMS membranes (see Figure SS and Table S6 in the
Supporting Information). The lower H,/CO, separation factor
was possibly due to the competitive CO, sorption effect under
mixture permeation. We expect the H, permeability and H,/
CO, separation factor will both rise at higher permeation
temperature due to mitigated competitive sorption.35 Note
that the mixture permeation showed longer transient time than
pure gas CO, permeation (Figure S4D in the Supporting
Information). Similar phenomena were observed by Hazazi
and co-workers* in a ladder polymer-derived CMS membrane.

Interestingly, the aramid-derived CMS membrane (MTI-
925) showed more than ten times higher H,/CO, selectivity
(Figure 2D) than CMS membranes derived from polyimides
(e.g, Matrimid) at similar pyrolysis temperature (900 °C).
The MTTI aramid precursor has strong hydrogen bonds and,
hence, closer chain packing (Figure 3A) than polyimides
(Figure 3B). This was evidenced by wide-angle X-ray
diffraction (WAXD, Figure 3C) showing that the MTI aramid
had smaller average d-spacing (~3.85 A) than Matrimid
(~5.58 A).” The closer chain packing in the aramid
presumably provided more intimately spaced aromatic strands
following pyrolysis, thereby giving smaller ultramicropores and
higher H,/CO, selectivity in aramid-derived CMS membranes
(Figure 3A). Indeed, the MTI-925 showed smaller average d-
spacing (~3.61 A, Figure 3C) than the CMS membrane
(~3.86 A) derived from Matrimid at 900 °C.’
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The average d-spacing calculated from the main diffraction
peak position reduced as the pyrolysis temperature of aramid-
derived CMS membrane increased from 550 °C to 800 °C,
suggesting tightening of the CMS membrane pore structure.
Although MTI-925 showed identical average d-spacing with
MTI-800, MTI-925 had a stronger secondary diffraction peak
at 20 & 44°, corresponding to the (100) lattice plane of
graphite,” which indicates a more ordered graphitic structure.
Therefore, the results of WAXD corroborate with permeation
results that the CMS ultramicropore structure was tightened at
higher pyrolysis temperature. Formation of a more ordered and
compact carbon structure was further evidenced by higher
density of CMS membranes made at higher pyrolysis
temperature (Figure S6 in the Supporting Information).

Raman spectra (Figure 3D) of aramid-derived CMS
membranes showed a D-band (~1355 cm™) and a G-band
(~1575 cm™) characteristic of carbon materials. The spectra
were deconvoluted into five bands, i.e, D1, D2, D3, D4, and G
by Gaussian function.”*' The D1 and G band intensity ratio
(Ip1/I) represents the relative concentration of sp’- and sp*
hybridized carbons. MTI-675 showed higher I, /I ratio than
MTI-S50, suggesting MTI-67S5 is richer in sp’-hybridized
carbon. This is consistent with FT-IR results that the polymer
precursor decomposition was incomplete at 550 °C. As the
pyrolysis temperature increased to 925 °C, the Ip,/Ig ratio
reduced, suggesting higher concentrations of sp*-hybridized
carbon and, hence, a more-ordered graphitic structure agreeing
with the WAXD and density measurement results.

The pore size distribution (Figure 3E), pore surface area,
and pore volume (Figure S7 in the Supporting Information) in
aramid-derived CMS membranes were obtained using the
density functional theory (DFT) based on CO, physisorption
isotherms measured at 0 °C. A strong peak appeared in MTI-
800 at ~4 A, suggesting tightening of ultramicropores.
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Interestingly, the measured pore volume was significantly
reduced in MTI-92S5 with almost no ultramicropores smaller
than 4.5 A. While this appeared to be inconsistent with
permeation results, it can be explained by the aforementioned
H,-selective micropores. As they cannot be accessed by CO,
molecules due to exclusion, these H,-selective micropores are
not measurable by CO, physisorption. While CO, phys-
isorption is broadly used to study carbon pore structure,” the
findings of this work indicate that this approach may not be
suitable for CMS membranes with ultrahigh H,/CO,
selectivities.

In summary, we show that pyrolysis of a low-permeability
aramid can provide CMS membranes with highly attractive gas
separation performance. An uncrosslinked aramid was
synthesized by stirred interfacial polymerization. The aramid’s
excellent solution processability allowed the fabrication of
aramid precursor hollow fibers by solution spinning, which
gave dense-wall CMS hollow fiber membranes. Pure gas
permeation suggested that the aramid-derived CMS membrane
pyrolyzed at 925 °C (MTI-925) had competitive H,
permeability and ultrahigh H,/CO, ideal selectivity of 366.
The aramid-derived CMS membrane also showed an out-
standing H,/CO, separation factor (~156) under H,/CO,
mixture permeation tests, suggesting their promise for H,
purification and CO, capture applications. We postulate that
the highly attractive H,/CO, separation performance origi-
nates from the aramid precursor hydrogen bonds that gave
small ultramicropores in aramid-derived CMS membranes. To
the best of our knowledge, this is the first report of CMS
membranes derived from aramids or interfacially polymerized
polymers. The findings of this work pave the way for a new
class of scalable and tunable CMS membranes for separations.
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