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Abstract

Polymers with high permeability and strong size-sieving ability are needed for H2/CO-
separation at temperatures ranging from 100 °C to 300 °C to enable an energy-efficient pre-
combustion CO. capture process. However, such polymers usually suffer from a
permeability/selectivity tradeoff, i.e., polymers with high selectivity tend to exhibit low gas
permeability. Herein we demonstrate that carbonization of polybenzimidazole (PBI) generates
desirable “hourglass” structures with microcavities (leading to high H, permeability) and ultra-
microporous channels (leading to strong size sieving ability and thus high H2/CO; selectivity).
Specifically, PBI is a leading polymer for H2/CO- separation with Hx permeability of 27 Barrers
(1 Barrer = 101° ¢cm3(STP) cm cm st cmHg™) and H2/CO; selectivity of 14 at 150 °C, while
carbonization at 900 °C (CMS@900) increases the H> permeability to 54 Barrers and H./CO>
selectivity to 80. When tested with simulated syngas containing equimolar H> and CO; in the
presence of water vapor for 120 h, the CMS@900 exhibits stable H. permeability of =36 Barrers
and H2/CO; selectivity of =53 at 150 °C, which is above Robeson’s upper bound and demonstrates

their potential for practical H. purification and CO; capture.

Keywords: polybenzimidazole; carbon molecular sieve membranes; H./CO. separation; free

volume; CO- capture



Hydrogen (H.), a large-volume commodity chemical and clean energy carrier, is mainly
produced from fossil fuels via steam reforming or gasification, with carbon dioxide (CO>) as a
byproduct. CO> must be removed for the H> to be used. A sufficiently low-cost and energy-
efficient Ho/CO, separation technology would allow CO; to be captured for sequestration or
utilization.® Membrane technology has been extensively investigated for H2/CO; separation due
to its inherently high energy-efficiency. A key to the success of this technology is membrane
materials with both high H> permeability and high H2/CO- selectivity (preferably above 30) at
syngas processing temperatures of 100 °C to 300 °C.*

Because Hz has a smaller kinetic diameter than CO2 (2.89 A vs. 3.30 A), the dominant
strategy for designing H2/CO- separation membranes aims to achieve strong size-sieving ability,
using polymers (e.g. polybenzimidazole (PBI),>® cross-linked PBI,%" and crosslinked
polyamides®), inorganic materials (silica,® zeolites,'® metal-organic frameworks (MOFs),'!?
graphene oxide (GO),%*® MoS,,'* transition metal carbides and nitrides (MXenes)®®), and mixed
matrix membranes (MMMSs) containing size-sieving inorganic fillers in polymers.1®-1® However,
the pursuit of the sharp molecular size-sieving ability often leads to low free volume and thus low
H> permeability. This coupling of free volume and size-sieving ability leads to a
permeability/selectivity tradeoff.n® An effective means of overcoming the limitations of this
tradeoff is to create “hourglass” structures in materials with microcavities that promote high gas
permeability and ultra-microporous channels that provide high selectivity.?*?' However,
systematic understanding of the relationship between material chemistry, structure, and resulting
properties remains insufficient to predictively design such structures, particularly for amorphous
polymers (i.e., the main material platform for industrial membrane gas separations). The discovery

of membrane materials with structures that simultaneously provide high permeability and



selectivity is often the result of trial-and-error within classes of promising materials, such as
thermally rearranged (TR) polymers?* and polymers of intrinsic microporosity (PIMs).??

Recently, amorphous carbon molecular sieving (CMS) materials have been demonstrated
with separation performance above the upper bound for challenging gas separations like O2/No,
N2/CHas, CO2/CHa, and olefin/paraffin.?%> CMS materials are formed by thermal decomposition
of polymer precursors and comprise parallel layers of condensed hexagonal rings without three-
dimensional crystalline order. CMS materials exhibit a bimodal distribution of slit-like pores with
micropores of (6 to 20) A and ultra-micropores of less than 6 A.2627 Depending on the polymer
precursors and carbonization conditions, the size of the ultra-microporous channels may be
suitable for certain gas separations.?®3® For example, Matrimid® pyrolyzed at 800 °C shows N
permeability of 6.8 Barrers and N2/CHa selectivity of 7.7 (which is above the upper bound for
N2/CHj4 separation), and Matrimid carbonized at 675 °C exhibits CO, permeability of 480 Barrers
and CO2/CHg selectivity of 80 (above the upper bound for CO2/CH4 separation).?’” However, the
CMS membranes reported in the literature do not exhibit good H2/CO- separation properties. For
example, Matrimid carbonized at 675 °C provided a H2/CO; selectivity of only 1.3.2 Blends of
PBI and Matrimid (50:50) carbonized at 800 °C exhibited H2 permeability of 324 Barrers and
H/CO; selectivity of 8.8 at 35 °C.%!

Herein, we demonstrate, for the first time, that carbonization of PBI at optimal conditions
can generate the desired hourglass structure, leading to superior Ho/CO, separation properties
above the upper bounds at temperatures of 100 °C to 200°C. PBI is a leading material for H2/CO>
separation with H, permeability of 27 Barrers and H2/CO; selectivity of 14 at 150 °C.17" The PBI
carbonized at 900 °C exhibits a pure-gas H2 permeability of 54 Barrers and H2/CO: selectivity of

80 at 150 °C, which is above the Robeson’s upper bound at 150 °C, and a significant improvement



over PBI itself. In this study, we thoroughly investigated the effect of carbonization temperature
on the PBI-CMS structure and H»/CO; separation properties and evaluated the long-term stability
of the CMS films with simulated syngas (i.e., gas mixtures containing water vapor) to demonstrate

their potential for practical applications.

Results and discussion

Preparation and characterization of CMS films. Fig. 1a illustrates carbonization of PBI, which
creates microcavities (leading to high gas permeability) and ultra-microporous channels (leading
to sharp molecular sieving ability). As a result of the pyrolysis, the film color changes from yellow
to black (Fig. 1b). Carbonization yields dense CMS membranes with shrinkage in both the mass
and the dimensions of the precursor films. The CMS materials contain very few functional groups,
as confirmed by the FTIR spectra (cf. Fig. S1 in the Supporting Information).3?> The CMS samples
are labeled as CMS@xxx, where xxx represents the soaking temperature (°C) used in the

carbonization process.
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Fig. 1. Preparation and characterization of the CMS films. (a) Schematic of the carbonization of
PBI to create microporous structure and ultra-microporous channels; (b) photos of PBI, CMS@600,
and CMS@2900 films; (c) temperature ramping and mass loss of CMS@900 monitored by TGA;
(d) Raman spectra of CMS@600 and CMS@900; and (e) effect of carbonization temperature on
the N/C ratio in the CMS films.

Soaking temperature ( °C)

Fig. 1c shows mass loss of CMS@900 during carbonization as measured by
thermogravimetric analysis (TGA). Detailed procedures for the temperature ramping and soaking,
described in the Methods section of the Sl, are expected to influence the microstructures of the
films. PBI has a glass transition temperature (Tg) of 470 °C and a decomposition onset temperature
of 500 °C. Mass loss during carbonization occurs in several steps. In the first step, below 100 °C,
the film loses 1.5 mass% through evaporation of water. In a second step, from 100 °C to 450 °C,
the film loses 14.5 mass% through evaporation of residual DMAc. During the third step of ramping
from 450 °C to 900 °C, the PBI degrades and loses another ~18 mass%. During the final soaking
step, the PBI further loses =3 mass%. Therefore, the carbonization at 900 °C decreases the mass

by a total of 37% for the films. Relative to the dry PBI (after the loss of water and residual solvent),



the final mass decreases by 25%. Similarly, carbonization at 600 °C decreases the mass by 24%
overall, including 15% attributed to the evaporation of solvents. The mass loss relative to dry PBI
is 11 % for the CMS@600 (Fig. S1).

Fig. 1d shows the Raman spectra of CMS@600 and CMS@900. The appearance of peaks
at 1341 cm™ and 1580 cm™* confirms the formation of disordered carbon (Ip) and highly oriented
graphitic carbon (Ig) in the CMS samples, respectively. CMS@900 exhibits much stronger peaks
than CMS@600, confirming that higher carbonization temperatures generate more graphitized
carbon. On the other hand, CMS@900 exhibits higher Ip/lg ratio (1.5) than CMS@600 (0.87),
indicating that the graphitic carbon in the CMS@900 is more defective. The graphitic crystallite
size (La) can be estimated using Tuinstra-Koenig equation (L, = 4.41;/1).3*** This analysis
yields the La value of 5.0 nm and 2.9 nm for CMS@600 and CMS@900, respectively, which is
consistent with the more defective graphitic carbon in CMS@900. Fig. 1d further confirms the
carbonization by elemental analysis using X-ray Photoelectron Spectroscopy (XPS). The N/C ratio
decreases with increasing soaking temperature, as well as the O/C ratio (cf. Fig. S1c).

Fig. 2a shows the effect of the soaking temperature on the mass loss of the PBI samples,
as monitored by TGA. Increasing the soaking temperature increases the mass loss. The mass loss
can also be calculated from the mass difference of the sample before and after the carbonization.
As shown in Fig. 2a, the mass loss values derived from these two methods are reasonably
consistent for both CMS@600 and CMS@900.

Fig. 2b shows the effect of the soaking temperature on the bulk density (obux) determined
from the mass and dimension measurements of the CMS films. PBI has a density of 1.25 g/cm?.

Carbonization first increases poux before decreasing it above 750 °C, reflecting the competing

effects of the generation of microcavities and growth of high-density graphite. The pouk values are



also compared with skeletal density (oskeletar) measurements determined using helium pycnometry,
which follows a similar trend with increasing soaking temperatures, except for CMS@900. The

average porosity (&) can be calculated using the following equation:
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Fig. 2. Physical properties of CMS films. Effect of the soaking temperature on (a) mass loss, (b)
skeletal density, bulk density, and porosity (&), (c) Wide-angle XRD patterns and d-spacings, and
(d) the diameter of free volume elements from PALS.



Increasing the carbonization temperature increases & consistent with the formation of
microcavities in the CMS films. CMS@900 has the highest porosity of 26 %, which is very similar
to that of poly(1-(trimethylsilyl)-1-propyne) (PTMSP) with a porosity of 27%, one of the most
permeable polymers known.3® The trend of the ¢ values with increasing the soaking temperature
is also consistent with that for measured BET surface areas. The CMS films carbonized at
temperatures below 850 °C had BET surface areas that were too low to determine, while
CMS@850 and CMS@900 exhibit a BET surface area of 9 m?/g and 11 m?/g, respectively.

Fig. 2c presents the wide-angle powder X-ray diffraction (XRD) patterns for the samples
carbonized at different temperatures. Carbonization decreases the d-spacing from 3.9 A for PBI to
3.6 A for CMS@900, suggesting the potential for increased size-sieving ability. Moreover, a small
broad peak at a d-spacing of 2.0 A appears for the CMS, which is representative of the carbon-
carbon spacing in graphite planes.%’

Positron annihilation lifetime spectroscopy (PALS) was used to characterize the free
volume elements in the CMS samples. The PALS technique measures the lifetimes of positron
species,®® such as = for a positron and an electron (no bound state formed) and 73 for formed ortho-
positroniums (bound state of the positron and electron of the same spin). Usually, z3 is used to
analyze the pore structure.® However, most ortho-positronium annihilations occur on the surface
of the conductive CMS films, which makes it inadequate to resolve the z; in the spectra. Therefore,
2 is used here to derive free volume characteristics.3®4? Fig. 3d demonstrates that increasing the
soaking temperature increases the pore size before leveling off at 750 °C and then decreasing at
900 °C. With the highest porosity among the CMS samples, CMS@900 appears to have smaller

pores (and sharper size-sieving ability) but a larger concentration of pores.
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Pure-gas transport characteristics in CMS films. The CMS films were tested with pure-gas H»
and CO. at temperatures between 35 °C and 150 °C and pressures ranging from 4.4 atm to 11 atm.
The gas permeability was independent of the feed pressures. Fig. 3a presents the effect of the
soaking temperature on pure-gas Hz and CO, permeabilities at 100 °C and 7.4 atm. As expected,
both H2 and CO2 permeability increase significantly after carbonizing PBl. CMS@750 exhibits H:
permeability almost 2 orders of magnitude higher than PBI with a decrease of H2/CO- selectivity
from 14 to 8.7 at 100 °C because of the microcavities created. On the other hand, CMS@900 shows
lower permeability and much higher selectivity than CMS@750 because of the dominant effect of
densification, resulting in ultra-microporous channels with low permeability and sharp size-
sieving ability. These are also consistent with the decreased d-spacing values (from WAXD) and

the pore size in CMS@900 (from the PALS results).
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Fig. 3. Pure-gas transport characteristics. Effect of the soaking temperature in preparing the CMS
films on (a) pure-gas H> and CO> permeability at 7.4 atm, and (b) H2/CO: selectivity at 7.4 atm,
(c) CO2 sorption isotherms at 10 atm, and (d) CO. diffusivity at 10 atm and 100 °C. Effect of
temperature on (e) H2 permeability and (f) H2/COz> selectivity in PBI and CMS films at 10 atm.

To elucidate the effect of carbonization on the gas transport properties, gas permeability is
decoupled into solubility (Sa, cm?® (STP)/cm? atm)) and diffusivity (Da, cm?/s). Fig. 3c presents
CO; sorption isotherms for PBI, CMS@600, and CMS@900 at 100 °C, while H; solubility is
below the detection limit of the apparatus. The gas sorption in CMS follows typical dual-mode
sorption behavior.?® Carbonization increases the CO, sorption because of the increase in porosity
(or Langmuir’s sorption capacity). For example, carbonization of PBI at 600 °C increases the CO;
solubility from 1.0 to 4.2 cm®(STP)/cm? atm. Fig. 3d shows the effect of carbonization on the CO,
diffusivity at 100 °C. CMS@600 exhibits the highest CO, diffusivity among the three samples,
reflecting the competing effect of increasing porosity (derived from microcavities) and decreasing
d-spacing (related to ultra-microporous channels) with increasing the soaking temperature.

Fig. 3e displays the effect of temperature on the H, permeability in PBI” and CMS films,
which can be satisfactorily described using the Arrhenius equation. The activation energy (Ep) for
H> permeation is also recorded in Table S3. PBI shows the highest Ep value, consistent with it
having the lowest porosity, followed by CMS@900 because of its ultra-microporous structure.
CMS@600 and CMS@850 show lower Ep values because of their moderate free volume size and

porosity. Similar behavior is also observed for the Ep values for CO3, as shown in Table S2. Fig.

3f demonstrates that the H2/CO- selectivity is independent of temperature.

Mixed-gas H2/COz2 separation properties in PBI-CMS with simulated syngas. The CMS@900

exhibits the best combination of high H> permeability and H2/CO: selectivity, and thus, it was
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further evaluated with simulated syngas containing water vapor. Figs. 4a and 4b show the
dependence of mixed-gas permeability and Ho/CO; selectivity on the CO, feed partial pressure at
150 °C with three H2/CO2 mixtures (20:80, 50:50, and 80:20). Both Hz and CO permeability (with
an uncertainty of ~10 %) decrease with increasing CO partial pressure due to the competitive
sorption, while the mixed-gas H2/CO> selectivity is independent of the CO. partial pressure,

suggesting a lack of plasticization because of the low CO sorption at 150 °C.
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Fig. 4. H2/CO separation performance of CMS@900. Effect of the CO; feed partial pressure on
(a) mixed-gas H2 and CO. permeability, and (b) H2/CO. selectivity. The lines are to guide the eye.
(c) Long-term stability in dry and humidified conditions with H2:CO> of 50:50 at 11 atm and 150
°C for 120 h. (d) Pure-gas H2/CO; separation performance for various CMS samples, relative to
Robeson’s upper bound at 25 °C. (¢) Comparison of CMS@900 with state-of-the-art materials for
H>/CO; separation, including MMMs, 16474144 polymers,t4845 and inorganic materials.®*54

After the water-gas shift reaction, coal-derived syngas typically contains ~56% H., ~41%
COg, water vapor, and other light gases. Fig. 4c depicts the effect of water vapor on the mixed-gas

separation properties and long-term stability of CMS@900 at 11 atm and 150 °C. The sample was
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initially tested using a dry gas mixture (50 % H/50 % CO>) for 40 h. Then 0.31 mol% water vapor
was introduced in the feed for 54 h before switching back to the dry gas. The sample exhibits stable
separation properties for 120 h with and without the water vapor.

Fig. 4d compares the Ho/CO> separation properties in CMS samples with the Robeson’s
2008 upper bound plot.” Pristine PBI shows the performance below the upper bound at 25 °C,
while most CMS samples exhibit the H2/CO separation properties above the upper bound.
Specifically, the CMS@900 exhibits remarkable H2/CO; selectivity of 80.

Figure 4e compares the pure- and mixed-gas H2/CO. separation performance of CMS@900
with a leading commercial H2/CO- separation membrane (Proteus™) in a Robeson’s upper bound
plot estimated for 150 °C using a transition state model.*”*® The CMS@900 and CMS@800 show
H2/CO; separation properties better than the Proteus™ materials, and significantly above the upper
bound. Fig. 4e also demonstrates the superior H2/CO. separation performance of CMS@900
compared with other state-of-the-art materials, including MMMs,®174-44 polymers,t4845 and
inorganic materials.%1546

In summary, by choosing a suitable polymer precursor (PBI) and carbonization condition,
we demonstrate for the first time that CMS membranes can be obtained with desirable structure
achieving superior Ho/CO, separation properties above Robeson’s upper bound at elevated
temperatures (> 100 °C). While designing polymers with desired free volume characteristics (such
as size, population, and distribution of the free volume elements) remains challenging,
carbonization can provide a versatile platform to derive the required free volume characteristics in

membranes for targeted separations.

Methods
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General. Equipment and instruments or materials are identified herein to adequately
specify the experimental details. Such identification does not imply recommendation by the
National Institute of Standards and Technology, nor does it imply the materials are necessarily the
best available for the purpose.

Preparation of membranes. Celazole® PBI (1.1 IV grade with My, of 60,000 Da, where
My is the mass average molecular mass) was supplied by PBI Performance Products, Inc.
(Charlotte, SC), and it was first dissolved in dimethylacetamide (DMAC) at 8 % by mass and
filtered using a 1.0 um PTFE syringe filter (Thermo Fisher Scientific). Freestanding films were
prepared via solution casting. After drying in a conventional oven at 80 °C for 15 h, the films were
dried under vacuum at 200 °C for 48 h. The obtained films have a thickness of 100 um £ 5 pm as
measured using a Starrett 2900 digital micrometer (L.S. Starrett Co., Athol, MA).

To prepare CMS, the PBI films were pyrolyzed in a 25 mm diameter tube furnace (MTI
Corporation, Richmond, CA) under 200 cm3(STP)/min N2 (ultrahigh purity) following a procedure
used for the carbonization of polyimides, as shown in the SI1.24° The final pyrolysis temperature
(500 °C to 900 °C) was reached using a “ramp-and-soak” method, whereby the temperature
ramping rate starts at 13.3 °C/min and then decreases to 3.85 °C/min and finally to 0.25 °C/min
before soaking at the targeted final temperature for 2 h. Finally, the films were cooled to =23 °C
in the furnace tube under flowing No.

Characterization. TGA was conducted using an SDT Q600 thermogravimetric analyzer
(TA Instruments, DE) under N> flow with temperature ramping procedures identical to those used
for the carbonization of membranes. Attenuated total reflection-Fourier transform infrared (ATR-
FTIR) spectra were collected using a Bruker Vertex 70 spectrometer (Billerica, MA). For each

sample, 100 scans were recorded at a resolution of 4.0 cm™ at =21 °C. XPS was used for elemental
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analysis of the PBI and CMS films. A Kratos AXIS Ultra DLD Spectrometer (Kratos Analytical,
Manchester, UK) was used at the chamber pressure of = 1.33x 107 Pa. The spectra were obtained
from a nominal spot size of 300 um x 700 pum and analyzed using the CasaXPS software package.

The density of the freestanding films was determined from their mass and volume. The
volume was calculated from the film thickness and area (which leads to the bulk density) or
measured using a Micromeritics Accu-Pyc 11 1340 Gas Pycnometer (Micromeritics Instrument
Corporation, Norcross, GA), which leads to the skeletal density. WAXD patterns of the CMS films
were collected using a Rigaku Ultima IV x-ray diffractometer over a 20 range of 5° to 45° with a
scanning rate of 2.0° min™. The diffractometer has a Cu Ka x-ray source with a wavelength of
1.54 A. Surface area of CMS films were determined using Micromeritics Tri-Star 11 with \VacPrep.
PALS was used to determine the free volume characteristics of the CMS films under vacuum (1 x
107° Torr) at =~ 22 °C using an EG&G Ortec (Oak Ridge, TN) fast—fast coincidence spectrometer.

Pure-gas permeability was determined using a constant-volume/variable-pressure
apparatus at controlled temperatures.*® Mixed-gas permeability was determined using a constant-
pressure/variable-volume apparatus with a sweep gas of N2.! Binary mixtures were prepared by
in-line mixing of pure Hz and CO- streams at desired flow rates. Water vapor was introduced by
passing the mixed gas through a water bubbler. The composition of each stream was analyzed by
a model 3000 Micro GC gas analyzer (Inficon Inc., Syracuse, NY). The permeability typically has
an uncertainty of ~10 %, estimated using propagation of errors.>® Gas solubility in CMS films was
determined using a microbalance (IGA 001, Hiden Isochema, Warrington, UK) at various
temperatures and pressures. The gas sorption was calculated using the mass change of the samples
(=100 mg) after gas sorption reached equilibrium, accounting for buoyancy effects.!” The

uncertainty of the gas solubility is estimated to be ~10 % using propagation of error analysis.*
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