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Abstract

Polymer membrane carbonization is a promising strategy to obtain carbon molecular sieve (CMS)
membrane materials with tailorable cavity size distributions for high gas selectivities beyond that
attained from traditional polymer membrane materials. Despite their already demonstrated
exceptional separation performance characteristics for several gas separation applications (e.g.
CO2/CH4 and H»/CO»), further development of CMS membranes having high O2/N> perm-
selectivity for energy-efficient high-purity Oz production has proven challenging. Herein, we
explore CMS hollow fiber membranes (HFMs) derived from highly rigid and tightly-packed
polybenzimidazole (PBI) materials. Nearly defect-free PBI-derived CMS HFMs were fabricated
and evaluated for O2/N2 separation performance for the first time. The micro-structural and O2
selective gas separation characteristics of PBI-CMS HFMs pyrolyzed at different pyrolysis
conditions were intensively studied. With rigorous carbonization protocol optimization, we
obtained highly O, permselective PBI-CMS HFMs having O2/N> selectivities approaching 14,
enabling high purity O production. The PBI-CMS HFM O/N; separation performance
dependence on operating conditions (e.g. temperature and feed pressure) are reported.
Keywords: carbon molecular sieve (CMS) membrane; hollow fiber membrane (HFM);
polybenzimidazole (PBI); oxygen enrichment; gas separation.
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1. Introduction

The demand for high purity oxygen (90-95%) and oxygen-enriched air (OEA) is ever
increasing for use in power production and numerous other industrial processes (e.g. steel, cement,
aluminum, and copper) in a push to improve overarching process energy efficiencies and to reduce
environmentally harmful gas emissions [1, 2]. Taking an example of a steel production process,
sinter obtained from the metallurgical coal, lime, and oxygen participates in the reaction of
producing steel and oxygen composition ratio during the production can directly dictate process
efficiency [3]. Additionally, calcination of limestone is one of the main processes of producing
cement and it also causes carbon emission [4]. Thus, integration of oxygen enrichment process
into the existing cement production is now considered to be an alternative to capture carbon
without the volume penalty of air that has been challenging in oxy-fuel combustion [4]. Similarly
in solid fuels (e.g. coal, biomass) gasification processes, combustion in O, or OEA environments
at aluminum [5] or copper [6] production also improves overall process efficiency, reduces
pollutants emissions and downstream operations costs including those associated with CO> capture
[7]. In concert with the modular (1-5 MWe) gasification-based power generation with near-zero
COz emissions approach, an energy efficient modular air separation technology for O, production
is essential to realize low cost and high level of operational efficiency.

Cryogenic distillation is the industry standard for large scale (>300 tons/day) high purity (>
99%) O production [1]. However, cryogenic technologies for air separation are energy intensive
due to their high thermal inefficiencies and are economical only at large scales. Pressure swing
adsorption (PSA) methods for air separation typically produce ca. 95% purity O, and are suitable

for small to medium scale applications, however they require large sorbent volumes due to their
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low perm-selectivity [1]. The start-up/shut-down times for both cryogenic and PSA-based systems
are long, an undesirable characteristic for modular air separation units (ASUSs).

Owing to their small foot-prints, on-demand operation, facile start-up/shut-down, and
scalability, membrane-based air separation technology is attractive for the modular scale
gasification application [8-14]. Commercially available polysulfone (PSf), cellulose acetate (CA)
and polyimide (PI) membranes are currently used at industrial scale for air separations. However,
low O2/N. perm-selectivity (< 10) of polymer membrane materials disrupts simultaneous
achievement of high O purity at high stage cut and pressure ratio of 5-10 for energy efficient air
separation operation [2, 15-22]. In addition, the polymeric membranes encounter gas permeability
and perm-selectivity trade-off relationship hampering development of high perm-selectivity and
throughput membrane-based air separation systems [23, 24]. A significant improvement in O2/N;
perm-selectivity (>10) is required for energy efficient high purity O, production with membrane
separation technology. To the best of our knowledge, the only membrane materials developed to-
date with demonstrated O2/N: selectivities of greater than 10 are some mixed matrix membranes
(MMM) or polymeric membranes bearing metal complexes [25], facilitated transport membranes
(FTM) and dense ceramic membranes, e.g., ion transport membranes (ITM) or oxygen transport
membranes (OTM) [26-28]. However, interfacial compatibility of additives with polymers or
additive aggregation behaviors in polymers has been challenging in MMMs [29, 30]. FTMs suffer
long-term stability issues including O carrier loss, and CO2 and water induced oxidation impeding
their industrial deployment [31]. Dense ceramic membranes have both high capital and operating
costs driven by their materials of composition, manufacturing requirements, and their mandated

operation at elevated temperature, > 600 °C. Additionally, poor mechanical stability, difficult
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module manufacturing and degradation in CO> or low partial pressure Oz prevent dense ceramic
membrane industrial deployment [27].

Polymer-derived carbon molecular sieve (CMS) materials are an emerging class of the
membrane material with the potential to overcome the permeability-selectivity limitations of
polymer membranes [32, 33]. CMS membranes are fabricated via controlled polymer membrane
pyrolysis at elevated temperatures (550 to 900 °C). Polymer pyrolysis induces precursor chain
cleavage and aromatization leading to formation of rigid and highly disordered sp? planar
structures. Correspondingly, slit-like and hourglass-shaped pore morphologies are introduced into
the CMS membranes during controlled pyrolysis which significantly improves their gas perm-
selectivity characteristics. Since the thermal response to the inter-chain configurations of parental
polymer precursors regulates the degree of chain scissions and rearrangement, a rigorous selection
of polymer precursors for the CMS membrane formations is crucial. There have been myriads of
exploration studies on establishing the physicochemical and transport properties relationships
between polymer precursors and resulting CMS membranes [34-37]. Pl derived CMS (PI-CMS)
membranes have received the most attention for gas separation applications. It is hypothesized that
the P1 rigidity and superior thermal and chemical stability provide opportunities for the desired sp?
planar structures formation upon pyrolysis resulting in good separation performance [36]. With
CO./CHg selectivities ranging from 96 to 263 demonstrated, PI-CMS membranes are transitioning
to industrial R&D for application in natural gas processing [38, 39]. Despite the excellent
performance achieved for natural gas application, PI-CMS membranes have not been realized for
O or OEA applications [16].

The starting polymer properties, including their molecular structure and inter- and intra-

molecular chain packing characteristics ultimately drive the separation characteristics of the
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resultant polymer-derived CMS membranes post-pyrolysis [16]. Therefore, we believe
polybenzimidazole (PBI)-based molecular sieve membrane materials are a promising class of
precursors for further developing CMS membranes with improved separation performance
characteristics for O2 and OEA application. The tightly packed, straight chain molecular structure
together with the extensive stacking and hydrogen bonding which imparts exceptional molecular
sieving characteristics in PBI materials is anticipated to produce CMS membranes having
improved separation performance over their Pl-based counterparts. Hosseini et al [34, 35] explored
PBI and PBI/PI blends to obtain CMS membranes. They reported O2/N2 selectivities as high as 32
for PBI-derived CMS flat-sheet membranes. Similarly, Heydari and Pirouzfar [37] reported that
PBI/PI blends having 90 wt% or higher PBI content resulted in PBI-CMS flat-sheet membranes
having O2/N2 perm-selectivity of ca. 29. These studies clearly indicate the unprecedented O2/N>
perm-selectivity of the PBI-derived CMS membranes.

In this effort, preparation and evaluation of PBI-derived CMS hollow fiber membranes (HFMs)
are reported for the first time to establish their applicability for commercial air separations. Our
team’s extensive experience in fabricating high performance PBI HFMs optimized for gas
separation is leveraged [40]. To the best of our knowledge, there has been no report on PBI-derived
CMS HFMs for gas separation application, particularly in O2/N2 separation applications. The
influences of pyrolysis protocols, and operating conditions (pressure and temperature) are also

investigated to understand and optimize gas transport mechanism of PBI-CMS HFMs.
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2. Experimental

2.1. Materials

Poly(5,5’-benzimidazole-2,2'-diyl-1,3-phenylene) was used as polymer precursors in this study.
A 26 wt% Celazole® PBI solution in dimethyacetamide (DMAC) with 1.5 wt% lithium chloride
(LiCl) serving as a phase stabilizer was provided by PBI Performance Products Inc., (Charlotte,
NC) and was used for the HFM preparations. DMAc (Fisher Scientific, HPLC grade), acetonitrile
(ACN, Fisher Scientific, HPLC grade), acetone (Fisher Scientific, HPLC grade), and hexane
(Fisher Scientific) were used as received. The deionized (DI) water used in this study was produced

by a Barnstead™ E-Pure™ system (Thermo Fisher Scientific Inc.) with a resistivity of 18 MQcm.

2.2. Preparation of polybenzimidazole (PBI) hollow fiber precursor membranes

PBI polymeric HFMs (Precursor PBI HFMs) were fabricated via non-solvent induced phase
separation using a dry-jet wet spinning process, utilizing optimized fabrication methods identified
in our previous work [40-42]. The spinning parameters and solution compositions selected to
obtain asymmetric HFMs with a thin selective layer on shell side and porous support layer are
summarized in Table 1. The spinning dope was prepared by diluting the as-received dope with
ACN and DMACc in a high speed centrifugal mixer (AR-250, Thinky Inc.). Syringe pumps
(Teledyne Isco, Inc.) were used to deliver the dope and bore fluids to the annulus and inner tube,
respectively, of a tube-in-orifice spinneret. The nascent hollow fiber passed through the spinneret,
freely fell into an external coagulation bath and was collected on a rotating take-up drum
submerged in the coagulation bath. The collected fibers were then immersed in DI water for 24 h

to complete the coagulation and remove residual solvent followed by sequential solvent exchange



10

11

12

13

14

15

16

17

18

19

20

with acetone and hexane for 12 h each. The fibers were then dried in ambient air and stored at

ambient conditions prior to use.

Table 1. Summary of spinning parameters for Precursor PBI HFM preparations.

Parameter Value
Dope concentration (wt%) PBI/LICI/ACN/DMACc (18/1/24/57)
Bore fluid (vol.%) ACN/DMAC (85/15)
Outer coagulant H20
Dope and bore fluid flow rate (ml/h) 10 and 30
Air gap distance (cm) 0.5
Spinneret dimensions (Um) ID1/0D1/1D2 (203/305/508)
Take-up speed (m/min) 2.54

2.3. Pyrolysis of PBI hollow fiber precursor membranes

PBI-derived CMS HFMs were fabricated under varied, controlled pyrolysis conditions.
Precursor PBI HFMs with average length of 60 mm were placed in middle of a three-zone tubular
furnace (Lindberg Blue M HTF5534C; Thermo Scientific, Inc.). Given that O content present in
the pyrolysis atmosphere influences the separation performance of the resulting CMS membranes
[43], the tubular furnace was evacuated and purged with ultrahigh purity (UHP 99.999%) N. at
least three times to reduce O concentration in the furnace to a level below 10 ppm as measured
using an O; trace analyzer (Watchdog O tracer, Advanced Micro Instruments, Inc.). After purging
with N2, the tubular furnace was evacuated by < 30mmHg using a turbo pump (TSU 071 E, Pfeiffer
Vacuum, Inc.) and pyrolysis was conducted following the pyrolysis profiles presented in Fig. 1.
The PBI HFMs were pre-treated for 12 h at 250 °C to remove trace residual solvent and/or water
that may have been sorbed during the fiber spinning operation. Following pre-treatment the fibers
were heated to 400 °C at a ramp rate of 1 °C/min followed by an additional heating step at a
reduced ramp rate (0.3 °C/min) to the target temperature. All samples were held at their target

temperature for 2 h prior to cooling. The final pyrolysis temperatures were varied from 580 to

7
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Fig. 1. Pyrolysis temperature profiles used for fabricating PBI-CMS HFMs in this study.

2.4. Characterizations

Extensive thermal, structural, morphological, and micro-structural characterization of the PBI-
CMS HFMs were performed. Thermo-gravimetric analysis (STA-650; Hitachi) was performed on
Precursor PBI to determine thermal stability and to compare its thermal stability with other
polymeric materials reported in literature for CMS membrane formation. To precisely determine
its thermal stability and weight loss at the given pyrolysis temperatures, Precursor PBI was heated
up at 250 °C for 12 h which is the same condition as pre-treatment was carried out prior to the

pyrolysis of Precursor PBI as shown in Fig. 1. Then Precursor PBI was further heated up to
1,000 °C with a ramping rate of 5 °C min .

Molecular structural changes occurring with the transition from PBI polymeric precursors to
PBI-CMS membranes were investigated with Fourier transform infrared (FTIR) spectroscopy.

8
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FTIR spectra were obtained using a FTIR spectrometer (Nicolet model 6700) equipped with an
attenuated total reflection (ATR) accessory with a single bounce ZnSe crystal (PIKE technologies
VeeMAX III).

XPS measurements were performed on a Kratos Ultra DLD spectrometer using a
monochromatic Al Ko source operating at 150 W (1486.6 eV). The operating pressure was 2 x 10
° Torr. Charge compensation was accomplished using low-energy electrons. All spectra were
charged referenced by adjusting the C 1s region to 285 eV. High-resolution C 1s and N 1s spectra
were acquired at a pass energy of 20 eV. XPS data was processed using Casa XPS software. A
linear background subtraction was used for the quantification of the C 1s and N 1s regions.

Raman spectroscopy characterization was performed to monitor changes of disordered carbon
and graphitic structures in PBI-CMS HFMs with temperature, using a WITec Alpha 300R confocal
Raman spectrometer and an EMCCD detector with a 532 nm excitation wavelength.

Wide angle X-ray diffraction (XRD) analysis was also conducted to further study crystal
structure of the PBI and PBI-CMS materials. XRD diffractograms were obtained at 20 angles
ranging from 5° to 60° with a scanning speed of 0.8° min* using a diffractometer with Cu Ka
radiation (1.5418 A) and a graphite diffracted beam monochromator (Siemens D5000). The
diffractograms were analyzed using JADE XRD analysis software (Materials Data Inc.). The
obtained XRD intensity can be affected by sample preparation, preferred orientation of diffracting
domains, and sample size and thus each sample cut into 2cm long was placed at the same direction
and position with regards to the bean monochromator.

Morphological analysis of Precursor PBI and PBI-CMS HFMs fabricated in this study was
conducted using a scanning electron microscope (FE-SEM; Inspect F, FEI Company Inc.). All

HFMs were fractured in liquid N2 and coated with a gold conducting layer deposited using a
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precision etching coating system (Model 682; Gatan Inc.). ImageJ software was used for
determining the dimensional properties including outer diameter (OD), inner diameter (ID), and
wall thickness (WT).

Skeletal density investigation was performed using a pycnometer (AccuPyc II 1340,
Micromeritics Inc). Five repeat measurements were performed on each sample and the average

values with the standard deviation of less than 0.001 g cm™ is reported here.

2.5. Gas separation characteristics

Ideal O2 and N2 permeation properties of Precursor PBI and PBI-CMS HFMs were measured
using a constant-volume/variable-pressure method. The HFMs were installed in stainless steel (SS)
membrane housings with one end of the fiber attached to a SS hypodermic needle (inserted in the
fiber end) and other capped off using PBI dope as a sealant [41] for outside-in gas flow
configuration [feed on shell side and permeate on bore side]. During the permeation experiments,
the feed flowrate and pressure were controlled using mass flow controllers and back pressure
regulator connected to the feed inlet and outlet ports, respectively. The permeate side was
evacuated using a turbo vacuum pump (Pfeiffer Vacuum TMU 064 70l s 1, Asslar, Germany).
The upstream and downstream pressures were measured using high accuracy (£0.25% FS)
pressure transducers (MKS Instruments, Inc.). All gas permenace data reported here were recorded
after membrane pre-heating at 180 °C for at least 6 h with N2 flow on the feed side and vacuum
on permeate side to remove byproducts originated from the pyrolysis reaction and/or trapped water
molecules.

The pressure normalized gas flux (P/l), i.e., gas permeance, was calculated from the slope of

permeate pressure change as a function of time using Eq. (1);
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where dp/dt (mmHg/s) is the pressure change at steady-state, V' is the volume at the downstream
(ca. 60 cm? in this study), T (K) is operating temperature, Ap is differential pressure across the
HFM, Ty and Py are standard temperature and pressure, respectively, and 4 is nominal membrane
surface area. The HFM surface area ranged from 0.4 to 0.6 cm? for all HFMs evaluated in this
study as calculated using the OD measured from the SEM analysis. The reported gas permeances
were an average of at least three measurements. The uncertainty in the data is 5% or less based on
three repeat permeance measurements for each sample. The ideal O»/N;> perm-selectivity was

calculated by taking the ratio of the gas permeances.

The influence of feed pressure and operating temperature on the gas separation properties were
also studied by varying the feed pressure and membrane temperature from 600 to 900 mmHg (i.e.,
1.03 to 1.55 bar) and 5 to 100 °C, respectively. The feed pressure range is slightly above the
atmospheric pressure (Los Alamos, NM, USA atmospheric pressure ca. 580 mmHg) which is
consistent with the vacuum permeate configuration reported to be the most energy efficient for air
separations [2]. Gas transport through membranes is a thermodynamic phenomenon and thus, gas
permeance can be expressed by the Arrhenius equation, Eq. (2). The influence of temperature on
gas transport of the PBI-CMS HFMs was quantitatively determined by calculating activation

energy of permeation (E)).

P/l = Pyexp(—E,/RT) )

where Py is the front factor, R is the ideal gas constant and 7 is the absolute temperature (K).

11
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3. Results and discussion

3.1. Thermal characteristics of PBI precursor membranes

The thermal characteristics of the polymer precursor utilized play an important role in
determining the optimum pyrolytic conditions. The polymer precursor weight loss profile as a
function of temperature guides the target pyrolysis temperature which influences the mechanical
and dimensional characteristics of the resulting CMS membranes. A TGA thermogram of the PBI
polymer precursor is presented in Fig. 2. A weight loss of < 1 wt% was observed for precursor PBI
at temperatures up to ca. 513.5 °C. The degradation onset temperature for PBI, defined as the
intersection of tangential lines drawn in the vicinity of the degradation point, was ca. 548 °C. The
weight loss increased from 3.6 to 22.1% as temperature increased from 580 to 850 °C.

The weight loss at 850 °C for PBI was ca. 22.1%, which is significantly lower than standard
Pl-based CMS precursor materials (e.g., P84® PI: ca. 34% at 900 °C [44], cross-linkable PI: ca.
50% at 900 °C [45], and polyetherimides: ca. 50% at 900 °C [46]), and other polymeric materials
studied for CMS membranes (cellulose acetates: ca. 80% at 600 °C) [47] and polyacrylonitriles:
ca. 100% at 680 °C [48]). The low weight loss characteristics of PBI are highly desirable as they
will aid in the retention of the dimensional and morphological features of the precursor membrane
during pyrolysis and correspondingly, increase the tailorability of the produced CMS membrane
properties and improve manufacturability. Based on the thermal characteristics of PBI; 580 °C,
650 °C, 750 °C and 850 °C were selected as the target pyrolysis temperatures in this work. PBI-
CMS HFMs pyrolyzed at different temperatures were mechanically flexible as demonstrated in
Fig. 3 by bending to a diameter of < 25 mm around a United States Quarter. It is expected that
chemical (residual N-groups and their structure), structural (graphitic vs. disordered carbon phases)

and morphological (support layer pore structure densification at elevated temperatures) changes in

12
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PBI-CMS HFMs as a function of pyrolysis temperature will enable tailoring of gas transport

characteristics.
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Fig. 2. TGA thermogram of PBI. The degradation onset temperature is determined by drawing
tangential lines on the weight loss curve in the vicinity of the degradation point. The entire run
for this thermo-gravimetric analysis is available in Fig. S1 in the supplementary information.
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Fig. 3. Mechanical flexibility of PBI-CMS HFMs fabricated in this study as demonstrated by
bending to < 25 mm diameter (around a United States Quarter).
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Table 2. Thermal, chemical, structural and dimensional characteristics of PBI and PBI-CMS

HFMs.
Precursor PBI-CMS HFMs
PBI CMS-  CMS- CMS- CMS-
580 650 750 850
Weight loss - 3.6 9.1 18.4 22.1
Atomic C=N at 399.05 eV 39.9 35.8 35.9 34.3 17.0
concentration C-N at 400.90 eV 60.1 45.8 44.8 34.0 35.4
(%) by N pyridinic at 398.71 eV - 8.3 4.1 6.8 6.0
deconvolution N pyrrolic at 400.20 eV - 10.1 4.4 9.7 26.9
of XPS N 1s ..
spectra N graphitic at 401.83 eV - - 10.9 15.2 14.8
Selective layer thickness?® (um) 0.3 28+6 25+4 21+4 13+2
Dimensional Outer diameter 488425 35248  332+23  321+7 31848
parameters (OD, um)
Inner diameter 405£26 2968 283+20 27616 27045
(ID, pm)
Wall thickness
(WT, um) 4248 2816 2514 21+4 1816
Wall thickness ratio®
(WTR, %) 17.1 15.9 14.7 14.1 15.1
% shrinkage®
© Shrinkage oD i 278 320 342 349
ID - 26.8 30.0 31.7 33.3
Skeletal density (g cm®) 1.21 1.64 1.84 1.86 1.62

2as obtained from SEM image analysis
bWTR = (OD-ID) / OD X 100

©% Shrinkage = ((diameter of polymeric HFM)-(diameter of pyrolyzed HFM)) / (diameter of

polymeric HFM) x 100

3.2. Structural properties of PBI-CMS membranes

The FTIR spectra obtained on PBI and PBI-CMS samples for the molecular structural

characterization as a function of pyrolysis temperature are presented in Fig. 4. The characteristic

PBI absorption peaks were clearly evident in the FTIR spectrum of Precursor PBI sample. These

peaks were assigned to stretching vibration of N-H hydrogen bonding between PBI polymer chains

(3139 cm™), aromatic C-H stretching (3050 cm™), C=C and C=N stretching of benzimidazole

moieties (1602 cm™), in-plane ring vibration of imidazole ring (1445 cm™), and C-C stretching

(1400 cm™) [49, 50]. All of the PBI characteristic peaks were absent in the resultant carbon samples
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except for the sample pyrolyzed at 580 °C (CMS-580). In addition, the peak at 2225 cm™* was only
observed in CMS-580, which represents hydrogen cyanide (HCN) or cyanogen [51, 52] resulting
from imidazole rings cleavage, an intermediate step to PBI carbonization. This indicates pyrolysis

at 580 °C is unable to achieve complete carbonization of PBI in 2 h.

ICMS-650

PBI

Transmittance

4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm’’
Fig. 4. FT-IR spectra of Precursor PBI and its carbon products formed at pyrolysis temperatures

ranging from 580 to 850 °C. Dashed lines are presented to guide the eye.

XPS characterization helped further elucidate changes observed in the pyrolytic carbon
structures of PBI-CMS HFMs as a function of temperature. As depicted in Fig. 5, C Isand N 1s
spectra are shown for CMS-580, CMS-650, CMS-750, and CMS-850. The peak at binding energy
284.8 eV in the C 1s spectra was assigned to the graphitic-like sp? bonded carbon [53]. This sp?
carbon peak for all PBI-CMS HFMs was higher than the peak for sp® carbon (285.5 eV), except
for CMS-580 which still had a significant amount of unpyrolyzed PBI, as evidenced from the
aforementioned FTIR data analysis. It is evident that pyrolytic conversion of PBI into PBI-CMS
was carried out at 580 °C and the conversion ratio was increased with increasing pyrolysis

temperature.
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With regards to the N 1s spectra, presented in Fig. 5 and Table 2, the main characteristic is the
transformation of the N in the C=N and C-N bonds in the benzimidazole functional group of the
PBI polymeric backbone into pyridinic, pyrrolic, or graphitic N incorporated into the lattice of the
sp? carbons. In particular, the graphitic N only formed at temperatures higher than 650 °C, while
the major PBI decomposition was observed at 850 °C with a significant amount of C=N moieties
were converted into pyrrolic N. As pyrolytic carbonization proceeds with increasing temperature,
more C=N and C-N bonds participated in the transformation into N pyridinic or pyrrolic carbons
followed by N graphitic carbons, which is consistent trend in other carbon molecular sieve
membranes derived from N-containing polyimide precursors [53].

Characterization of the degree of graphitization and defects of carbon structures is typically
achieved using Raman spectroscopy. For carbon-structures, the degree of graphitization increases
with increasing pyrolysis temperature. However, for N-containing polymeric precursors, it has
been reported that the transformation of C=N and C-N bonds in the benzimidazole rings of
Precursor PBI into pyridinic, pyrrolic, and graphitic nitrogen in the sp? lattice of the pyrolyzed
carbon backbone induces intrinsic defects [54]. Thus, Raman spectroscopy obtained for all PBI-
CMS HFMs, shown in Fig. 6, represents both of these phenomena. All spectra showed two distinct
peaks, D peak at 1330~1340 cm™ and G peak at 1560~1570 cm™, which are assigned to disordered
and defective structure of graphite (D peak), and ideal and regular graphitic vibration (G peak),
respectively [55]. The collected data shows that relative intensities of Ip/lg were higher than 1 with
a small maximum at 750 °C. The decrease in Ip/lc observed at 850 °C is most likely due to an
increase in graphitic carbon in combination with a decrease in overall N moieties. Overall, these

results are in well agreement with the XPS results shown in Fig. 5.
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Fig. 6. Raman spectra of all PBI-CMS HFMs in this study.

3.3. Morphological characterization

Extensive surface and cross-sectional SEM images were obtained to study the dimensional
characteristics and structural morphologies of PBI and PBI-CMS HFMs. As shown in Fig. 7,
Precursor PBI HFM (pre-pyrolysis) exhibited an asymmetric morphology with a distinct selective
layer of ca. 300 nm on the shell side supported by a porous interconnected support layer. After
pyrolysis, complete collapse of the porous support layer was observed for all the PBI-CMS HFMs
resulting in a symmetric morphology, which is consistent with CMS HFMs reported elsewhere
[38, 39, 47, 56]. The presence of isolated pinholes defects was clearly evident on the surface and
throughout the fiber wall with more prevalent presence near the inner surface of the fibers. Since

the pinholes were isolated and SEM images did not indicate interconnectivity among pinhole
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defects, the selective layer of the PBI-CMS HFMs was considered equal to the wall thickness
which decreased from 28 to 13 um as a pyrolysis temperature increased from 580 to 850 °C,
respectively.

Quantitative analysis of the dimensional changes as a function of pyrolysis temperature are
reported in Table 2. The outer diameter (OD) and wall thickness (WT) of CMS-580 were 352+8
pm and 2846 um, respectively, exhibiting a decrease of 28% and 32%, respectively in comparison
to Precursor PBI (488125 um and 42+8 um). Overall, the fiber OD and ID decreased by 28 to 35%
as the pyrolysis temperature increased from 580 to 850 °C. The higher degree of fiber dimensional
change as a function of pyrolysis temperature indicates higher degree of densification at elevated
temperatures. The PBI HFMs demonstrated significantly lower % shrinkage in OD as compared
to other polymer derived CMS HFMs (e.g. cellulose acetate derived CMS HFM fabricated by
pyrolysis at 550 °C had ca. 36% shrinkage in OD [47]). This lower % dimensional shrinkage
observed in PBI HFMs is an attractive feature for the CMS membrane fabrication.

Change in skeletal density for the obtained PBI-CMS HFMs with pyrolysis temperature was
also investigated using He gas pycnometer (Table 2). He gas pycnometry is based on excluding
the pore volume which He gas can penetrate and thus it is used as a criteria of accessibility to pores
bigger than 2.6 A [57]. CMS-580 had a skeletal density of 1.64 g cm™ which is consistent with the
density of PBI-CMS flat-sheet membranes from the previous report [58]. The skeletal density
increased as pyrolysis temperature increased with maximum value at 750 °C. The density of PBI-
CMS HFMs was similar to symmetric cellulose-derived CMS HFMs (1.6~1.7 g cm™) but

significantly smaller than non-porous crystalline graphite (2.3 cm™) [59].
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The XRD diffractograms measured for Precursor PBI and PBI-CMS samples as a function of
pyrolysis temperature are presented in Fig. 8 and Table 3. Precursor PBI presented a broad
diffraction peak located at 26 = 22.6° which is consistent with the literature [60]. After pyrolysis,
broad peaks in three distinct 26 zones were observed for all the PBI-CMS samples. First peak at
260 of ~5° (zone I), the second peak at a 26 of 16~24° (zone 1II), and the last peak with the smallest
intensity at a 26 of 41~44° (zone III) were observed. Based on the Bragg equation [61, 62], the
peaks in zones I, II and III correspond to distances between diffracting planes of ~ 18 A, 3.7~5.5
A, and 2 A respectively. The estimated distance range corresponding to the zone II peak comprises
the size range corresponding to the O, (3.46 A) and N (3.64 A) kinetic diameters and
correspondingly, is likely a key controlling factor of Oo/N2 perm-selectivity in PBI-CMS HFMs.
In comparison to the CMS membranes derived from other polymeric materials, the d-spacing for
the peak in zone II observed for the PBI-derived CMS membranes were slightly smaller than the
Pl-derived CMS materials [63], however, they were larger than the poly (arylene ether ketone)-
derived CMS materials [64]. The smaller d-spacing characteristics of the PBI-CMS materials are
anticipated to enable higher O2/N2 perm-selectivity than the Pl-derived CMS materials.

The characteristic peak of Precursor PBI at zone Il corresponding to a 26 value of 22.6° shifted
towards smaller 26 value of 19.6° upon pyrolysis at 580 °C indicating an increase in d-spacing.
However, the PBI-CMS materials prepared at 750 and 850 °C, had main 26 peaks at a location
slightly higher values than that observed for Precursor PBI, which is well agreement with the
previously reported literatures [34, 35, 58]. It can be hypothesized that pyrolysis rendered the
ordered packing domain in Precursor PBI to be firstly disordered with enhanced d-spacings
(pyrolyzed at 580 °C) followed by re-organization to render tighter d-spacings due to formation of

more graphitic structures at pyrolysis temperatures higher than 650 °C as also confirmed by
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aforementioned XPS and Raman investigations [65]. Interestingly, the estimated d-spacings of
~3.8 A for PBI-CMS pyrolyzed at temperatures higher than 700 °C is comparable to that for a pure
graphitic structure [65]. This is also complemented by the existence of a peak at 26 > 40° (Zone
II) in PBI-CMS materials corresponding to a peak characteristic of the (100) plane of graphite
[65]. The intensity of the peak at zone III increased as pyrolysis temperature increased indicating
increased graphitization with increasing pyrolysis temperature.

In addition, pyrolysis induced formation of a new peak at 20 < 15° (Zone I) which corresponds
to a d-spacing larger than 6 A [34] and can be attributed to higher gas permeability of pyrolyzed
PBI as compared to Precursor PBI. The tailorable chain packing configurations in the resulting
PBI-CMS membranes as function of pyrolysis temperature are anticipated to enable control on the

gas separation characteristics, which are discussed in the following section.

Table 3. Peak assignment for Precursor PBI and PBI-CMS samples. Numbers in round brackets
represents their intensity values found in Fig. 8 while numbers in square brackets are their
respective d-spacing values (in A) obtained from Bragg equation [61, 62]. A schematic
illustrating the representative pore sizes in all PBI-CMS HFMs in this study is provided in
supplementary information.

20 Comments PBI CMS- CMS- CMS- CMS-

580 650 750 850

Zonel  5°~10° 9 A < distance 5.4 5.2 5 5.2
between diffracting (578)  (976)  (779)  (626)

planes [16] [17] [18] [17]

Zonell 15°~30° 3A<distance<6A 226 196 222 230 236
(1091) (447)  (465) (562)  (385)
[3.9] [45] [40] [39] [3.8]

Zone  40°~ 50° distance < 2 A 42.3 43.2 43.7 41.4
I (169)  (182)  (186)  (141)
[2.1] [2.1] [2.1] [2.2]
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Fig. 8. XRD patterns of Precursor PBI (green-colored) and PBI-CMS samples (CMS-580
(orange); CMS-650 (red); CMS-750 (wine); and CMS-850 (black), respectively). All patterns
were obtained by subtracting the background signal (Fig. S2 presented in the supplementary
information) and then vertically translated without adjusting intensity for clarity. All dot lines
were obtained from 26 which is centered of the broad peak in Zone 1I.
3.4. Gas Separation Characteristics
3.4.1. Influence of pyrolysis temperature on gas separation characteristics
The influences of morphological changes and microporous characteristics as a function of
pyrolysis temperature on O, and N2 separation characteristics were systemically investigated.
These results are summarized in Fig. 9 and Table 4. On basis of the result of relationships between

WAXD intensity and pore concentration investigated by Positron annihilation lifetime

spectrometry (PALS) under the carefully controlled conditions [66, 67], origin of gas separation
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characteristic changes in the obtained PBI-CMS HFMs can be correlated to the WAXD result. For
reference, Precursor PBI had an Oz permeance and O2/N2 perm-selectivity of 0.2 GPU and 1.0,
respectively. After pyrolysis, both the O permeances and O2/N. selectivities improved
significantly at all pyrolysis temperatures except 850 °C. The best O, permeance and O2/N. perm-
selectivity combination of 4.0 GPU and 8.5, respectively, was measured for the PBI-CMS HFMs
fabricated at 650 °C.

The PBI-CMS HFM O permeance increased from 0.3 to 4.0 GPU as pyrolysis temperature
increased from 580 to 650 °C as presented in Fig. 9 and Table 4. This can be envisaged that the
partial carbonization of PBI-580, as evident in the FTIR analysis (Fig. 4), likely contributed to
lower O2 permeance of PBI-580 in comparison to PBI-650. In addition, as discussed in XRD
characterization of PBI-CMS (section 3.3), CMS-650 exhibited a larger intensity for 26 peaks in
zone I (representing the distance between diffracting planes > 9 A), which can also be contributed
to its higher O, permeance as compared to the CMS-580. It can be hypothesized that decrement in
the distance of diffracting planes from 4.5 to 4.0 A at zone |1 played a minimal role in controlling
0O2/N2 perm-selectivity of CMS-650 from CMS-580.

As pyrolysis temperature increased from 650 to 750 °C, O, permeance decreased from 4.0 to
0.8 GPU and O2/N2 perm-selectivity increased from 8.5 to 13.7. This variation in O2/N2 perm-
selectivity could be explained by comparing zone | and Il peaks of XRD diffractograms obtained
on the PBI-CMS samples pyrolyzed at 650 and 750 °C. Reduction in the intensity of zone | peak
from 976 (650 °C) to 779 (750 °C) could be attributed to decrease in the O, permeance. On the
other hand, the higher intensity values of peaks in zone Il and zone III for sample pyrolyzed at
750 °C may be attributed to higher O2/N2 selectivity for CMS-750 as compared to CMS-650. The

observed downturn in gas transport characteristics by the influence of collapse in carbon
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turbostratic structures at higher pyrolysis temperature has been observed previously for the CMS
membranes. For example, CoHs permeance and C2H4/C2Hs perm-selectivity for Pl-based CMS
HFMs made of Matrimid® changed from 0.27 (C2H4/C;Hs of 9) to 0.18 GPU (~14) as pyrolysis
temperature increased from 650 to 750 °C [56]. Ultem 1000®-derived polyetherimide-based CMS
HFMs also presented deduction in CO, permeance from 1.66 (650 °C) to 0.69 GPU (800 °C) but
improvement in CO2/CHjy selectivity from 55 to 69 [46].

Further increase in the pyrolysis temperature to 850 °C led to 1-2 order increase in O
permeance but complete loss of O2/N2 perm-selectivity. It seems to be contradictable compared to
the XRD investigation result. The distance between diffracting planes at zone Il for CMS-850 was
the smallest in this study and there was a previous report whose O2/N2 selectivity pyrolyzed at
800 °C was higher than the one pyrolyzed at 580 °C [35]. It could be attributed to formation of
defects in the membrane. The higher permeance but no O2/N. separation performance for CMS-
850 can be explained by higher populations of defects or pinholes as observed in the outer surface
SEM images in Fig. 7.

To assess practical feasibility of the obtained PBI-CMS HFMs in this study, physical aging
response of the selected CMS-750 was explored. CMS-750 was stored in ambient atmosphere for
153 day prior to the exploration. As presented in Table 4, there showed a decrement by 50% in O
permeance (from 0.782 to 0.394 GPU) with slight decline in O2/N2 selectivity, which is a typical
phenomenological result observed in carbon molecular sieve membranes from literature; 69% loss
in CO2 permeance for 30-day-aged 6FDA-DETDA:DABA (cross-linkable PI) CMS HFM [68]
and 23% loss in CO> permeance for 6FDA:BPDA-DAM (1:1) (PI) CMS HFM stored in 50 psia

N> for 21 days [33].
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This large span in gas separation performance indicates the significant influence of the
pyrolysis protocols on the PBI-CMS HFMs. The data obtained indicates that pyrolysis temperature

in the vicinity of 650 °C seems to be optimum for achieving the best combination of O, permeance

and O2/N2 perm-selectivity.
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Fig. 9. (a) O2 permeance and (b) O2/N2 perm-selectivity of PBI-CMS HFMs with controlled
pyrolysis temperature (CMS-580 (orange); CMS-650 (red); CMS-750 (wine); and CMS-850
(black), respectively). The values reported here are an average of at least three measurements.
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The standard deviation from the mean is within 5%.

Table 4. O separation performances at 900 mmHg and 25 °C of all PBI polymeric and PBI-

CMS HFMs in this study. The values reported here are an average of at least three
measurements. The standard deviation from the mean is within 5%.

Sample Performance Estimation
O2 permeance 0O2/N; Estimated O2
[GPU] [-] permeability [Barrer]

PBI 0.204 1.02 0.06

CMS-580 0.303 8.44 8.48
CMS-650 3.964 8.47 99

CMS-750 0.782 13.7 16.4

CMS-750 (153-day-aged) 0.394 10.7 8.27
CMS-850 42.3 0.90 550
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Physical aging of PBI-CMS HFMs was evaluated by re-testing CMS-750 after being stored
in ambient atmosphere for 153 day. As presented in Table 4, ca. 50% reduction in the O
permeance (from 0.782 to 0.394 GPU) was measured with ca. 20% reduction in O2/N2 selectivity.
The observed physical ageing trend in the PBI-CMS HFMs is consistent with the physical ageing
observed for CSM membranes reported previously. CO. permeance reduced by 69% in 6FDA-
DETDA:DABA (cross-linkable PI) CMS HFM [68] after 30 days and a 23% loss in CO>
permeance for 6FDA:BPDA-DAM (1:1) (PI) CMS HFM stored in 50 psia N2 for 21 days was

observed [33].

3.4.2. Influence of operating temperature and pressure on gas separation characteristics

The gas transport characteristics of CMS-650 were measured as a function of operating
temperature (Fig. 10). Both O, and N> permeances increased as operating temperature increased
from 5 to 100 °C. Correspondingly, O2/Nz perm-selectivity of CMS-650 steadily decreased from
12 to 7 as operating temperature increased from 5 to 100 °C. This observed trend in O perm-
selectivity as a function of operating temperature was consistent with the activated gas transport
mechanism typically observed in molecular sieving materials [61, 62, 69]. The activation energies
for permeation (£,) were calculated at 6.4 and 1.7 kJ/mol for N> and O, respectively. The
difference in E, between O and N> (-4.7 kJ/mol) for CMS-650 is comparable or higher than those
reported for the CMS HFMs derived from P84® PI (-2.4 kJ/mol) [44] and CA (-0.9 ~ -4.8kJ/mol)
[47]. The higher difference in the E, between O and N indicates a large variation in the O2/N>
separation performances as a function of temperature which provides increased opportunities for
process intensification towards designing multi-stage membrane processes for energy-efficient air

separations.
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The influence of feed pressure on the O separation performances of CMS-650 was also

measured at 5 °C (Fig. 11). The Oz and N> permeances were steady with increasing feed pressure

from 600 to 900 mmHg. This presents a small pressurization of the feed stream above the

atmospheric pressure (ca. 580 mmHg) in Los Alamos, NM consistent with the envisioned feed

pressure range of air separation unit primarily relying on the permeate side evacuation to generate

driving force for the gas transport. There were no significant differences in O2/N> perm-selectivity

as a function of pressure at 5 °C indicating absence of viscous flow transport mechanism. In other

words, the HFM was defect-free and functional over the range of envisioned operating conditions.
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Fig. 10: (a) O2 permeance, (b) N2 permeance and (c) O2/N2 perm-selectivity dependence on
operating temperature for CMS-650. The values reported here are an average of at least three
measurements. The standard deviation from the mean is within 5%.
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Fig. 11: (a) O2 permeance, (b) N2 permeance and (c) O2/N2 perm-selectivity dependence on feed
pressure measured at 5 °C for CMS-650. The values reported here are an average of at least three
measurements. The standard deviation from the mean is within 5%.
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3.4.3. Comparison to other polymeric and pyrolytic HFMs

Polymeric HFMs fabricated using commercially available polymeric materials like P84® PI
[17], Matrimid® PI [18-20], PSf Udel P-1800 [21] and polyethersulfone Radel A-300 [22] have
been extensively studied and industrially utilized for O2/N. separation applications. However,
there have been only a few studies on polymer derived CMS HFMs for O2/N. separation
applications, including P84® PI [44], Matrimid® P1 [19, 38, 70, 71], CA [47] and polyacrylonitriles
[48]. Apparently, there has been no report yet on the PBI-CMS HFMs for gas separation
applications. The O. separation performance of PBI-CMS HFMs developed in this work are
compared to the previously reported commercial polymeric and CMS HFMs in Table 5. PBI-CMS
HFMs exhibited higher O2/N. perm-selectivities (7.0~13.7) than polymeric HFMs made of
commercially available polymers (1.5~8.7), potentially reducing the operating cost [15, 17-22].
PBI-CMS HFMs required lower temperature pyrolysis to achieve comparable or slightly higher
0O2/N2 perm-selectivity than that compared to the CMS HFMs (1.6~12.3) derived from other
commercially available polymers [19, 38, 44, 47, 48, 70]. The highest O2/N> perm-selectivity of
ca. 13.7 was measured for the PBI-CMS HFM prepared at 750 °C as compared to previously
reported the highest O2/N: of ca. 10.0 and 21.0 obtained for Matrimid® PI-based CMS HFMs
pyrolyzed at 750 and 900 °C, respectively [71]. In general, higher pyrolysis temperatures (ca.
900 °C) are required to achieve O2/N2 > 10 in Pl-derived CMS membranes as compared to PBI-
based CMS membranes. The lower pyrolysis temperature of PBI-CMS HFMs in this study is
advantageous towards lower manufacturing costs, lower dimensional shrinkage and better
mechanically robustness.

In this work, a high O2/N2 perm-selectivity with relatively low O. permeances was achieved

for the PBI-CMS HFMs, in comparison to the O2/N2 separation performances of polymeric and

29



10

11

12

13

14

15

16

17

18

19

20

21

22

23

polymer derived CMS HFMs (Table 5). It is due to the complete collapse of the porous support
layer during pyrolysis as evident in the SEM images (Fig. 7). The estimated Oz permeability values
for the PBI-CMS HFMs, reported in Table 4 and Fig. 12 were calculated by multiplying O
permeances with wall thicknesses measured from SEM images presented in Fig. 7. The estimated
O2 permeability ranged from 8.48 to 99 Barrer for nearly defect-free HFMs as indicated by the
O2/N2 perm-selectivity of 8 or greater. The O2/N2 perm-selectivity characteristics of the PBI-CMS
HFMs lie above the 2015 upper-bound trade-off curve for O2/N2 recently reported [24]. Apparently
that the upper-bound line is a semi-empirical trade-off relationship between gas permeability and
gas selectivity observed in polymeric membrane materials, however, it has also been widely used
in CMS membranes to intuitively compare membrane performances [34, 35, 72-74]. The previous
report on PBI derived CMS flat-sheet membranes showed higher O, permeability and O2/N2 perm-
selectivity than that estimated for the PBI-CMS HFMs of this study [35]. The fabrication
procedures for dense-flat sheet membranes and HFMs are drastically different which can
drastically influence on the polymer precursor macro-molecular characteristics including polymer
packing. The differences in polymer precursor macro-molecular characteristics can be attributed
to lower O2 perm-selectivity measured in this study as compared to flat-sheet membranes. This
also indicates that further improvement in O2/N: selectivity can be achieved with intensive
understanding of the influence of fabrication conditions on resulting PBI-CMS membranes.
Recently, studies on retaining asymmetric morphology during polymeric HFM pyrolysis have
gained much attentions. For example, sol-gel crosslinking prior to pyrolysis endowed Matrimid®-
derived CMS HFMs to be 6.5 ~ 10 times higher O permeances than the one without pre-pyrolysis
treatment [38]. Similar, pre-pyrolysis treatments are reported for the P84®-based (5.6 GPU, [44])

or CA-based (2.7 GPU, [47]) CMS HFMs to mitigate porous morphology collapse for enhancing
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O permeance. Novel methods to mitigate porous morphology collapse during pyrolysis in the

PBI-derived CMS HFMs are currently explored and will be reported in near future.
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Fig. 12. Estimated Oz permeability and O2/N. perm-selectivity of PBI-CMS HFMs (CMS-580
(orange-colored rectangle); CMS-650 (red); CMS-750 (brown); and CMS-850 (black),
respectively). Commercially available PBI- and Pl-based CMS flat-sheet membranes [34, 35, 72-
75] together with three different kinds of upper-bound trade-off lines [24] are also presented for
comparison.
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Table 5. Comparison of O, separation performances of the selected PBI-derived CMS HFMs in

2 this study with other CMS HFMs made of commercially available polymers or commercially
3 available polymeric HFMs for comparison.
Sample Reference Category Performance
02 O2/N: Measurement
Permeance [-] Condition
[GPU]
CMS-750 (This study) CMS 0.782 13.7 900 mmHg, 5°C
Polyimide(P84®)-based [44] 5.6 12.3 N/A, 40 °C
(Pyrolyzed at 900 °C for 5 min)
Polyimide(Matrimid®)-based [38] 2~13 8.0~9.0 100 psig, 35°C
(Pyrolyzed at 650 °C for 2h)
Polyimide(Matrimid®)-based [71] 0.30 21 100 psig, 35°C
(Pyrolyzed at 900 °C for 2h)
Polyimide(Matrimid®)-based [71] 3.3 10 100 psig, 35 °C
(Pyrolyzed at 750 °C for 2h)
Cellulose acetate (CA)-based [47] 2.667 ~6.7 2 bar, 30 °C
(Pyrolyzed at 550 °C for 2h)
Polyacrylonitrile (PAN)-based [48] 53 1.6 N/A
(Pyrolyzed at 500 °C for 2h)

Polyimide(P84®) [17] Polymer 0.41 8.7 ~ 10 bar
Polyimide(Matrimid®) [18] 0.71 6.2 N/A
Polyimide(Matrimid®) [19] 34.4 1.5 5 bar, 40 °C
Polyimide(Matrimid®) [20] 18.1 6.6 100 psig, 24 °C

Polysulfone(Udel P-1800) [21] 6.9 7.3 5atm, 25°C
Polyethersulfone(Radel A-300) [22] 14.3 6.8 5 bar, 50 °C
4
5
6
7 4. Conclusion
8 Highly O selective carbon molecular sieve (CMS) hollow fiber membranes (HFMs) derived
9  from commercially available polybenzimidazole (PBI) were successfully fabricated for the first
10 time. Precursor PBI HFMs tailored for gas separations i.e. thin selective layer with porous inter-
11 connected support morphology were utilized. Extensive material characterization analysis
12 including TGA, XPS and FTIR analysis indicates complete carbonization of PBI materials at
13 650 °C followed by enhanced graphitization at pyrolysis temperatures higher than 650 °C. An
14 O2/N2 perm-selectivity approaching 14 was measured at near ambient conditions which is 14x
15  improvement as compared to Precursor PBI HFMs. The PBI-CMS HFMs fabricated at 650 °C
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demonstrated the best combination of O, permeance and O2/N2 perm-selectivity of ca. 4 GPU and
9, respectively. Further, increase in the pyrolysis temperature up to 750 °C resulted in a decrease
in O2 permeance and increase in O2/N2 perm-selectivity. The O2/N2 perm-selectivity was stable as
a function of feed pressure and followed an Arrhenius relationship as a function of operating
temperature with O2/N. perm-selectivity increasing from 7 to 12 as operating temperature
decreased from 100 to 5 °C, respectively. The low permeance of the PBI-CMS HFMs was
attributed to the complete collapse of porous asymmetric morphology resulting in a symmetric
selective layer approaching 30 pum. Further research in mitigating the asymmetric morphology
collapse will lead to high throughput and high O2/N2 selectivity membrane platform enabling

energy efficient air separations.
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