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A B S T R A C T   

Carbon molecular sieve (CMS) membranes are emerging porous carbon membranes for chemical separation and 
purification. Polyamide-imide (PAI) copolymers have shown attractive separation performance for natural gas 
upgrading and organic solvent separations. However, PAIs are rarely used as precursors to derive CMS mem
branes. This work shows that CMS hollow fiber membranes made from a PAI (Torlon®) can provide highly 
competitive H2 permeability and H2/CO2 selectivity overcoming the 2008 Robeson upper bound under both 
single-gas and mixed-gas permeation. With imide and amide moieties, the PAI showed intermediate H2/CO2 
separation performance between a polyimide (PI) and a polyaramid (PA). Interestingly, the trend was translated 
to the CMS membranes, i.e., the PAI-derived CMS membrane showed intermediate H2/CO2 separation perfor
mance between the PI-derived CMS membrane and PA-derived CMS membrane with an excellent balance of H2 
permeability and H2/CO2 selectivity. Sorption studies indicate that the PAI-derived CMS membrane had inter
mediate H2 diffusivity and H2/CO2 diffusion selectivity, which was further attributed to its intermediate ultra
micropore size. To our best knowledge, this was the first report of PAI-derived CMS hollow fiber membranes with 
competitive gas separation performance and the first investigation of the chemistry and pore structure of PAI- 
derived porous carbon. This study also underscores the role of precursor backbone chemistry in tailoring CMS 
membrane properties, further suggesting that CMS membranes derived from copolymers comprising mixed 
backbone chemistry can give simultaneously attractive permeability and selectivity.   

1. Introduction 

Carbon molecular sieve (CMS) membranes are amorphous porous 
carbon membranes made by pyrolysis of polymer precursor membranes 
above their thermal decomposition temperatures. During pyrolysis, the 
aromatic polymer backbone decomposes to provide disorderly packed 
graphene sheets (micropores) with slit-like ultramicropores between 
neighboring aromatic strands. This unique pore structure allows CMS 
membranes to achieve high permeability and high selectivity over
coming the Robeson upper bounds [1,2]. The CMS membrane pore 
structure and gas separation performance are governed by several fac
tors, among which are polymer precursor chemistry and pyrolysis con
ditions [3]. Several classes of polymer precursors have been studied 
including polyimides [4–10], polybenzimidazoles [11–13], polyaramids 
[14,15], polymers of intrinsic microporosity (PIMs) [16–19], poly
vinylidene fluoride/chloride [20,21], and cellulose-based polymers 
[22–24]. 

Polyimides (PIs) represent the most widely studied class of CMS 

membrane precursor [25–29]. This is likely because PIs are among the 
most commercially successful gas separation membrane materials [30]. 
Also, PIs exhibit large amount of carbon residue after pyrolysis. Many 
PIs have excellent solution processability and can be formed into hollow 
fibers by dry-jet/wet-quench spinning at room temperature, which al
lows the fabrication of scalable asymmetric or composite CMS hollow 
fiber membranes [28,29,31,32]. In addition, PI’s well-understood 
structure-transport property relationship have allowed the fabrication 
of PI-derived CMS membranes with tunable separation performance. For 
example, the commercially available Matrimid® PI is arguably the most 
extensively reported CMS membrane precursor [27]. Work by Koros and 
co-workers in the past two decades showed that Matrimid®-derived 
CMS membranes can have controllable pore structure to give attractive 
separation performance for several gas pairs such as CO2/CH4 and 
C2H4/C2H6 [7,25]. The same group of researchers also developed highly 
permeable CMS membranes using PIs synthesized by bulky dianhydrides 
such as 4,4′-(Hexafluoroisopropylidene) diphthalic anhydride (6FDA) 
[5]. These highly permeable materials extended the spectrum of CMS 
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membranes to separation of larger molecules such as C3H6/C3H8. 
While PIs are broadly used for gas separation, polyaramids (PAs) are 

more commonly used for desalination [33–35] and rarely considered for 
gas separation [36]. This is due to strong hydrogen bonding between 
amide linkages in the PA backbone that gives low gas permeabilities 
under dry conditions [37]. PA-derived CMS membranes are much less 
studied than PI-derived CMS membranes. In a recent work [15], we 
developed CMS membranes using a solution-processable uncrosslinked 
polyaramid precursor (MTI) synthesized by m-phenylenediamine 
(MPD), terephthaloyl chloride (TPC), and isophthaloyl chloride (IPC). 
While the PA-derived CMS membrane showed ultra-high H2/CO2 ideal 
selectivity (up to 366), it had low H2 permeability (9 Barrer). Separation 
of H2 from CO2 can recover H2 and capture CO2 from steam methane 
reforming products. High membrane H2 permeability can help to reduce 
the required membrane area and hence the membrane separator cost. 
High membrane H2/CO2 selectivity can produce purer H2 product. It 
would hence be attractive to achieve a balance between H2 permeability 
and H2/CO2 selectivity in CMS membranes for H2/CO2 separation. 

Copolymer membranes are often made to provide balanced and 
sometimes synergistic separation performance unattainable in homo
polymer membranes [38,39]. Fabrication of CMS membranes from co
polymers comprising mixed backbone chemistry, however, is rarely 
reported. Polyamide-imides (PAIs) are copolymers consisting of both 
imide and amide backbones. Kosuri and Koros [40] fabricated 
defect-free asymmetric hollow fiber membranes using Torlon®, a 
commercially available PAI, which showed excellent plasticization 
resistance for purification of high-pressure natural gas. The same 
research group also synthesized a family of fluorinated PAIs with 
enhanced CO2 and H2S permeability [41]. More recently, Jang and 
co-workers [42] reported organic solvent reverse osmosis separation of 
liquid hydrocarbon mixtures in defect-free Torlon® hollow fiber mem
branes. Hosseini and Chung [11] made Torlon-derived CMS dense film 
membrane at 800 ◦C, which had moderate H2/CO2 ideal selectivity 
around 9. To our best knowledge, no CMS hollow fiber membranes have 
been derived from PAIs. Also, attractive gas separation performance has 
not been reported in PAI-derived CMS membranes. 

In this work, we fabricated novel PAI-derived CMS hollow fiber 
membranes by pyrolysis of defect-free Torlon® PAI precursor hollow 
fiber membranes. The PAI-derived CMS membrane pyrolyzed at 925 ◦C 
showed a good balance of attractive H2 permeability and outstanding 
H2/CO2 selectivity between the CMS membranes made from the MTI 
polyaramid and the Matrimid® polyimide at identical pyrolysis condi
tions. Sorption, diffusion, and pore structure of the novel PAI-derived 
CMS hollow fiber membranes were characterized and compared with 
the CMS membranes derived from the polyimide and polyaramid to gain 
an understanding on how precursor backbone chemistry affects CMS 
membrane pore structure and transport properties. The results suggest 
that pyrolysis of copolymers comprising mixed backbone chemistry can 
be an attractive strategy to fabricate CMS membranes with competitive 
separation performance. 

2. Experimental section 

2.1. Materials 

Torlon® 4000 T-LV polyamide-imide was provided by Solvay Ma
terials (Alpharetta, GA). Matrimid® 5218 polyimide was provided by 
Huntsman Corporation (Salt Lake City, UT). Tetrahydrofuran (THF, 
≥99.0 %, anhydrous), ethanol (≥99.5 %, anhydrous), and N-Methyl-2- 
pyrrolidone (NMP, anhydrous, 99.5 %) were obtained from Sigma 
Aldrich (St. Louis, MO). Hexane (≥98.5 %, mixture of isomers) and 
methanol (≥99.8 %) were obtained from VWR (Radnor, PA). N,N- 
dimethylacetamide (DMAc, ≥99.8 %, anhydrous) was purchased from 
Fisher Scientific (Pittsburgh, PA). All chemicals were used with no pu
rification. Pure gases (ultra-high purity) and gas mixtures (certified) 
were obtained from Airgas (Hyattsville, MD). 

2.2. Fabrication of precursor dense films 

Torlon® PAI dense films were fabricated using solution casting [15]. 
Torlon® PAI powders were dried under vacuum at 110 ◦C for 12 h before 
being dissolved (24 wt%) in DMAc to provide a polymer casting solu
tion. The polymer solution was then cast on a borosilicate glass plate 
using a stainless-steel casting knife in a convection oven at 120 ◦C. After 
12 h, the nascent film was peeled off from the borosilicate glass plate and 
soaked in methanol at ambient conditions for 12 h to remove the re
sidual solvent. After being dried in a fume hood for 12 h, the film was 
further dried under vacuum at 210 ◦C for 24 h. Fabrication of Matrimid® 
PI dense films is described in the Supporting Information. 

2.3. Fabrication of precursor hollow fiber membranes 

Monolithic Torlon® PAI precursor hollow fiber membranes were 
made by dry-jet/wet-quench spinning using a customized hollow fiber 
spinning system (Fig. S1) [40]. Torlon® PAI powders were dried under 
vacuum at 110 ◦C for 12 h before preparing the spinning solution 
(Table 1). Tap water was used in the quench bath. The as-spun precursor 
hollow fibers were soaked in deionized water for 3 days, followed by 
soaking in methanol for 60 min and hexane for 60 min. After being dried 
in a fume hood for 12 h, the precursor hollow fibers were further dried 
under vacuum at 75 ◦C for 12 h. Fabrication of Matrimid® precursor 
hollow fiber membranes is described in the Supporting Information with 
spinning dope composition and spinning conditions shown in Table S1. 

2.4. Fabrication of CMS membranes 

CMS hollow fiber membranes and CMS dense film membranes were 
fabricated by pyrolysis in a 24-inch pyrolysis tube furnace (MTI Cor
poration, Richmond, CA). The precursor hollow fibers were placed on a 
stainless-steel mesh plate (McMaster Carr, Robbinsville, NJ) and loaded 
into a quartz tube (MTI Corporation, Richmond, CA) before being placed 
in the furnace. The precursor dense films were placed on a custom-made 
channeled quartz plate and loaded into a quartz tube before being 
placed in the furnace. Ultra-high purity argon was flown in the quartz 
tube at 0.2 L/min using a digital mass flow controller (MTI Corporation, 
Richmond, CA). The oxygen level inside the quartz tube was kept no 
higher than 5 ppm, which was measured by an oxygen sensor (Cam
bridge Sensotec, Saint Ives, UK). The pyrolysis heating protocol for each 
pyrolysis temperature (Tf) consisted of (1) Room temperature to 250 ◦C, 
13.3 

◦

C/min; (2) 250 ◦C to Tf-15, 3.85 ◦C/min; (3) Tf-15 to Tf, 0.25 ◦C/ 
min; (4) Dwelling at Tf for 2 h; (5) Natural cooling down to room tem
perature. Four PAI-derived CMS membranes were made at Tf of 675, 
800, 925, and 1050 ◦C, which are codenamed PAI-675, PAI-800, PAI- 
925, and PAI-1050, respectively. 

Table 1 
Spinning dope composition and hollow fiber spinning conditions for Torlon® 
PAI precursor hollow fiber membranes.  

Spinning Conditions Unit Value 

Dope composition wt% Torlon® 34.0 
wt% NMP 47.2 
wt% THF 11.8 
wt% Ethanol 7.0 

Spinning temperature ◦C 50 
Lab relative humidity % 62 
Quench bath temperature ◦C 50 
Dope/bore fluid flow rate cm3/h 180/60 
Bore fluid composition NMP/H2O 80/20 
Air gap height cm 22 
Fiber take-up rate m/min 32  

G.M. Iyer et al.                                                                                                                                                                                                                                  



Carbon 216 (2024) 118598

3

2.5. Construction of CMS hollow fiber membrane modules 

CMS hollow fiber membrane modules were made using stainless steel 
Swagelok® tubing and fittings following procedures described in liter
ature [43]. Epoxy resin (3 M Scotch-Weld™ DP-100) was used for 
sealing. 

2.6. Characterizations 

Scanning electron microscopy (SEM) was done using a Tescan XEIA3 
scanning electron microscope (Tescan, Warrendale, PA). Fourier trans
form infrared spectroscopy (FT-IR) was done using a ThermoNicolet 
Nexus 670 F T-IR spectrometer (Thermo Fisher Scientific, Waltham, 
MA). A Shimadzu TGA50 thermal gravimetric analyzer (Shimadzu, 
Columbia, MD) was used to measure the thermal decomposition tem
perature and carbon residual weight with a heating rate of 5 ◦C/min 
under continuous N2 purge (50 cm3/min). Precursor polymer densities 
were measured using an analytical balance, which was equipped with a 
density kit (OHAUS, Parsippany, NJ) using isopropyl alcohol as the 
buoyant liquid. Wide-angle X-ray diffraction (WAXD) patterns were 
recorded using a Bruker D8 Advance Lynx powder diffractometer 
(LynxEye PSD detector, sealed tube, Cu Kα radiation with Ni β-filter). 
Raman spectroscopy was performed using the H-J-Y LabRam ARAMIS 
Confocal Raman Microscope equipped with a 532 nm laser. X-ray 
photoelectron spectroscopy (XPS) was performed using the Kratos AXIS 
Supra+ spectrometer. Determination of elemental composition and peak 
fitting of the C1s, N1s and O1s spectral scans were done in CasaXPS 
software. CO2 physisorption (0 ◦C) was performed by an ASAP 2020Plus 
physisorption analyzer (Micromeritics, Norcross, GA). CMS dense films 
were degassed at 120 ◦C for 12 h prior to collection of CO2 physisorption 
isotherms. A density functional theory (DFT) model (CO2, 0 ◦C, carbon 
slit pores) was used to obtain the CMS pore size distribution and cu
mulative pore volume. 

2.7. Membrane permeation measurements 

2.7.1. Single-gas permeation in Torlon® PAI precursor hollow fiber 
membranes 

Single-gas permeation of CO2 and N2 was performed in the Torlon® 
PAI precursor hollow fiber using the constant pressure method [10] at 
ambient temperature (~20 ◦C). The feed was introduced to the hollow 
fiber shell side. The permeate flow rate was measured using a bubble 
flow meter. 

2.7.2. Single-gas permeation in CMS hollow fiber membranes 
Single-gas permeation measurements in the CMS hollow fiber 

membranes were performed at 35 ◦C and 10 bar using the constant 
volume-variable pressure method [2]. The feed was introduced to the 
hollow fiber shell side and the permeate was collected from hollow fiber 
bore side. Hollow fiber membrane modules with at least two CMS hol
low fibers were used for single-gas permeation tests. The permeation 
tests were allowed to proceed for at least 10 times of permeation time lag 
prior to flux measurement to ensure the permeation had reached steady 
state. 

2.7.3. Mixed-gas permeation in CMS hollow fiber membranes 
Mixed-gas permeation measurements (equimolar H2/CO2 mixture at 

2 bar) were performed in the CMS hollow fiber membranes at 35 ◦C 
using a constant volume-variable pressure method. Composition of the 
permeate stream was measured using an Agilent 8890 gas chromato
graph (Agilent Technologies, Santa Clara, CA). The stage cut was 
maintained below 1 % to avoid concentration polarization [10]. Gas 
chromatograph (GC) injections were taken continuously until a stable 
permeate composition was achieved. 

2.8. Equilibrium sorption measurements in CMS membranes 

Equilibrium sorption isotherms of H2 and CO2 were measured at 
35 ◦C using an ASAP 2020Plus physisorption analyzer (Micromeritics, 
Norcross, GA) at pressure up to 1 bar. CMS dense films were degassed at 
120 ◦C for 12 h prior to sorption isotherm collection. The H2 sorption 
isotherms were fit using Henry’s Law [44]. The CO2 sorption isotherms 
were fit using the dual-mode sorption model [45]. 

3. Results and discussion 

3.1. Formation of CMS membranes using PAI copolymer 

Monolithic Torlon® PAI precursor hollow fiber membranes were 
fabricated using the dry-jet/wet-quench spinning process based on 
spinning dope composition and spinning parameters (Table 1) identified 
by Kosuri and Koros [40]. Scanning electron microscopy (SEM) shows 
that the PAI precursor hollow fibers (outer diameter ~ 280 μm) 
exhibited an asymmetric structure (Fig. 1A) with a porous substrate 
(Fig. 1B) having large and interconnected pores and a dense skin layer 
(~1 μm) on the outer surface (Fig. 1D). Slight densification was seen at 
the hollow fiber bore side (Fig. 1C) indicating premature phase sepa
ration by the bore fluid during fiber extrusion. The PAI precursor hollow 
fiber membranes showed CO2 permeance of 1.54 GPU and CO2/N2 ideal 
selectivity of 31.2 under single-gas CO2/N2 permeation at room tem
perature. The CO2/N2 ideal selectivity was within 90 % of the intrinsic 
value measured in thick Torlon® dense films [40], indicating that the 
PAI precursor hollow fiber membranes were defect-free [40]. Notably, 
although the lab relative humidity (62 %) during hollow fiber spinning 
was much higher than a previous work [42] (18 %), defect-free hollow 
fiber membranes were still obtained. 

PAI-derived CMS hollow fiber membranes (outer diameter ~ 185 
μm) were successfully made by pyrolysis of the defect-free Torlon® PAI 
precursor hollow fiber membranes at 675, 800, 925, and 1050 ◦C under 
continuous argon purge. Carbon molecular sieve hollow fiber mem
branes are traditionally made from precursor hollow fibers comprising 
polymers with high glass transition temperature (Tg) above 320 ◦C (e.g., 
polyimides, polybenzimidazoles). Pyrolysis of precursor hollow fibers 
comprising low-Tg polymers (e.g., polyvinylidene fluoride) can lead to 
structural deformation in CMS hollow fiber membranes [20]. Although 
the Torlon® PAI had lower Tg (273 ◦C) [40] than polyimides and pol
ybenzimidazoles, CMS hollow fiber membranes were successfully 
formed without any structural deformation (Fig. 1E and Fig. S2). 
Without pre-treatments [28], pore collapse and wall densification are 
known to occur [7] in precursor hollow fibers during pyrolysis. The PAI 
precursor hollow fibers underwent pore collapse during pyrolysis and 
hence the PAI-derived CMS hollow fiber membranes had totally densi
fied wall of 51 μm with few macrovoids (Fig. 1F–H). The totally densi
fied wall allowed for unambiguous determination of the CMS 
membrane’s separation layer thickness (51 μm). 

3.2. Gas separation performance of PAI-derived CMS membranes 

We carried out single-gas (He, H2, CO2, N2, and CH4) permeation in 
the PAI-derived CMS hollow fiber membranes at 10 bar and 35 ◦C. As the 
pyrolysis temperature increased, gas permeabilities (Fig. 2A and 
Table S2) and permeances (Fig. S3) were reduced with increased H2/N2, 
He/N2, H2/CO2, He/CO2, and He/H2 ideal selectivities (Fig. 2B). It 
should be noted that CH4 permeation can only be reliably measured in 
PAI-675. Also, only He and H2 permeabilities can be reliably measured 
in PAI-1050. The H2/CO2 separation performance of the PAI-derived 
CMS membranes are shown in Fig. 2C. The PAI precursor shows H2/ 
CO2 separation performance below the 2008 Robeson upper bound [1] 
with H2 permeability of 4.4 Barrer and H2/CO2 ideal selectivity of 5.3. 
The PAI-675 CMS membrane showed over 235 times higher H2 perme
ability (1034 Barrer) and slightly lower H2/CO2 ideal selectivity (4.9) 
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than the PAI precursor. As the pyrolysis temperature increased to 800 
and 925 ◦C, the H2 permeability dropped with increased H2/CO2 ideal 
selectivity. The trend was seen in several polyimide-derived CMS 
membranes, which was believed to be due to refined ultramicropores at 
higher pyrolysis temperatures [2,25]. Among the studied PAI-derived 
CMS membranes, the PAI-925 CMS membrane showed optimal 
H2/CO2 separation performance well above the 2008 Robeson upper 
bound with 7-fold higher H2 permeability (33 Barrer) and 17-fold higher 
H2/CO2 ideal selectivity (94) than the PAI precursor. 

Similar enhancements in separation performance were seen for the 
He/CO2 pair (Fig. 2D), in which the PAI-925 CMS membrane showed 3- 
fold higher He permeability (19.9 Barrer) and 8-fold higher He/CO2 
ideal selectivity (57) than the PAI precursor. While He/CO2 permeation 
results are much less reported than the H2/CO2 pair, it is an important 
separation for helium extraction from natural gas [46]. Comparing the 
results shown in Fig. 2C and D indicate that it is more challenging for 
CMS membranes to overcome the Robeson upper bound for the He/CO2 
pair than for the H2/CO2 pair. The CO2 permeation flux in the PAI-1050 
CMS membrane was below the detection limit of the permeation system. 
Although the PAI-1050 CMS membrane likely had even higher H2/CO2 
and He/CO2 ideal selectivities than the PAI-925 CMS membrane, it had 
lower H2 and He permeabilities. While the PAI-675 CMS membrane had 
low H2/CO2 and He/CO2 ideal selectivities, it showed a good balance of 
attractive H2 permeability (1034 Barrer) and H2/CH4 ideal selectivity 
(577). 

In addition to single-gas H2/CO2 permeation, we performed H2/CO2 
mixed-gas permeation measurements (Fig. 2C) in the PAI-925 CMS 
membrane using an equimolar H2/CO2 mixture at 2 bar and 35 ◦C. It 
should be noted that H2/CO2 mixed-gas permeation measurements were 
not performed in the PAI-675 CMS membrane and PAI-800 CMS mem
brane because their H2/CO2 separation performance was less attractive. 
The mixed-gas H2 permeability (16 Barrer) and H2/CO2 separation 
factor (57) of the PAI-925 CMS membrane were lower than the H2 
permeability and H2/CO2 ideal selectivity measured under single-gas 
permeation likely due to competitive sorption effects from the highly 
condensable CO2. Similar reductions in H2 permeability and H2/CO2 

separation factor under mixture permeation were observed in CMS 
membranes derived from other polymer precursors [12,18]. Neverthe
less, the H2/CO2 mixed-gas separation performance of the PAI-925 CMS 
membrane was still above the 2008 Robeson upper bound. 

To further understand CMS membrane formation using copolymers 
comprising mixed backbones, we compared the PAI-925 CMS membrane 
with CMS membranes derived from polyaramid (MTI) and polyimide 
(Matrimid®) at identical pyrolysis conditions at 925 ◦C, which are 
codenamed PA-925 CMS (Fig. S4) and PI-925 CMS (Fig. S5), respec
tively. The three CMS hollow fiber membranes showed comparable 
mechanical flexibility (Fig. S6). The H2/CO2 permeation results of the 
PA-925 CMS membrane were reported in our previous work [15]. 
Defect-free Matrimid® polyimide precursor hollow fibers were spun and 
pyrolyzed at 925 ◦C to provide the PI-925 CMS membrane (Supporting 
Information). The chemical structure and FT-IR spectra of the Matri
mid® polyimide, Torlon® polyamide-imide, and MTI polyaramid are 
shown in Fig. 3A and B, respectively. The three polymer precursors are 
all uncrosslinked linear polymers with rigid aromatic backbones and 
without bulky side groups. The characteristic IR stretching peak at 
~3300 cm−1 corresponding to hydrogen-bonded N–H stretching vibra
tion is the strongest in PA, relatively weaker in the PAI, and absent in the 
PI [47]. Additionally, absence of the characteristic peak at ~3446 cm−1 

(free N–H stretching vibrations) indicates that all N–H groups are 
hydrogen-bonded in the polyaramid and polyamide-imide precursors 
(Fig. S7) [40]. Comprising both imide and amide backbones, the 
polyamide-imide showed intermediate density (PA: 1.37 g/cm3; PAI: 
1.36 g/cm3; PI: 1.25 g/cm3), d-spacing (PA: 3.86 Å; PAI: 4.31 Å; PI: 6.22 
Å), and thermal decomposition temperature (PA: 400 ◦C; PAI: 420 ◦C; PI: 
475 ◦C) with comparable carbon residual (~50–55 %) at 950 ◦C 
(Fig. 3C) [15]. 

The PAI also showed intermediate H2 permeability and H2/CO2 ideal 
selectivity between the PA and PI (Fig. 4A). Interestingly, the trend was 
translated into the CMS membranes, i.e., the PAI-925 CMS membrane 
showed intermediate H2 permeability and H2/CO2 ideal selectivity be
tween the PA-925 CMS membrane and PI-925 CMS membrane. The PA- 
925 CMS membrane had ultra-high H2/CO2 ideal selectivity (366), 

Fig. 1. SEM images of defect-free Torlon® PAI precursor hollow fiber membranes and PAI-derived CMS hollow fiber membranes. (A) Precursor hollow fiber 
overview; (B) Precursor hollow fiber wall; (C) Precursor hollow fiber inner bore; (D) Precursor hollow fiber outer surface; (E) CMS hollow fiber overview; (F) CMS 
hollow fiber wall; (G) CMS hollow fiber inner bore; (H) CMS hollow fiber outer surface. (A colour version of this figure can be viewed online.) 
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however, had low H2 permeability of 9 Barrer [15]. The PI-925 CMS 
membrane had much higher H2 permeability (117 Barrer) yet with un
attractive H2/CO2 ideal selectivity (12.7). In comparison, the PAI-925 
CMS membrane showed a good balance of attractive H2 permeability 
and H2/CO2 ideal selectivity. Similar trend was observed for the He/CO2 
pair, i.e., the PAI-925 CMS membrane showing intermediate He/CO2 
separation performance with a good balance between He permeability 
and He/CO2 ideal selectivity (Fig. 4B). 

The H2/CO2 separation performance of the PAI-925 CMS membrane 
remains competitive if compared with CMS membranes derived from a 
broader range of precursors (Fig. S8). For example, it shows competitive 
H2/CO2 separation performance with CMS membranes made from pol
ybenzimidazole at comparable pyrolysis conditions, a rigid flame- 
retardant polymer with much higher Tg (427 ◦C) than the Torlon® 
PAI. To our best knowledge, this was the first time that competitive gas 
separation performance was reported in PAI-derived CMS membranes. 
Although Matrimid®-derived CMS membranes can give ultra-high H2/ 
CH4 selectivity above 40,000 and CO2/CH4 selectivity above 3600 [2], it 
is not competitive with the PAI-derived CMS membrane and PA-derived 
CMS membrane for H2/CO2 and He/CO2 separation. The results shown 
in Fig. 4 had three implications to the fundamental understanding of 
structure-property relationships in CMS membranes. First, precursor 
backbone chemistry is crucial to determine the separation performance 
of CMS membranes. Second, differences in precursor transport proper
ties may be amplified in the derived CMS membranes. For example, the 
PAI precursor had 1.2 times higher H2/CO2 ideal selectivity than the PI 
precursor, whereas the PAI-925 CMS membrane had almost 7 times 

higher H2/CO2 ideal selectivity than the PI-925 CMS membrane. Third, 
pyrolysis of copolymer precursors with mixed backbone chemistry can 
provide CMS membranes with simultaneously attractive permeability 
and selectivity. 

3.3. Sorption and diffusion in CMS membranes 

We measured H2 and CO2 sorption isotherms (Fig. 5A&B) in the PAI- 
925 CMS membrane at 35 ◦C. Henry’s law was used to fit the H2 sorption 
isotherm, whereas the dual-mode sorption model [45] was used to fit the 
CO2 sorption isotherm to obtain the sorption parameters (Table S3). The 
sorption parameters allowed us to calculate H2 and CO2 sorption co
efficients (Table S4) and H2/CO2 sorption selectivity (Fig. 5C) in the 
PAI-925 CMS membrane. Based on the single-gas H2/CO2 permeation 
results (Fig. 2A) and the sorption-diffusion model [48], H2 and CO2 
diffusivity (Table S4) and H2/CO2 diffusion selectivity (Fig. 5C) in the 
PAI-925 CMS membrane were obtained. The PAI-925 CMS membrane 
had outstanding H2/CO2 diffusion selectivity ~1600. Due to much 
higher condensability, CO2 sorbs much more strongly than H2 and the 
PAI-925 CMS membrane had very low H2/CO2 sorption selectivity 
~0.05. 

The H2 and CO2 sorption properties of the PAI-925 CMS membrane 
were compared with the PI-925 CMS membrane and the PA-925 CMS 
membrane. All CMS membranes had similar H2 sorption coefficients 
(Table S4). The PAI-925 CMS membrane had comparable H2/CO2 
sorption selectivity with the PI-925 CMS membrane (~0.06), which was 
lower than the PA-925 CMS membrane (~0.11). The H2/CO2 diffusion 

Fig. 2. Gas separation performance (35 ◦C) in PAI-derived CMS membranes pyrolyzed at 675, 800, 925, and 1050 ◦C. (A) Single-gas permeabilities; (B) ideal se
lectivities; (C) H2/CO2 separation performance; (D) He/CO2 separation performance. (Solid symbols: single-gas permeation results; hollow symbols: mixed-gas 
permeation results). 
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selectivity of the PI-925 CMS membrane was only 204, which was 
responsible for its unattractive H2/CO2 ideal selectivity (Fig. 4A). The 
ultra-high H2/CO2 ideal selectivity of the PA-925 CMS membrane can be 
attributed to its H2/CO2 diffusion selectivity of 3000 [15]. Notably, the 
PAI-925 CMS membrane had intermediate H2 diffusivity and H2/CO2 

diffusion selectivity between the PI-925 CMS membrane and the PA-925 
CMS membrane, which was responsible for its good balance of H2 
permeability and H2/CO2 selectivity. 

The H2/CO2 diffusion selectivity reflects the CMS membrane ultra
micropore’s capability to differentiate H2 and CO2 molecules based on 

Fig. 3. (A) Chemical structures of polymer precursors; (B) FT-IR spectra of polymer precursors indicating characteristic peaks; (C) TGA weight loss profiles of 
polymer precursors up to 950 ◦C (N2 purge); (D) WAXD spectra of polymer precursors indicating d-spacing. (A colour version of this figure can be viewed online.) 

Fig. 4. (A) H2/CO2 separation performance (35 ◦C) of precursor polymer membranes [11,22] and CMS membranes pyrolyzed at 925 ◦C. (B) He/CO2 separation 
performance (35 ◦C) of precursor polymer membranes [9,40] and CMS membranes pyrolyzed at 925 ◦C. (Solid symbols: single-gas permeation results; hollow 
symbols: mixed-gas permeation results; squares: permeation results of CMS membranes; circles: permeation results of precursor polymer membranes.) The H2/CO2 
permeation results of the PA-925 CMS membrane were reported in Ref. [14]. (A colour version of this figure can be viewed online.) 
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their kinetic diameter difference (2.9 vs 3.3 Å). Since the PAI-925 CMS 
membrane had intermediate H2/CO2 diffusion selectivity, we hypothe
size that it had intermediate ultramicropore size between the PI-925 
CMS membrane and PA-925 CMS membrane. While moieties other 
than amide or imide can be found in the polymer backbones (e.g., ketone 
in the PI and ether in the PAI), it was apparent that the precursor average 
d-spacing (Fig. 3D) was dominated by hydrogen bonding provided by 
the amide moiety, i.e., PI (6.22 Å) > PAI (4.31 Å) > PA (3.86 Å). With 
strong hydrogen bonding provided by the highly concentrated amide 
moieties, the PA had closely packed chains and the smallest d-spacing. 
With mixed amide and imide backbone chemistry and weaker hydrogen 
bonding (Fig. 3B and Fig. S7), the PAI precursor had less closely packed 
chains and larger d-spacing than the PA precursor. Without amide 
moiety and hydrogen bonding, the PI precursor had the least closely 
packed chains and the largest d-spacing. Polymer precursors with 
closely packed chains can provide closely packed aromatic strands and 
graphitic plates during pyrolysis to give CMS membranes with small 
ultramicropores. Therefore, the intermediate ultramicropore size of the 
PAI-925 CMS membrane can be attributed to the intermediate d-spacing 
in the PAI precursor. 

3.4. Pore structure characterization of CMS membranes 

To support the hypothesis that the PAI-derived CMS membrane had 
intermediate ultramicropore size, we characterized the pore structure of 
the CMS membranes. Physisorption of CO2 at 0 ◦C is widely used to 
examine CMS membrane pore structure. The CO2 sorption isotherms 
(Fig. 6A) were fitted with a DFT model (0 ◦C, carbon slit pores) to obtain 
the pore size distribution curves (Fig. 6B) and cumulative pore volume 
(Fig. 6C). The PAI-925 CMS membrane had similar pore volume to the 
PI-925 CMS membrane, which were both much larger than the PA-925 

CMS membrane. Notably, no appreciable differences in pore size were 
seen in the three CMS membranes. 

While CO2 physisorption is broadly used to study the pore structure 
of nanoporous carbon [2,49], we believe it is not useful to characterize 
highly refined ultramicropores smaller than 3.0 Å to obtain the crucial 
pore structure knowledge needed to evaluate CMS membranes for 
H2/CO2 separations. It cannot characterize ultramicropores smaller than 
3.3 Å due to exclusion of the CO2 probe molecule (kinetic diameter 3.3 
Å) [15]. In fact, the DFT model can only calculate pores larger than 3.6 Å 
if CO2 sorption isotherms are used. As the pyrolysis temperature of the 
PAI-derived CMS membrane increased, the He/H2 ideal selectivity was 
enhanced (Fig. 2B). This can be attributed to refining of the ultra
micropores between the kinetic diameters of He (2.6 Å) and H2 (2.9 Å), 
which is evidence that ultramicropores smaller than 3.0 Å existed. These 
sub-3.0 Å ultramicropores possibly played important roles in H2/CO2 
separation in the CMS membranes. 

Since CO2 physisorption was not useful, was carried out X-ray 
photoelectron spectroscopy (XPS) to characterize the CMS membrane 
pore structure. The results show that all three CMS membranes con
tained carbon, nitrogen, and oxygen (Fig. 7A–C and Fig. S9). High- 
resolution C1s spectra were obtained to quantify the sp3/sp2 carbon 
ratio in the CMS membranes (Fig. 7D–F). The C1s spectra were decon
voluted into three peaks corresponding to sp2 C (284 eV), sp3 C (286 eV) 
and C–O functionalities (290 eV) [50]. The ratio of sp3/sp2 carbon was 
evaluated using the ratio of the respective peak areas in the C1s spectra 
[8,24]. The sp3/sp2 carbon ratio is indicative of the level of disorder in 
the amorphous graphitic structure of the CMS membranes, i.e., smaller 
sp3/sp2 carbon ratio suggests a more ordered graphitic structure and 
hence smaller CMS membrane inter-plate spacing and ultramicropore 
size. The sp3/sp2 carbon ratio of the three CMS membranes had the 
following order: PI-925 > PAI-925 > PA-925. The finding thus supports 

Fig. 5. (A) H2 sorption isotherms and (B) CO2 sorption isotherms (35 ◦C) in CMS membranes pyrolyzed at 925 ◦C; (C) H2/CO2 diffusion selectivity and H2/CO2 
sorption selectivity in CMS membranes pyrolyzed at 925 ◦C. The H2 and CO2 sorption isotherms of the PA-925 CMS membrane were reported in Ref. [14]. (A colour 
version of this figure can be viewed online.) 

Fig. 6. Characterizing the CMS membrane pore structure using CO2 physisorption at 0 ◦C. (A) CO2 physisorption isotherms; (B) Pore size distribution curves; (C) 
Cumulative pore volume. The CO2 physisorption results of the PA-925 CMS membrane were reported in Ref. [14]. (1 cm3 [STP]/g = 0.0446 mmol/g). 
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the hypothesis that the PAI-derived CMS membrane has intermediate 
ultramicropore size. 

In addition to pore structure characterization, XPS results are useful 
to understand the role of sorption in CMS membranes. The CMS mem
brane nitrogen weight percentage (PA-925 [1.75 %] > PAI-925 [1.6 %] 
> PI-925 [0.52 %]) follows the same trend of CO2 Langmuir affinity 
constants (PA-925 [0.105 cmHg−1] > PAI-925 [0.047 cmHg−1] > PI- 
925 [0.040 cmHg−1], Table S3). The higher nitrogen weight percentage 
possibly gave higher surface heterogeneity of CMS membranes and 
hence stronger CO2 adsorption [8]. The stronger CO2 adsorption, how
ever, is offset by much slower CO2 diffusion, and H2/CO2 separation in 
the CMS membranes studied in this work is governed by diffusion 
selectivity. 

To complement the XPS analysis, we performed WAXD (Figure S10) 
and Raman spectroscopy (Fig. 8) to further investigate the CMS mem
brane pore structure. The PAI-925 CMS membrane and PA-925 CMS 

membrane showed similar d-spacing (3.61 Å), which were both smaller 
than the PI-925 CMS membrane (3.82 Å). While WAXD results are 
generally valuable to understand the pore structure of CMS materials, 
several previous studies [2,13] showed that WAXD had limitations to 
characterize CMS membranes with highly refined ultramicropores. Two 
characteristic bands commonly observed for amorphous carbonaceous 
materials – the D band (~1350 cm−1) and G band (~1590 cm−1) were 
seen in the Raman spectra of all three CMS membranes. The D band was 
related to the A1g-symmetry vibrational mode of structural defects, 
indicating presence of disorder in the carbon structure. The G band was 
related to the E2g-symmetry mode of the aromatic sp2-carbon and linear 
chains corresponding to C––C in-plane stretching in graphitic carbon 
materials. With increasing degree of disorder and presence of oxygen
ated functionalities, secondary peaks appear in the D band. Therefore, 
each Raman spectrum was decoupled using 5 Gaussian peaks – D1, D2, 
D3, D4, G to fit the experimental data [23]. The D1 peak (~1350 cm−1) 

Fig. 7. (A–C) XPS survey spectra and (D–F) high-resolution C1s spectra of CMS membranes. The insets in (A–C) indicate the elemental composition of each CMS 
membrane. (A colour version of this figure can be viewed online.) 

Fig. 8. Raman spectra of (A) PI-925 CMS membrane; (B) PAI-925 CMS membrane; (C) PA-925 CMS membrane. The Raman spectra of the PA-925 CMS membrane 
was reported in Ref. [14]. (A colour version of this figure can be viewed online.) 
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was associated with the basal plane defects in the graphitic structure. 
The ID1/IG ratio [23] can be used as a measure of the concentration of sp2 

carbon, i.e., lower ID1/IG ratio indicates higher concentration of sp2 

carbon and smaller ultramicropores. The ID1/IG ratio of the three CMS 
membranes had the following order: PI-925 > PAI-925 > PA-925. The 
finding is hence consistent with the results of XPS and supports the 
hypothesis that the PAI-derived CMS membrane has intermediate 
ultramicropore size. 

4. Conclusions 

To summarize, we developed novel carbon molecular sieve (CMS) 
hollow fiber membranes for H2/CO2 and He/CO2 separation using a 
polyamide-imide (PAI) copolymer precursor. The PAI-derived CMS 
hollow fiber membranes pyrolyzed at 925 ◦C showed a good balance of 
H2 permeability (33 Barrer) and H2/CO2 ideal selectivity (94) well 
above the 2008 Robeson upper bound under single-gas permeation. 
Under mixed-gas permeation, the membrane remained above the 2008 
Robeson upper bound with attractive H2 permeability (16 Barrer) and 
H2/CO2 separation factor (57). The PAI-derived CMS membrane was 
compared with CMS membranes derived from polyimide (PI) and pol
yaramid (PA) precursors at identical pyrolysis conditions at 925 ◦C. The 
PAI had intermediate H2 permeability and H2/CO2 selectivity between 
the PI and PA. The trend was translated into the CMS membranes, with 
the PAI-derived CMS membrane showing intermediate H2 permeability 
and H2/CO2 selectivity between the PI-derived CMS membrane and the 
PA-derived CMS membrane. Sorption studies suggest that it was because 
the PAI-derived CMS membrane had intermediate H2 diffusivity and H2/ 
CO2 diffusion selectivity, which was attributed to its intermediate 
ultramicropore size. 

To our best knowledge, this is the first study of PAI-derived CMS 
hollow fiber membranes showing attractive separation performance. It 
is also the first systematic investigation of CMS membranes derived from 
copolymer precursor comprising mixed backbone chemistry via a com
parison with CMS membranes derived from precursors comprising the 
individual backbones. The findings of this work have three implications 
to the fundamental understanding of structure-property relationships in 
CMS membranes. First, precursor backbone chemistry is crucial to 
determine the separation performance of CMS membranes. Second, 
differences in precursor transport properties may be amplified in the 
derived CMS membranes. Third, pyrolysis of copolymers with mixed 
backbone chemistry can be used as a strategy to develop CMS mem
branes with simultaneously attractive permeability and selectivity. 
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