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A B S T R A C T   

Catalytic propane dehydrogenation membrane reactors require membranes with highly attractive high- 
temperature H2/C3H8 separation performance. In this work, we show that polyimide-derived asymmetric car
bon molecular sieve (CMS) hollow fiber membranes with thin (~5 μm) separation layers can provide outstanding 
high-temperature (up to 600 ◦C) H2/C3H8 separation factors 2–100 folds higher than microporous oxide mem
branes. The effects of CMS membrane pyrolysis condition, permeation temperature, and feed composition on 
high-temperature H2/C3H8 separation performance were systematically investigated. CMS hollow fiber mem
branes pyrolyzed at 675 ◦C showed stable H2 permeance of 430 GPU and H2/C3H8 separation factor of 511 at 
600 ◦C using a 50%/50% H2/C3H8 feed mixture under a continuous permeation test of ~130 h. It was found that 
CMS membrane pore structure and separation performance may be modulated by hydrogenation and coke 
deposition by the H2/C3H8 mixture under high-temperature permeation. A trade-off between these two potential 
reactions is achieved by controlling H2/C3H8 compositions, leading to stable CMS under high-temperature 
conditions. The results suggest that asymmetric CMS hollow fiber membranes are potentially attractive for 
catalytic propane dehydrogenation membrane reactors under controlled high-temperature reaction conditions.   

1. Introduction 

Large-scale membrane gas and vapor separations are rarely practiced 
at temperatures above 200 ◦C. This is mostly due to a lack of scalable 
high-temperature separation membranes rather than the need for high- 
temperature membrane applications. Catalytic membrane reactors are 
among the potential applications of high-temperature membrane sepa
ration. By removing one or more reaction products, catalytic membrane 
reactors integrate chemical conversion and separation providing 
enhanced conversion of reversible reactions based on the Le Chatelier’s 
principle [1]. High-temperature catalytic membrane reactors have been 
studied for hydrocarbon dehydrogenation [2,3], water-gas shift reaction 
[4,5], methanol steam reforming [6], CO2 hydrogenation [7,8], and 
methane conversion [9–11]. Notably, propane dehydrogenation (PDH) 
membrane reactors are of particular interest for on-purpose propylene 
production [12]. Propane dehydrogenation is an equilibrium limited 
reaction with heat of reaction (298 K) of 124.3 kJ/mol. Commercial 
PDH reactors are carried out above 525 ◦C to enhance C3H8 conversion, 

which often causes catalyst deactivation by coking [13]. By selectively 
removing H2, PDH membrane reactors can potentially achieve 
economically attractive C3H8 conversion at lower reaction temperatures 
with mitigated catalyst coking. Hydrogen-permeable membranes with 
attractive high-temperature H2/C3H8 separation performance are 
crucial to provide enhanced C3H8 conversion and minimized C3H8 loss 
in PDH membrane reactors. Inorganic membranes (e.g., zeolite, micro
porous silica, metallic, and ion-transport ceramic) have outstanding 
high-temperature stability and can enhance propane conversion in PDH 
membrane reactors [14–21]. This fact notwithstanding, no PDH mem
brane reactors are used at large-scale due to inadequate scalability of 
most inorganic membranes. 

Carbon molecular sieve (CMS) membranes have been studied for gas 
and vapor separations due to their unique balance of high separation 
performances and good scalability [22,23]. Pilot-scale demonstrations 
of CMS hollow fiber membranes have been reported for off-shore natural 
gas purification [24]. Recently, Lei and co-workers showed the feasi
bility to produce high-purity H2 in a two-stage CMS hollow fiber 
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membrane system [25]. CMS membranes are derived by carbonization 
of polymer precursors above their decomposition temperatures under 
inert atmosphere or vacuum, which results in graphene layers packed 
imperfectly to form a disordered pore structure [26]. Molecular trans
port in CMS membrane is controlled by its disordered pore structure 
often described by the bimodal pore size distribution, where the slit-like 
pores are comprised of micropore “chambers” (7–20 Å) and ultra
micropore “windows” (<7 Å) [26]. This unique pore structure gives 
CMS membranes simultaneous high productivity and high separation 
efficiency exceeding those of polymer membranes [27] and competitive 
with many inorganic membranes [28]. The pore structure and separa
tion performance of CMS membranes can be controlled by rational 
design of polymer precursor chemistry [29–32]. Owing to their excellent 
tunability, CMS membranes have shown attractive separation perfor
mance for many economically important gas [33], vapor [34,35], and 
organic solvent separations [36] at ambient temperatures. 

Due to excellent thermal resistance and chemical stability, CMS 
membranes are promising candidates for high-temperature gas and 
vapor separations. Sznejer and co-workers reported attractive 
hydrogen/hydrocarbon separation factors in dense-wall symmetric CMS 
hollow fiber membranes at temperatures up to 400 ◦C [37]. Itoh and 
Haraya studied a hydrogen-permeable CMS membrane reactor for 
non-oxidative cyclohexane dehydrogenation at 195 ◦C using a 
polyimide-derived CMS membrane [38]. The results showed cyclo
hexane conversion in the CMS membrane reactor exceeded the ther
modynamic equilibrium conversion. Hydrogen-permeable CMS 
membrane reactors were also investigated for non-oxidative iso-butane 
dehydrogenation [39], non-oxidative methyl-cyclohexane dehydroge
nation [40], water gas shift reaction [41,42], and methanol steam 
reforming [43,44]. It should be noted that the permeation temperature 
in these CMS membrane reactor studies usually do not exceed ~500 ◦C. 
CMS membranes have not been studied for propane dehydrogenation 
membrane reactors, which require higher permeation temperatures 
above 500 ◦C. In addition, systematic studies of CMS membrane 
high-temperature permeation properties are lacking. Several of the 
aforementioned CMS membrane reactor studies use CMS membranes 
supported on thick (diameter 6–10 mm) ceramic tubular supports. With 
much smaller diameters (~0.1–1 mm) and thin separation layers (0.5–5 
μm), the recently emerged asymmetric CMS hollow fiber membranes 
[45] and composite CMS hollow fiber membranes [46,47] can provide 
much higher membrane packing density and permeances [48,49]. They 
are more attractive than tubular CMS/ceramic structures for 
high-temperature catalytic membrane reactor applications. 

In this work, we aim to explore the high-temperature gas separation 
performance of asymmetric CMS hollow fiber membranes in non- 
oxidative propane dehydrogenation conditions. We systematically 
studied H2/C3H8 separation in hydrogen-permeable polyimide-derived 
asymmetric CMS hollow fiber membranes with thin separation layers 
(~5 μm) at permeation temperature up to 600 ◦C. The roles of mem
brane pyrolysis condition and permeation temperature on high- 
temperature H2/C3H8 separation performance were investigated. The 
Arrhenius equation was used to calculate CMS membrane intrinsic 
permeation properties using measured average permeances. We also 
studied the effects of feed composition on high-temperature H2/C3H8 
separation performance of CMS hollow fiber membranes. The results 
allowed us to understand the effects of high-temperature H2 and C3H8 
exposure on CMS pore structure and transport properties. Finally, a 
continuous ~130-h permeation test was carried out at 600 ◦C to 
demonstrate the outstanding long-term stability of CMS hollow fiber 
membrane performance under high-temperature permeation. The pre
sent study forms a basis for the development of CMS membrane reactors 
for propane dehydrogenation chemistry. The materials and concepts are 
applicable to other direct non-oxidative hydrocarbon activations such as 
ethane and methane upgrading reactions. 

2. Theory and background 

Transport in CMS membranes follows the sorption-diffusion mech
anism [50]. Permeability is a measure of membrane intrinsic produc
tivity and is defined as partial pressure difference and membrane 
thickness normalized flux. The separation layer thickness of asymmetric 
hollow fiber membranes usually cannot be unambiguously determined, 
and permeance (Pi/l) is often used to describe the membrane produc
tivity, which is defined as partial pressure difference (Δpi) normalized 
flux (Ji) 
(

Pi

l

)

=
Ji

Δpi
(1)  

where Pi is the permeability of component i and l is membrane separa
tion layer thickness. The units often used for permeability and per
meance are Barrer and gas permeation unit (GPU), respectively 

1 ​ Barrer = 10−10cm3(STP)⋅cm
cm2⋅s⋅cmHg

(2)  

1 ​ GPU = 10−6 cm3(STP)

cm2⋅s⋅cmHg
(3) 

Selectivity is a measure of membrane separation efficiency. The ideal 
permselectivity of a membrane with negligible downstream pressure is 
defined as the ratio of permeabilities or permeances 

αA/B =
PA

PB
=

PA/l
PB/l

(4) 

With mixture feed, separation factor is often used to describe mem
brane separation efficiency 

αA/B =
yA/yB

xA/xB
(5)  

where y and x are molar composition at membrane permeate side and 
retentate side, respectively. Permeability can further be written as the 
product of diffusivity Di and sorption coefficient Si 

Pi = Di⋅Si (6) 

The temperature dependence of diffusivities can be described by the 
Arrhenius relationship (Eqn. (7)). The temperature dependence of 
sorption coefficients can be described using the van’t-Hoff equation 
(Eqn. (8)) [51]. 

Di = Di0 ​ exp
(

−
ED,i

RT

)

(7)  

Si = Si0 ​ exp
(

−
ΔHS,i

RT

)

(8)  

where Di0 and Si0 are pre-exponential factors, R is the universal gas 
constant (J/mol/K), and T is the absolute temperature (K), ED,i is the 
activation energy for diffusion (kJ/mol) and ΔHS,i is the heat of sorption 
(kJ/mol). According to Eqns. (6)–(8), the temperature dependence of 
permeance follows an Arrhenius relationship 
(

Pi

l

)

=

(
Pi0

l

)

exp
(

−
EP,i

RT

)

(9)  

where Pi0/l is the pre-exponential factor and EP,i is the apparent acti
vation energy for permeation (kJ/mol) 

EP,i = ED,i + ΔHS,i (10)  
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3. Experimental methods 

3.1. Materials 

Matrimid® 5218 polyimide was provided by Huntsman Corporation 
(Salt Lake City, UT). Vinyltrimethoxysilane (VTMS, 97%), N-Methyl-2- 
pyrrolidone (NMP, anhydrous, 99.5%), tetrahydrofuran (THF, anhy
drous, 99.5%), ethanol (anhydrous, 99.5%), and hexane (mixture of 
isomers, anhydrous, 99%) were obtained from Sigma Aldrich (St. Louis, 
MO). Methanol (99.8% ACS, VWR Chemicals BDH®) and hexane (98.5% 
ACS, Millipore Sigma) were used for precursor hollow fiber solvent ex
change. All chemicals were used as received. 

3.2. Formation of precursor hollow fiber membranes 

Monolithic Matrimid® precursor hollow fiber membranes were 
fabricated using dry-jet/wet-quench fiber spinning [52,53] with a 
custom-built hollow fiber spinning system. Matrimid® 5218 polyimide 
powder was dried under vacuum at 110 ◦C for 15 h for moisture 
removal. The polymer dope composition [54] and spinning parameters 
are shown in Table S1. The as-spun precursor hollow fiber membranes 
were soaked in three separate deionized water baths over the course of 
72 h and solvent exchanged with three separate 20 min methanol baths 
followed by three separate 20 min hexane baths. After being dried in a 
fume hood overnight, the precursor hollow fibers were dried under 
vacuum at 75 ◦C for 12 h. 

3.3. Formation of CMS hollow fiber membranes 

The precursor hollow fibers were treated by VTMS to resist substrate 
collapse during pyrolysis. The precursor hollow fibers were soaked in a 
10 wt% VTMS/hexane solution for 24 h and then exposed to water- 
vapor saturated air for another 24 h at room temperature. The VTMS- 
treated precursor hollow fibers were vacuum dried at 150 ◦C for 12 h 
prior to pyrolysis [45]. Pyrolysis of VTMS-treated precursor hollow fi
bers was performed in a three-zone tube furnace (MTI Corporation, 
Richmond, CA). The precursor hollow fibers were placed on a 
stainless-steel wire mesh (McMaster Carr, Robbinsville, NJ) in a quartz 
tube (MTI Corporation, Richmond, CA) and then loaded into the 
furnace. Ultra-high purity (UHP) argon was introduced to the quartz 
tube at 200 cc/min using a mass flow controller (MTI Corporation, 
Richmond, CA). The oxygen level in the system was kept below 5 ppm 
prior to pyrolysis, which was monitored by an oxygen analyzer (Cam
bridge Sensotec, Saint Ives, UK). The heating protocol below was used 
for pyrolysis:  

1) Room temperature to 250 ◦C, 13.3 ◦C/min  
2) 250 to Tfinal-15, 3.85 ◦C/min (Tfinal = 550, 675, or 800 ◦C)  
3) Tfinal-15 to Tfinal, 0.25 ◦C/min  
4) Dwelling at Tfinal for 2 h  
5) Cooling down naturally to room temperature 

3.4. Formation of CMS dense films 

Matrimid® polymer precursor dense films were formed by solution 
casting [55]. Dried Matrimid® powders were dissolved in THF to pre
pare a ~20 wt% polymer solution. A nascent polymer film was obtained 
by knife-casting the polymer solution on a glass plate inside a THF 
saturated glove bag (Glas-Col, Terre Haute, IN). Following solvent 
evaporation, the film was removed from the glass plate and dried under 
vacuum at 110 ◦C for 12 h. CMS dense films were formed by pyrolysis of 
the Matrimid® polymer precursor dense films at 675 ◦C using the 
identical pyrolysis protocol with the aforementioned CMS hollow fiber 
membranes. 

3.5. Construction of CMS hollow fiber membrane modules 

CMS hollow fiber membrane modules were constructed following a 
similar procedure described in the literature [56]. Quartz tube (Quartz 
Scientific Inc. Fairport Harbor, OH) and stainless steel ultratorr fittings 
(Swagelok, Solon, OH) were used for the module construction. The 
length of the hollow fiber module was ~40 cm. Each module contained a 
single CMS hollow fiber. Epoxy (3M™ Scotch-Weld™ DP-100) was used 
as sealing. During high-temperature permeation, the Epoxy-sealed 
module connections were kept outside the furnace and exposed to 
ambient conditions. 

3.6. High-temperature permeation measurements 

The separation performance of CMS hollow fiber membranes was 
evaluated by a custom high-temperature permeation system (Fig. 1), in 
which the desired permeation temperature was achieved by heating the 
quartz tube portion of the hollow fiber module by a 14-cm single-zone 
tube furnace (DS Fibertech Corporation, Santee, CA). During the tem
perature ramping, inert gas (N2) was introduced to hollow fiber shell 
and bore sides to prevent membrane decomposition by air. The stability 
of CMS membranes under high temperature inert gas was verified by 
mass spectrometry (Fig. S1). Once the temperature reached the target 
value, a H2/C3H8 feed mixture (1 bar, 30 cc/min) was introduced to the 
hollow fiber shell side while N2 sweep gas (10 cc/min) was introduced to 
the hollow fiber bore side. Permeate flow rate was measured using a 
bubble flow meter and permeate compositions were analyzed by an 
Agilent-6890 gas chromatograph (GC). A thermal conductivity detector 
(TCD) and a packed column (HayeSep DB, Agilent) were used for H2 
detection. A flame ionization detector (FID) and a capillary column (GS- 
GasPro, Agilent) were used for C3H8 detection. Permeation data were 
continuously collected until the GC readings became stabilized for at 
least 3 h. Each permeation measurement was run for a minimum of 24 h. 

Since heating provided by the single-zone furnace was not uniform 
(Fig. 1), average permeances and average separation factors were ob
tained by the permeation measurements. As the module temperature 
dramatically drops outside the furnace and membrane permeance drops 
exponentially with temperature (Eqn. (9)), only permeation from the 

Fig. 1. Schematic illustration of the high-temperature H2/C3H8 permeation system. (MFC: mass flow controller).  
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hollow fiber module inside the furnace was considered for permeance 
calculations. The measured average permeances were used to calculate 
apparent permeation activation energies 

Pi, average =
1
L

∫
L
2

−L
2

Pi0exp
(

EP,i

RT(z)

)

dz (11)  

where Pi, average is the measured average permeance of component i, T(z)

is the measured temperature distribution profile, L is furnace length 
(L = 14 ​ cm) and z is the location (z = 0 cm at the center of the furnace). 
With the average permeances and temperature distribution profiles 
measured at different furnace set temperatures, the apparent perme
ation activation energies can be calculated by the least-squares method. 

3.7. Characterizations 

The morphology of CMS hollow fiber membranes was examined by a 
XEIA3 TESCAN scanning electron microscope (SEM) with an operating 
voltage of 10 kV. CO2 physisorption isotherms (273.15 K) were 
measured using an ASAP 2020PLUS physisorption analyzer (Micro
meritics, Norcross, GA). The density functional theory (slit pores) was 
used to calculate the pore size distribution, pore surface area, and pore 
volume using the measured CO2 physisorption isotherms. 

4. Results and discussion 

4.1. Effects of pyrolysis temperature on high-temperature H2/C3H8 
separation performance 

Catalytic membrane reactors require membranes with a balance of 
attractive permeance and separation factor. While high permeances are 
useful to provide enhanced conversion, outstanding separation factors 
are needed to minimize reactant loss. We studied the effects of pyrolysis 
temperature on controlling high-temperature H2/C3H8 separation per
formance of CMS hollow fiber membranes. Monolithic Matrimid® pre
cursor hollow fibers were fabricated using dry-jet/wet-quench hollow 
fiber spinning (Fig. S2). Asymmetric CMS hollow fiber membranes were 
derived from the precursor hollow fibers by pyrolysis at 550, 675, and 
800 ◦C, respectively. The asymmetric CMS hollow fiber membranes had 

an outer diameter of ~265 μm and a separation layer ~5 μm on top of a 
porous substrate (Fig. 2a). The H2/C3H8 separation performance 
(Fig. 2b–d) of CMS hollow fiber membranes was measured at 600 ◦C 
(furnace set temperature) using a 50%/50% H2/C3H8 feed mixture at 1 
bar. 

As the pyrolysis temperature increased from 550 to 800 ◦C, the H2/ 
C3H8 separation factor increased by more than two orders of magnitude 
from 130 to 35177 with ~68% drop in H2 permeance (Fig. 2e). Previous 
studies show that CMS ultramicropores are refined as the pyrolysis 
temperature increases [27], which is presumably responsible for the 
dramatically increased H2/C3H8 separation factor. The refined ultra
micropores can increase diffusion selectivity via enhancing molecule 
size discrimination (C3H8 kinetic diameter~4.3 Å vs H2 kinetic diam
eter~2.9 Å). In addition, finer ultramicropores can increase sorption 
selectivity by excluding bulkier C3H8 molecules [57]. While diffusion 
selectivity normally reduces with increasing permeation temperature 
[58], such exclusion-mediated sorption selectivity is presumed to be 
independent of permeation temperature, and is possibly responsible for 
the ultra-high separation factors at 600 ◦C. Propane is much more 
condensable than hydrogen (critical temperature: 369.5 K vs 32.9 K), 
and competition effects are expected to compromise H2/C3H8 separation 
factors under mixture permeation. The competition effects were likely 
suppressed due to reduced sorption under high-temperature permeation 
at 600 ◦C, which enabled the attractive H2/C3H8 separation factors 
shown in Fig. 2. Notably, the CMS hollow fiber membranes pyrolyzed at 
550 and 675 ◦C had almost identical H2 permeances. This is possibly 
because CMS membrane prepared at 550 ◦C underwent further pyrolysis 
and pore structure change during permeation at 600 ◦C. Overall, the 
CMS hollow fiber membrane pyrolyzed at 675 ◦C provides a good bal
ance between H2 permeance and H2/C3H8 separation factor, and was 
therefore chosen for more detailed studies on the effects of permeation 
temperature and feed composition. 

4.2. Effects of permeation temperature on high-temperature H2/C3H8 
separation performance 

Temperatures of catalytic membrane reactors are often chosen to 
maximize catalyst selectivity and product yield. It is important to un
derstand the effects of permeation temperature on membrane high- 
temperature separation performance. The CMS hollow fiber membrane 

Fig. 2. (a) SEM images of an asymmetric CMS hollow fiber membrane; H2/C3H8 permeation results in CMS hollow fiber membranes pyrolyzed at (b) 550 ◦C, (c) 
675 ◦C, and (d) 800 ◦C; (e) Stabilized average permeances and separation factors. The permeation measurements were performed at 600 ◦C (furnace set temperature) 
using a 50%H2/50%C3H8 feed mixture (1 bar). 
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pyrolyzed at 675 ◦C was studied for H2/C3H8 mixture (50%/50%) 
permeation at furnace set temperatures of 400, 500, and 600 ◦C (Fig. 3). 
As the temperature increased from 400 to 600 ◦C, the average H2 per
meance increased from 331 to 458 GPU while the average H2/C3H8 
separation factor decreased from 2127 to 591. It should be noted that the 
permeation test at 400 ◦C (Fig. 3a) required longer time (~27 h) to reach 
steady state possibly due to lower diffusivity at lower permeation 
temperature. 

Since heating provided by the single-zone furnace (Fig. 1) was not 
uniform, average permeances and separation factors were obtained from 
the permeation measurements. To predict permeances and separation 
factors at a given temperature, temperature distribution profiles 
(Fig. 4a) inside the furnace were obtained at each furnace set temper
ature. The temperature at the furnace center was equal to the furnace set 
temperature and reduced towards the edge of the furnace. The measured 
average permeances and temperature distribution profiles allowed us to 
calculate (Eqn. (11)) H2 and C3H8 apparent permeation activation en
ergies using the least-squares method, which is 12.2 kJ/mol and 24.2 
kJ/mol, respectively. The positive apparent permeation activation en
ergies suggest high-temperature permeation of H2 and C3H8 in the CMS 

membrane is dominated by diffusion. The apparent activation perme
ation energy of C3H8 is higher than that of C2H6 (19.0 kJ/mol), which 
was obtained from ambient temperature (25–50 ◦C) C2H6 permeation 
data measured in Matrimid®-derived CMS dense films pyrolyzed at 
675 ◦C [58]. Using the obtained apparent permeation activation en
ergies and pre-exponential factors, H2 and C3H8 permeances and 
H2/C3H8 selectivity at 0–1000 ◦C (Fig. 4b) were calculated using the 
Arrhenius equation (Eqn. (9)). 

4.3. Effects of feed composition on high-temperature H2/C3H8 separation 
performance 

We studied the effects of feed composition on H2/C3H8 separation 
performance of asymmetric CMS hollow fiber membranes at furnace set 
temperature of 600 ◦C (Fig. 5). The CMS hollow fiber membranes py
rolyzed at 675 ◦C were used for the permeation measurements. Five H2/ 
C3H8 feed mixtures were used: (A) 15%/85% H2/C3H8; (B) 25%/75% 
H2/C3H8; (C) 50%/50% H2/C3H8; (D) 60%/40% H2/C3H8; (E) 75%/ 
25% H2/C3H8. With feed A (15%/85% H2/C3H8), the CMS hollow fiber 
membrane showed reduced average H2 and C3H8 permeances and 

Fig. 3. H2/C3H8 permeation results in CMS hollow fiber membranes measured at different furnace set temperatures (a) 400 ◦C, (b) 500 ◦C, and (c) 600 ◦C; (d) 
Stabilized average permeances and separation factors. The measurements were carried out using the CMS hollow fiber membrane pyrolyzed at 675 ◦C with a 50%H2/ 
50%C3H8 feed mixture (1 bar). 

Fig. 4. (a) Furnace temperature distribution profiles (furnace length = 14 cm); (b) Calculated H2 and C3H8 permeances and H2/C3H8 selectivity at 0–1000 ◦C.  
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increased average H2/C3H8 separation factor over time and a stable H2/ 
C3H8 separation factor cannot be obtained following 25 h (Fig. 5a). To 
understand the time-dependent permeation properties, we prepared 
CMS dense films using Matrimid® precursor dense films and exposed the 
CMS dense films to pure propylene (C3H6) at 600 ◦C. Following the C3H6 
exposure, both the density functional theory (DFT) pore surface area and 
pore volume of the CMS dense film dramatically dropped (Table 1). We 
hypothesize gas-phase propane dehydrogenation reaction occurred in 
the CMS hollow fiber module feed side and produced C3H6, which is 
known as a coke precursor. Polymerization of adsorbed C3H6 molecules 
possibly caused deposition of carbonaceous materials (coke) in the CMS 
membrane pore network (Fig. 6a), thereby altering the membrane pore 
structure and permeation properties over time. Indeed, chemical vapor 
deposition of C3H6 and other hydrocarbons was used as a post-treatment 
tool to refine the pore size of CMS membranes and adsorbents [59,60]. 

With feed E (75%/25% H2/C3H8), the CMS hollow fiber membrane 
showed increased H2 and C3H8 permeances and reduced H2/C3H8 sep
aration factor over time (Fig. 5e). Hydrogen is known as a gasifying 

agent, which can remove carbonaceous deposits from coked catalysts via 
hydrogenation [61]. A recent report showed that mixing H2 in pyrolysis 
purge gas can increase CMS pore sizes [34]. We hypothesize that 
adsorbed H2 molecules can cause hydrogenation and thinning of the 
graphene sheets that constitute the CMS ultramicropores under 
high-temperature permeation (Fig. 6b), which increases CMS ultra
micropore size. The enlarged CMS ultramicropores increase diffusivities 
and permeances while reducing the membrane diffusion selectivity and 
separation factor. To test this hypothesis, Matrimid®-derived CMS dense 
films were exposed to pure H2 at 600 ◦C. Following H2 exposure, the 
CMS dense film showed increased DFT pore surface area and pore vol
ume (Table 1). Comparing the pore size distribution between fresh CMS 
dense film and H2-exposed CMS dense film indicates that 
high-temperature H2 exposure enlarged the CMS ultramicropores. 
Remarkably, the “fine” ultramicropores smaller than 5 Å disappeared 
following the high-temperature H2 exposure (Fig. 6c). These results 
indicate that high-temperature H2 exposure can be used as 
post-synthetic modification to tune the pore structure and separation 
performance of CMS membranes. 

The CMS membrane structural changes by C3H6-induced coke 
deposition and H2-dehydrogenation are not known to take place under 
room-temperature permeation. They are possibly unique to high- 
temperature permeation, in which both the membrane and the pene
trants are more reactive. Notably, the asymmetric CMS hollow fiber 
membrane can provide stable high-temperature H2/C3H8 separation 
performance under a comfortably wide feed composition window of 

Fig. 5. H2/C3H8 permeation results in CMS hollow fiber membranes using feed mixture (1 bar) comprising (a) 15%/85% H2/C3H8, (b) 25%/75% H2/C3H8, (c) 50%/ 
50% H2/C3H8, (d) 60%/40% H2/C3H8, and (e) 75%/25% H2/C3H8; (f) Stabilized average permeances and separation factors under feed (b), (c), and (d). The 
measurements were performed at 600 ◦C using the CMS hollow fiber membrane pyrolyzed at 675 ◦C. 

Table 1 
DFT pore surface area and pore volume (pore width <10.66 Å) of CMS films.   

Fresh CMS C3H6-exposed CMS H2-exposed CMS 

Pore surface area (m2/g) 346.0 123.2 429.5 
Pore volume (cm3/g) 0.102 0.034 0.133  

Fig. 6. Schematics showing hypothetical CMS pore structure changes as a result of (a) C3H6-induced coke deposition and (b) H2-induced hydrogenation; (c) DFT pore 
size distribution of fresh CMS dense films and CMS dense films exposed to pure C3H6 and pure H2. 
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25–60% H2 (i.e., feed B, C, and D, Fig. 5b–d). The stable separation 
performance was presumably obtained by a dynamic equilibrium be
tween competing C3H6-induced coke deposition and H2-induced hy
drogenation. The results suggest that asymmetric CMS hollow fiber 
membranes are potentially suitable for PDH membrane reactors under 
controlled reaction conditions. We speculate that the stable feed 
composition window is determined by permeation temperature, feed 
pressure, and CMS membrane pore structure, possibly among other 
factors. An in-depth study on these factors will undoubtedly be useful to 
further assess CMS membranes for PDH membrane reactor applications, 
however, is beyond the scope of this work. 

4.4. Membrane stability under long-term high-temperature permeation 

A CMS hollow fiber membrane module was constructed to study the 
membrane long-term stability under high-temperature H2/C3H8 
permeation. The permeation test was performed at 600 ◦C using the 
asymmetric CMS hollow fiber membrane pyrolyzed at 675 ◦C under 
50%/50% H2/C3H8 feed. Once steady state permeation was reached 
(~10 h), the membrane showed outstanding stability (Fig. 7a) under 
continuous permeation for ~130 h with average H2 permeance of 430 
GPU and average H2/C3H8 separation factor of 511. Only a slight drop in 
average H2 permeance (~4.7%) and an increase in average H2/C3H8 
separation factor (~3%) were observed during the course of the 
permeation test, which may be attributed to physical aging of the CMS 
membrane. Indeed, Qiu and co-workers showed that physical aging can 
occur even as CMS membranes are exposed to high temperatures [62]. 
Compared with microporous oxide membranes (e.g., zeolite [14,63,64], 
microporous silica [17,65]), the CMS hollow fiber membranes can 
provide ~2–100 folds higher H2/C3H8 separation factors (Fig. 7b) and 
competitive H2 permeances under similar permeation conditions at 
600 ◦C. 

5. Conclusions 

For the first time, high-temperature permeation (up to 600 ◦C) in 
asymmetric CMS hollow fiber membranes with thin (~5 μm) separation 
layers was systematically investigated. The results suggest CMS hollow 
fiber membranes can provide attractive high-temperature H2/C3H8 
separation performance and hence are promising for propane dehy
drogenation membrane reactor applications under controlled condi
tions. Under a continuous permeation test (~130 h) using a 50%/50% 
H2/C3H8 feed mixture at 600 ◦C, the CMS hollow fiber membranes py
rolyzed at 675 ◦C showed average H2 permeance of 430 GPU and H2/ 
C3H8 separation factor of 511 exceeding those of microporous oxide 
membranes. As the CMS hollow fiber membrane pyrolysis temperature 
increased, the average H2 permeance decreased with increasing average 
H2/C3H8 separation factors. We also found that CMS hollow fiber 

membrane permeances increase with increasing permeation tempera
ture, suggesting high-temperature H2/C3H8 permeation in CMS mem
branes is diffusion-controlled. The Arrhenius equation was used to 
calculate H2 and C3H8 apparent permeation activation energies, which 
allowed us to estimate membrane intrinsic H2/C3H8 permeation prop
erties at given temperatures. Finally, feed composition was found to 
affect the stability of high-temperature H2/C3H8 permeation in CMS 
hollow fiber membranes, which was not seen for room-temperature 
permeation. A stable feed composition window of 25–60% H2 was 
identified under the studied conditions, outside of which time- 
dependent permeation was observed presumably due to CMS mem
brane pore structure change as a result of hydrogenation or coking. 
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