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Ethylene/ethane separation via cryogenic distillation is extremely energy-intensive, and membrane separation may pro-
vide an attractive alternative. In this paper, ethylene/ethane separation performance using polymeric membranes is sum-
marized, and an experimental ethylene/ethane polymeric upper bound based on literature data is presented. A
theoretical prediction of the ethylene/ethane upper bound is also presented, and shows good agreement with the experi-
mental upper bound. Further, two ways to overcome the ethylene/ethane upper bound, based on increasing the sorption
or diffusion selectivity, is also discussed, and a review on advanced membrane types such as facilitated transport mem-
branes, zeolite and metal organic framework based membranes, and carbon molecular sieve membranes is presented.
Of these, carbon membranes have shown the potential to surpass the polymeric ethylene/ethane upper bound perform-
ance. Furthermore, a convenient, potentially scalable method for tailoring the performance of carbon membranes for
ethylene/ethane separation based on tuning the pyrolysis conditions has also been demonstrated. VC 2013 American Insti-

tute of Chemical Engineers AIChE J, 59: 3475-3489, 2013
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Introduction

Ethylene/ethane (C2H4/C2H6) separations are currently car-
ried out using energy intensive distillation operations,1,2 and
have long been identified as applications where low-energy
separation replacements could provide very large (on the
order of 1012 Btu/y) reductions in energy consumption.1,3–5

Alternative less energy-intensive separation technologies,
such as membranes, adsorption, absorption and extraction,
have been important areas of research, and the concept of
hybrid systems has drawn significant attention. Several limi-
tations, however, have prevented the adoption of these tech-
nologies to replace or complement cryogenic distillation
processes.2 The greatest limitations to the application of
membrane separation technology for distillation are their
lack of selectivity, their narrow range of useful operation
conditions and their high costs.2,6–8 Currently explored mem-
brane materials for C2H4/C2H6 separation lack either the sep-
aration performance or the stability required to successfully
implement hybrid membrane-distillation concepts.5 Conven-
tional polymeric membranes cannot achieve the productivity
(permeability) and efficiency (selectivity) combinations
required for C2H4/C2H6 separations.9–12 In this regard,
understanding the tradeoff between C2H4/C2H6 selectivity vs.

C2H4 permeability for polymeric membrane materials, and
the limit to this tradeoff defined by hyper-rigid glassy poly-
mers, can allow exploring options for new high-performing
membrane materials for C2H4/C2H6 separations. In addition,
for most polymeric materials, the membrane stability under
actual aggressive hydrocarbon feeds requires consideration.
Because of these concerns, olefin/paraffin separation applica-
tions might be one for which the benefits of inorganic mem-
branes may justify their higher costs.6,13 These concerns and
opportunities stimulated our work on carbon molecular sieve
(CMS) membrane materials for C2H4/C2H6 separation, which
is discussed.

Theory and Background

Gas transport in polymeric membranes follows a sorption-
diffusion model, wherein the gas molecules sorb onto the
upstream of the membrane, diffuse through the membrane
under a chemical potential gradient, and desorb at the down-
stream. The permeability (productivity) of a membrane is
defined as the pressure and thickness normalized flux

PA5
NA ‘

DpA

(1)

Permeability is typically given in the units of Barrer, where

1 Barrer 510210 cc STPð Þ:cm

cm2:s:cmHg
(2)
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Another popular unit for permeability is kmol :m
m2: s :kPa

1 Barrer 53:44310216 kmol :m
m2: s :kPa

� �
:

Permeability can further be represented as the product of a
thermodynamic sorption coefficient (�SA), and a kinetic diffu-
sion coefficient ( �DA).

PA5 �DA
�SA (3)

The permselectivity (or ideal selectivity) of the membrane
is the ratio of the pure gas permeabilities of the fast gas (A)
over the slow gas (B), for the case where the downstream
pressure is negligible relative to the upstream feed pressure.
The permeability can also be represented as the product of
the sorption and diffusion selectivities.

a A=B5
PA

PB

5
�DA

�DB

� � �SA

�SB

� �
(4)

The membrane literature has identified a tradeoff line
between permeability and selectivity for separation of gases
using easily processed polymeric membranes. This tradeoff
relationship shows that the separation factor for a gas pair
(A/B) of interest varies inversely with the permeability of the
faster gas (A). This is referred to as an “upper bound” 14–16

and is typically represented on a log–log plot of a vs. P.

a A=B5
bA=B

PA
k A=B

(5)

In 1991, Robeson14 defined the upper bound for several
gas pairs from the list of He, H2, O2, N2, CO2 and CH4

based on a thorough analysis of literature data. He identified
a linear relationship between the slope of the upper bound
and the difference of the Lennard-Jones kinetic diameters of
the given gas pair, thus, indicating the dominance of a diffu-
sion-based separation of these gas pairs for high-performing
polymers that define the upper bound. Continuous efforts to
improve gas transport properties of hyper-rigid glassy poly-
mers by tailoring their structure, and fluorinated polymers
have successfully shifted the upper bound.15

In 1999, Freeman16 presented a fundamental analysis of
the upper bound line for polymeric membrane materials, and
presented a way to predict the slope (kA/B) and front factor
(bA/B) of the upper bound line as follows

k A=B5
dB

dA

� �2

21 (6)

and

bA=B5
SA

SB

SA
k A=B exp 2 k A=B b2f

12a

RT

� �� �� 	
(7)

In Eq. 6, dA and dB represent the kinetic diameters of
the fast gas (A) and slow gas (B), respectively. As
observed by Robeson,14,15 Eq. 6 directly suggests that the
slope of the upper bound is a natural consequence of the
size-sieving nature of stiff chain glassy polymers that gen-
erally define the upper bound. In Eq. 7, SA and SB repre-
sent the sorption coefficients of the gases; the parameter f
relates to interchain spacing and its value ranges from 0
for rubbery and low-performance glassy polymers to
�14,000 cal/mol (1 cal/mol 5 4.184 J/mol) for high-per-
formance rigid polyimides16,17; a and b are linear free
energy coefficients that correlate the diffusion front factor
(DoA) to the activation energy of diffusion (EoA) as
follows18,19

lnD oA 5a
EDA

RT
2b (8)

a and b are independent of gas type, with a being independ-
ent of polymer type as well and having a universal value of
0.6420; b has a value of 2ln(1024 cm2/s) (1 cm2/s 5 1024

m2/s) for rubbery polymers and 2ln(1025 cm2/s) for glassy
polymers.21 In the above equations, R represents the univer-
sal gas constant, and T represents the absolute temperature.

The equations above allow predicting the slope (k) of the
upper bound with no adjustable parameters and the front
factor (b) with only one adjustable parameter. As shown by
Freeman,16 predictions of k and b from the aforementioned
equations furnished a good correlation with the slopes and
front factors presented by Robeson14,15 for several gas
pairs.

In 2003, Burns and Koros22 presented the upper bound for
C3H6/C3H8 separations. In this article, we present an experi-
mental C2H4/C2H6 upper bound based on literature data, as
well as extend the analysis by Freeman16 to predict the
C2H4/C2H6 upper bound for polymeric membrane materials.
Further we also consider approaches to overcome the upper
bound line and advanced membrane types for C2H4/C2H6

separation.

Experimental C2H4/C2H6 Upper Bound

Limited work has been done in the field of polymeric
membrane-based C2H4/C2H6 separations and, as such, a
comprehensive summary focusing solely on C2H4/C2H6 sep-
aration has not been presented or reviewed. Recently we
published a compilation of literature data available for C2H4/
C2H6 separation using polymeric membranes,5,9–12,23 as well
as included measurements on polymers used in this work.
This data is shown in Table 1. Table 2 lists the chemical
names for abbreviations used for polymers in Table 1.

Based on the data shown in Table 1 we plotted an experi-
mental C2H4/C2H6 tradeoff line, shown in Figure 1.

All measurements reported in Table 1 are based on pure
gas steady-state permeation tests using dense films between
35 and 50

�
C and 2–5 atm (1 atm 5 101.325 kPa) feed

Table 1. C2H4/C2H6 Separation Performance for Polymeric

Membranes
a
1 atm 5 101.325 kPa

Precursor T p PC2H4 aC2H4/C2H6 Source

�C atma Barrer

6FDA-6FpDA 35 5.0 1.90 4.20 9
6FDA-1,5-NDA 35 5.0 0.87 5.80
6FDA-NDA 35 2.0 1.17 6.84 10
6FDA-NDA/Durene

(75:25)
35 2.0 4.46 5.62

6FDA-NDA/Durene
(50:50)

35 2.0 9.48 4.27

6FDA-NDA/Durene
(25:75)

35 2.0 36.70 3.60

6FDA-Durene 35 2.0 76.70 2.89
6FDA-TrMPD 50 2.0 58.00 2.90 11
BPDA-TeMPD 50 2.0 5.80 4.30
6FDA-mPD 35 3.8 0.30 3.30 12
6FDA-IPDA 35 3.8 1.40 3.80
6FDA-6FpDA 35 3.8 2.10 4.40
Matrimid

VR

35 3.4 0.45 4.50 This
work6FDA-DAM 35 3.4 64.00 3.00

6FDA:BPDA-DAM 35 3.4 46.00 3.30

a1 atm 5 101.325 kPa
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pressures. As noted in the references,9–12 all permeation
measurements were carried out with downstream under vac-
uum and low-pressure feed stream conditions, such that plas-
ticization effects in these materials due to C2H4 and C2H6

are essentially nonexistent in the pressure range considered.
Bickel and Koros12 carried out pure gas C2H4 and C2H6 per-
meation measurements at 35

�
C up to 17 atm feed pressure

and reported no upswing in permeability with pressure, indi-
cating that no plasticization effects occurred. Similarly, Chan
et al.9,10 reported no occurrence of plasticization for C2H4

and C2H6 feed pressures up to 16 atm. These reported data
for the pressure dependence of C2H4 and C2H6 permeability
provide adequate evidence to claim that plasticization effects
are minimal in the feed pressure range of 2–5 atm consid-
ered for the upper bound analysis.

Measurements on 6FDA-6FpDA have been reported by
both Bickel and Koros12 and Chan et al.9; however, the
measurements have been reported at two different pressures.
Based on the so-called “dual mode sorption and transport”
effects, it is understandable that the C2H4 permeability is
lower at a higher feed pressure. Additionally measurements
on 6FDAANDA have been reported by Chan et al.9,10 at
two different feed pressures, 2 atm and 5 atm, and again the
permeability, as expected, is lower at the higher feed pres-
sure. In order to keep the pressure range for the upper bound
analysis as narrow as possible, we will consider the measure-
ments for both 6FDA-6FpDA and 6FDAANDA at the lower
feed pressure, thus, making the pressure range for the analy-
sis as 2–3.8 atm.

Three of the data points are based on measurements made
as part of this work on polyimides Matrimid

VR

, 6FDA-DAM
and 6FDA:BPDA-DAM, details of which have already been
mentioned in the previous sections. The chemical structures
for the polymers are shown in Figure 2. Matrimid

VR

5218
(BTDA-DAPI), a commercially available polyimide, was
purchased from Huntsman International LLC. 6FDA-DAM
and 6FDA:BPDA-DAM were synthesized in-house following
standard procedure.24,25 Details of dense film casting
and permeation measurements have been reported
previously.5,26,27

It should be noted that one of the polymers tested in this
work, 6FDA-DAM, has the same chemical structure as
6FDA-TrMPD tested by Tanaka et al.11 classified under a
different chemical name. Although there is some difference
in the results reported here and by Tanaka et al.11 the values
reported are fairly close and can be considered equivalent
within experimental uncertainty related to polyimide
synthesis procedures, membrane formation, testing and
measurement.

Some of the literature data have not been considered for
the upper bound development. In 1992 Ilinitch et al.28

reported C2H4 and C2H6 permeability and C2H4/C2H6 selec-
tivity for poly(phenylene oxide) (PPO), two PPO-based
copolymers and several rubbery polymers tested for a gas
mixture containing 85 vol % CH4,10 vol % C2H4 and 5 vol
% C2H6. In a 1993 article the authors29 published a corrigen-
dum stating that due to a technical error, the permeabilities
reported in 1992 were one-order of magnitude higher than
the actual values. These results have not been included in
the upper bound analysis since they are based on ternary gas
mixtures, whereas all the data here considered are based
only on pure gas measurements. In addition, in 1993 Ilinich
et al.29 reported results based on transient state permeation
experiments for C2H4/C2H6 separation. These data have not
been included in the upper bound analysis, which takes into
account only steady-state permeation measurements. Teplya-
kov and Meares30 reported permeability data for several rub-
bery and glassy polymers. These measurements were
reported at 25

�
C and have not been considered in the upper

bound analysis. In any case, the results do not affect the
position of the upper bound line since the reported perform-
ances are quite low. For example, for PVTMS, a glassy
polymer, the C2H4 permeability is 12 Barrer with C2H4/
C2H6 selectivity of only 1.6.

Two different fits, based on the highest performance
points on the plot, have been shown for the experimental
upper bound line, drawn to aid the eye. Fit 1 spans
6FDAANDA, 6FDAANDA/durene (75:25) and
6FDAANDA/durene (25:75), while fit 2 spans 6FDAANDA/
durene (75:25), 6FDAANDA/durene (25:75) and 6FDA/
BPDA-DAM (50:50). It should be noted that the experimen-
tal C2H4/C2H6 upper bound is defined here based on only a
few polymers. This is, however, not so different from the
upper bound for several other gas pairs (from He, H2, O2,
N2, CO2 and CH4) as defined by Robeson in 2008,15 where
only a few high-performing polymer materials lie at the
upper bound line.

Table 2. Chemical Names for Abbreviations in Table 1

Abbreviation Chemical Name

6FDA 4,4’-(hexafluoroisopropylidene) dipthalic
anhydride

6FpDA 4,4’-(hexafluoroisopropylidene) dianiline
NDA 1,5-naphthalene diamine
Durene 1,2,4,5-tetramethylbenzene
TrMPD (DAM) 2,4,6-trimethyl-1,3-phenylene diamine
BPDA 3,3’,4,4’-biphenyltetracarboxylic dianhydride
TeMPD 2,3,5,6-tetramethyl-1,4-phenylenediamine
mPD 1,3-phenylene diamine
IPDA 4,4’-(isopropylidene) dianiline

Figure 1. Plot showing C2H4/C2H6 data from Table 1
along with two fits for the experimental
C2H4/C2H6 upper bound line drawn to aid the
eye as well as the predicted C2H4/C2H6

upper bound line.
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Predicting the C2H4/C2H6 Upper Bound

The experimental upper bound shown in Figure 1 is based
on high-performing 6FDA-based polyimides which are the
current best in-class polymeric materials for such gas separa-
tions, and can, hence, be considered a good estimate of the
tradeoff curve for C2H4/C2H6 separation. However, unlike
the case of smaller gas pairs, since the sample space for con-
sideration of the experimental C2H4/C2H6 upper bound is
extremely limited, it is useful to consider modeling work in
an effort to predict where the C2H4/C2H6 upper bound
should lie.

As described earlier, a previous analysis by Freeman16

provides a general quantitative description of the upper
bound performance of polymeric membranes. Equations 6
and 7 presented previously can be used to estimate the slope
(k) and front factor (b) of the upper bound.

The slope, k can be predicted with no adjustable parame-
ters, and depends only on the size of the molecules, suggest-
ing that the slope of the upper bound is a natural
consequence of the sieving nature of stiff chain 6FDA-based
glassy polymers that generally define the upper bound. In
order to apply the analysis to C2H4/C2H6 separations, the
first step is to represent the sizes of C2H4 and C2H6. The
molecular size for low-molecular-weight penetrants permeat-
ing through polymer membranes is often represented by ei-
ther its kinetic diameter (based on the minimum equilibrium
cross-sectional diameters) determined using van der Waals
length or the collision diameter calculated from the Lennard-
Jones potential. For light gases, Freeman16 used the kinetic
diameters of the molecules given by Breck31 to obtain k, and
the values are in good agreement with the upper bound slope
as published by Robeson.14 For small molecules (except
CO2) the difference between the kinetic and Lennard-Jones

diameters are negligibly small. However, for higher hydro-
carbons, the difference between the effective sizes can be
significant and the kinetic diameter may no longer provide a
reasonable size for the molecules.23 Burns and Koros,22

hence, used the Lennard-Jones diameter instead of the ki-
netic diameter for C3H6 and C3H8. Table 3 reports the size
of C2H4 and C2H6 from different sources.

As in the case of C3H6/C3H8, we used the Lennard-Jones
collision diameter as the most appropriate currently available
representation of the sizes of C2H4 and C2H6 in order to pre-
dict the slope (k) of the polymeric upper bound. It should be
noted that while this is the best available representation of
the sizes of C2H4 and C2H6 for transport through polymeric
membranes and for the purpose of predicting the upper
bound, the situation is more complex for molecular sieving
materials like carbon molecular sieves (CMS).

Figure 2. Chemical structures and chemical names of polymers used in this work.

Table 3. Size and Lennard Jones Temperature of C2H4 and

C2H6 from Various Sources

Source

r (Å) e/k (K)

C2H4 C2H6 Remarks C2H4 C2H6

van Krevelen 21 4.16 4.44 LJ collision
diameter

225 216

Reid &
Sherwood 91

4.16 4.44 LJ collision
diameter

224.7 215.7

Hirschfelder 92 4.23 4.42 Viscosity
measurements

205 230

Hirschfelder 92 4.1 4.5 Four center
model

- -

Bickel &
Koros 12

3.7 4.1 Dreiding force
field

- -

Breck 31 3.9 - Molecular sieve - -
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Thus, for C2H4/C2H6 transport in polymeric membranes
and for the polymeric upper bound prediction, we take
dA 5 4.16 Å and dB 5 4.44 Å (Table 3), and, from Eq. 6, the
predicted upper bound slope is

k A=B5
dB

dA

� �2

2150:14

The front factor b for the upper bound can be predicted
with only one adjustable parameter f using Eq. 7. In order to
predict b from Eq. 7 we need to define an average sorption
coefficient for C2H4 and the average C2H4/C2H6 sorption se-
lectivity, as well as the value of f.

Penetrant sorption in polymers is governed by the con-
densability of the gas and its interactions with the polymer
matrix.16,21,23 In the absence of any significant polymer-pen-
etrant interactions, the penetrant sorption is typically domi-
nated mainly by its chemical nature and scales with
convenient measures of the penetrant condensability, such as
its boiling point, critical temperature, Lennard-Jones temper-
ature, etc.30,32 A general correlation between the sorption
coefficient of a penetrant in amorphous polymers and the
penetrant Lennard-Jones temperature ( e A

k
) can be represented

from classical thermodynamics as follows21

lnS A5M1N
e A

k


 �
(9)

van Krevelen21 reported values for M and N at 25
�
C for

both rubbery and glassy polymers. Thus, a simple linear rela-
tionship between the sorption coefficients of various gases at
25
�
C in glassy polymers and their Lennard-Jones tempera-

tures is given as

logS 298ð Þ527:410:010
e
k


 �
60:6 (10)

The sorption coefficient of gases in polymers follows a
van’t-Hoff type relation with temperature 21,33

S Tð Þ5Soexp 2
HS

RT

� �
(11)

where, So represents the front factor for sorption and Hs rep-
resents the heat of sorption.

van Krevelen also presented a simple linear relationship
between the heat of sorption for a gas in a glassy polymer
and its Lennard-Jones temperature21

1023 DHS

R
50:520:010

e
k


 �
61:2 (12)

Equations 10, 11 and 12, thus, allow us to obtain average sorp-
tion values for ethylene and ethane in glassy polymers at 35

�
C, the

temperature considered for the upper bound analysis, as follows

logS Tð Þ5logS 298ð Þ20:435
DHS

R

� �
1

T
2

1

298

� �
(13)

The average C2H4 sorption coefficient and C2H4/C2H6

sorption selectivity values at 35
�
C as obtained from Eq. 13

are as follows

SC2H450:008
cm 3 STPð Þ

cm 3 polymerð ÞcmHg

� �

SC2H4

SC2H6

51:2

where 1 cm3/[cm3.cmHg] 5 0.75 m3/[m3.kPa].

In all following discussions, figures and tables, 1
cm3(STP)/cm3 (polymer) has been abbreviated as 1 cm3/cm3

for convenience.
We also considered the experimental sorption data for

C2H4 and C2H6 from literature.9–12 Owing to the lack of tabu-
lated data in some cases, some of the data points were read
directly off the plots and may thus be approximate. Addition-
ally we measured sorption isotherms for Matrimid

VR

, 6FDA-
DAM and 6FDA:BPDA-DAM using methods described else-
where.34,35 The sorption isotherms of MatrimidVR , 6FDA-
DAM and 6FDA:BPDA-DAM are shown in Figure 3. The ex-
perimental sorption data is compiled in Table 4.

The sample space for the average experimental sorption val-
ues is limited and does not span the entire range of the upper
bound. Additionally the data available are at different temper-
atures and pressures, and the sorption values reported in Table
4 are at the same temperature and pressure as the correspond-
ing permeability values reported in Table 1. While such effects
are somewhat suppressed in the overall permeability due to
the counteracting behavior of the sorption and diffusion coeffi-
cients, the effect when focused on sorption alone may be sig-
nificant. The experimental sorption value may still give a
reasonable estimate of the C2H4/C2H6 upper bound; however,
owing to insufficient experimental data we focus on the theo-
retical averages for prediction of the upper bound.

The only adjustable parameter in predicting b is f, a pa-
rameter relating the activation energy for diffusion to the
square of the penetrant diameter as follows36

EDA 5cd 2
A2f (14)

where c and f depend on the polymer. The value of f ranges
from zero for rubbery polymers and low-performance glassy
polymers to 14,000 cal/mol for the polyimide prepared by
Haraya et al.17 Freeman16 used a value of f 5 12,600 cal/mol
based on a best fit of the model predictions to Robeson’s
upper bound14 for several light gas pairs. Here we vary f
from 10,000—14,000 cal/mol in order to predict the theoreti-
cal C2H4/C2H6 upper bound and compare it with the experi-
mental upper bound.

Figure 1 shows the predicted upper bound for a value of
f 5 10,500 cal/mol against the experimental upper bound. All
of the experimental data points lie below the predicted upper
bound line. The values of k and b obtained from the theoret-
ical prediction as well as those obtained for the experimental
upper bound are summarized in Table 5.

Clearly, a value for f 5 10,500 cal/mol furnishes a very
good agreement between the predicted C2H4/C2H6 upper
bound and experimental fit 1.

Advanced Membranes for C2H4/C2H6 Separations

Although some polymeric materials, including high-per-
forming 6FDA-based polyimides have been tested for the
separation of olefin/paraffin mixtures, rather low permeabil-
ities or selectivities were obtained as shown previously. This
is a consequence of the similar molecular sizes and solubil-
ities of C2H4 and C2H6, hence, resulting in poor separation
performance. The upper bound tradeoff indicates that for
polymeric membranes, C2H4/C2H6 selectivity over 10 may
only be achieved for extremely low C2H4 permeability< 0.5
Barrer. On the other hand, for C2H4 permeability over 10
Barrer, selectivity cannot exceed 6. In addition to this unde-
sired tradeoff, polymeric membrane stability under aggres-
sive, high-pressure hydrocarbon feed stream conditions can

AIChE Journal September 2013 Vol. 59, No. 9 Published on behalf of the AIChE DOI 10.1002/aic 3479



be a serious issue, with plasticization and selectivity loss
occurring even for the most rigid polymer membranes.
Because of these concerns, significant research has been

directed toward developing more advanced membranes for
olefin/paraffin separations.

The theory essentially implies that there are two ways to
overcome the polymeric upper bound (1) by increasing the
sorption selectivity of the membrane material toward C2H4,
and (2) by increasing the sieving capability of the mem-
branes to enhance the C2H4/C2H6 diffusion selectivity. The
sections Facilitated Transport Membranes and Molecular
Sieve Membranes, respectively discuss these two approaches

Figure 3. C2H4 and C2H6 sorption isotherms for MatrimidVR , 6FDA-DAM and 6FDA:BPDA-DAM at 35
�
C (1 cm3/

cm3 5 1 m3/m3, 1 psia 5 6.895 kPa, 1 cm3/[cm3.psia] 5 0.145 m3/[m3.kPa]).

Table 4. Experimental C2H4 and C2H6 Sorption

Data for Polymers

T P sC2H4

Precursor �C Atm
cm3/

(cm3.cmHg)a
SC2H4/
SC2H6 Source

6FDA-1,5-NDA 35 5.0 0.085 1.10 9
6FDA-TrMPD 50 2.0 0.150 1.00 10
6FDA-6FpDA 35 3.8 0.125 1.12 12
Matrimid

VR

35 3.4 0.058 1.30 This
work6FDA-DAM 35 3.4 0.140 1.03

6FDA:BPDA-
DAM

35 3.4 0.138 1.02

Average 0.116 1.10

a1 cm3/[cm3.cmHg] 5 0.75 m3/[m3.kPa]

Table 5. Slope and Front Factor Values for C2H4/C2H6

Upper Bound

kC2H4/C2H6

bC2H4/C2H6

(Barrer)k

Theoretical Prediction 7.3 0.14
Experimental Fit 1 7.3 0.18
Experimental Fit 2 7.8 0.21
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and advanced membranes that are capable of overcoming the
polymeric C2H4/C2H6 upper bound.

Facilitated Transport Membranes. The average C2H4/
C2H6 sorption selectivity for polymeric membranes is close
to �1.2. In theory, increasing the sorption selectivity of
C2H4 over C2H6 in the membrane material can lead to
enhanced overall selectivity surpassing the upper bound.
This could be achieved by functionalizing the membrane
materials with groups or ions that preferentially interact with
C2H4 over C2H6, thus, increasing C2H4 uptake. Facilitated
transport membranes have attracted research interest because
of their potential to achieve this favorable sorption selectiv-
ity. In a facilitated transport process, passive diffusion across
a concentration gradient is supplemented by the presence of
a carrier agent that selectively and reversibly binds with a
desired component targeted for separation, enhancing its
transport across a barrier. Metal salts, such as those of silver,
copper, etc., present as the carrier agent in the membrane,
form electron donor/acceptor complexes with olefins (in this
case C2H4) through interactions of the olefin p-orbitals with
the metal ion, thus, enhancing their movement across the
membrane. While the exact mechanism for transport of ole-
fins across the membrane by complexation is complex, it has
been suggested that facilitated transport occurs by either mo-
bile diffusion of the Ag1-solute complex through the mem-
brane or by movement of the olefin across fixed silver sites
by a hopping mechanism.3,37,38

In principle, facilitated transport membranes are capable
of achieving exceptional selectivity for C2H4 over C2H6, ca-
pable of transcending the upper bound. Such membranes
have been investigated by several researchers.3,37–41 A com-
prehensive review on olefin/paraffin separation using facili-
tated membranes has been presented by Azhin et al.42 and
more recently by Faiz and Li.38 However, although the start-
ing performance of facilitated transport membranes (see
Table 6) is far beyond the polymeric C2H4/C2H6 upper
bound, the membranes typically degrade rapidly with large
performance losses, thus making them questionable for prac-
tical application.37,38

Facilitated liquid membranes consist of a microporous
membrane either impregnated with a solution carrier or with
a continuously circulated carrier liquid stream. Liquid

membranes have been investigated in several different con-
figurations such as immobilized liquid membranes (ILM),
both supported (SLM) and ion-exchanged (IEM), flowing
liquid membranes (FLM), and hollow fiber membrane con-
tactors (HFMC), etc.38 Facilitated liquid membranes, how-
ever, show rapid performance loss resulting from several
drawbacks such as carrier loss, gas-liquid contact, membrane
wetting, etc.38

Membrane electrolytes are a more recent class of facili-
tated transport membranes which do not use liquids as facili-
tation carriers; instead olefin transport occurs in the solid
state.37,38,41 They are composed of metal salts dissolved in
the polymer matrix, where both anions and cations are suffi-
ciently mobile without the need of a solvent to promote
ionic motion and conductivity. Unlike liquid membranes,
these polymer electrolyte membranes can sustain higher
pressure difference across the membrane without physical
loss of the complexing agent, and can be operated with dry
feeds. However, long-term chemical stability is an issue,
with decline in the membrane performance occurring due to
reduction of silver ions to silver nanoparticles and other sil-
ver compounds. Silver ions can be reduced in the presence
of light. In addition, impurities present in the feed stream
such as H2, H2S, and C2H2, etc., can poison the carrier ions,
thus, degrading the membranes. Once the membrane is
degraded, regeneration is not very practical.37,38 Further
jeopardizing the performance of membrane electrolytes is a
recently reported phenomenon called olefin-conditioning.37

Electrolyte membranes are not stable even in the presence of
ideal C2H4/C2H6 mixtures, and it has been shown that over
time the presence of an olefin (C2H4), which can complex
with silver ions, irreversibly alters and degrades the mem-
brane. Over time, a decrease in the C2H4 flux is the primary
cause for selectivity decline. To date, an effective strategy to
mitigate the effect of “olefin conditioning” has not been
identified.37

Facilitated transport membranes, therefore, still present a
large challenge in improving the stability of the olefin com-
plexing agent to develop membranes with lifetimes satisfac-
tory for commercial application. Significant fundamental
research and perhaps even the development of a break-
through, intrinsically stable carrier may be required for mak-
ing facilitated transport membranes practical for industrial
implementation.

Molecular Sieve Membranes. A second approach to over-
come the polymeric upper bound is to increase the sieving capa-
bility of membranes which will in turn increase the C2H4/C2H6

diffusion selectivity. Over time, increasing polymer chain rigid-
ity while simultaneously increasing interchain spacing, for
example by introducing packing-inhibiting bulky groups and
intrinsically rigid linkages, has pushed the upper bound for sev-
eral gas pairs.15 Nevertheless, polymers cannot achieve a true
molecular sieving effect owing to flexible chains, and pushing
the sieving capability of solution processable polymers by tai-
loring their structure may have reached its limits.

Materials such as zeolites, metal organic frameworks
(MOFs) including zeolitic imidazolate frameworks (ZIFs),
carbon molecular sieves (CMS), etc., on the other hand con-
sist of rigid pore structures with arrays of channels of molec-
ular dimensions which can offer the possibility of size and
shape selective separations, and are, thus, capable of surpass-
ing the polymeric upper bound.43

Crystalline Molecular Sieve Membranes. Most studies
relating to C2H4/C2H6 separation using crystalline molecular

Table 6. C2H4/C2H6 Separation Performance for Different

Types of Facilitated Transport Membranes
38,42

Class
Membrane

type Carrier PC2H4

PC2H4/
PC2H6 Source

Barrer

SLM PEO AgNO3 1200 290 93
Cellulose

filter
AgNO3 - 1000 93

ILM Nafion AgBF4 400–700 30–400 94
PS AgNO3 1800 200 95

FLM PDMS/PPSQ AgNO3 28000 55 96
PP AgNO3 1000 500 97

HFMC SPEEK AgNO3 10000 2700 98
SPEEK/

SPEEK
AgNO3 180 3800 98

Solid
Electrolyte

PEO AgBF4 11.1 120 41
CA AgBF4 - 10–280 99
PVMK AgBF4 - 40–250 100

PEO- poly(ethylene oxide); PS- polysulfone; PP- polypropylene; CA- cellulose
acetate; PVMK- poly(vinyl methyl ketone); SPEEK- sulfonated poly(ether
ether ketone);
PDMS/PPSQ- polydimethylsiloxane/polyphenylsilsesquioxane
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sieves have focused on cyclic batch adsorption/desorption
type processes, but in principle, a steady-state membrane
process can be a more attractive alternative.44 Enriching
C2H4 from C2H4/C2H6 mixtures is truly one of the most
challenging separations as evidenced by the incapability of
small pore eight-ring zeolitic molecular sieves, such as zeo-
lite NaA, CHA, AlPOs, SAPOs, and DD3R to discriminate
C2H4 and C2H6 molecules on the basis of size selectivity.45–

47 These eight-ring zeolitic molecular sieves, which are con-
sidered to be the most size-selective crystalline molecular
sieves, have been shown to be highly promising for C3H6/
C3H8 with diffusion selectivity in the range of 1032105;
however, can hardly separate C2H4 and C2H6 by a factor of
more than 3 based on the differences in diffusion rates.

Adsorption of C2H4, in some cases, is drastically favored
over C2H6 in alumina-rich cationic zeolites (e.g., zeolite A
and X), and metal-organic frameworks (e.g., Fe2(dobdc)) due
to strong interactions between the C2H4 p-bond and adsorb-
ents surfaces, which leads to a sorption selectivity in the
range of 10–20.46,48,49 Unfortunately, these promising selec-
tivities are only achievable at very low-surface densities and
diminish quickly as the feed pressure reaches atmospheric
and saturation limits are approached. Therefore, for pure ze-
olite or MOF membranes with feed pressures higher than
several atmospheres, the C2H4/C2H6 permselectivity are
expected to be less than 5 in most cases, which is far from
being commercially attractive.

Zeolitic imidazolate framework-8 (ZIF-8) belongs to the
subfamily of MOFs with zeolite or zeolite-like topologies
and has recently been extensively studied due to its interest-
ing molecular sieving properties, promising for gas separa-
tions.50–55 While ZIF-8 has been shown to be highly
kinetically selective for C3H6 over C3H8 and n-C4H10 over
iso-C4H10,52 both computational and experimental studies
have suggested that the C2H4/C2H6 selectivity in ZIF-8 is
quite limited.56–60 Pan and Lai56 investigated ZIF-8 mem-
branes for separation of hydrocarbon mixtures and their
membranes show a pure component C2H4/C2H6 selectivity
close to 2. ZIF-8 membranes fabricated by Caro and co-
workers60,61 showed an ideal C2H4/C2H6 selectivity of 4.2
for pure component feeds, and for an equimolar mixture of
C2H4/C2H6 selectivity of 2.8 and 2.4, respectively, for 1 and
6 bar feed pressure were reported. This moderate C2H4 se-
lectivity over C2H6 was explained by the interplay of a pref-
erential C2H6 adsorption selectivity competing with
preferential C2H4 diffusion selectivity.

Thus, zeolite or MOF/ZIF membranes have, thus, far not
been shown to be able to deliver attractive C2H4/C2H6 selec-
tivity. Figure 4 shows a plot of the C2H4/C2H6 separation
performance of crystalline molecular sieves against the poly-
meric upper bound. Another limitation of using these pure
zeolite or MOF/ZIF membranes is the expensive fabrication
cost and their brittle nature, as well as difficulty in fabricat-
ing a sufficiently coherent and robust membrane on a large
scale.

Mixed Matrix Membranes. Mixed matrix membranes,
which are formed by dispersing molecular sieve particles/
platelets in polymer matrices, are promising approaches for
gas and vapor separations that combine the ease of process-
ing polymers with the superior separation performance of
molecular sieves.62 Zeolite-based mixed matrix membranes
pose challenges relating to adhesion at the polymer-sieve
interface, which may make it hard to fabricate sufficiently

coherent and defect-free membranes. On the other hand,
MOFs/ZIFs are intrinsically more compatible with glassy
polymers and their introduction has open up new opportuni-
ties for mixed matrix membranes. Figure 4 shows C2H4/
C2H6 separation performance of mixed matrix membranes
fabricated with polyimide 6FDA-DAM and ZIF-8. Contrary
to the case of C3H6/C3H8 separation,51 attractive C2H4/C2H6

selectivity has not been achieved with this platform. Max-
well model calculations showed that the C2H4/C2H6 permse-
lectivity in ZIF-8 is unattractive,52 which is generally
consistent with permeation results of pure ZIF-8 membranes
noted previously. Similarly unfavorable selectivities were
also seen from mixed matrix membranes prepared with ZIF-
8 and poly(1,4-phenylene ether-ether-sulfone).63 More
recently, it was reported that adding 20 wt % MOF
(Cu3BTC2) particles into a P84 polyimide matrix would
result in a C2H4/C2H6 permselectivity enhancement of 70%
over the neat polyimide film, and the resulting mixed-matrix
permselectivity was reported as 7.1.64

Carbon Molecular Sieve Membranes.

Carbon molecular sieve (CMS) membranes are formed
from the high-temperature pyrolysis of polymer precursor
membranes under controlled conditions.5,65,66 They have
shown the potential to outperform the polymeric upper
bound for gas pairs such as O2/N2 and CO2/CH4.43,67–69 The
structure of CMS membranes is visualized to be made up of
disordered sp2-hybridized condensed hexagonal graphite-like
sheets with pores formed from packing imperfections. They
are amorphous materials with so-called “slit-like” pores,70

and the ideal pore structure of such materials can be
described as a combination of larger micropores (� 6–20 Å)
connected by smaller ultramicropores (< 6 Å), resulting in a
bimodal distribution. The ultramicropores in CMS mem-
branes can discriminate between molecules of different size
and shape allowing molecular sieving separation of penetrant
molecules, and can be imagined to be analogous to the

Figure 4. Plot showing C2H4/C2H6 separation perform-
ance of crystalline molecular sieves,46,51,86–88

mixed matrix membranes51,52 and carbon
molecular sieve membranes75,77,89 with
respect to the polymeric C2H4/C2H6 upper
bound line.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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limiting dimension of a zeolite cage window.5,65,66,71 How-
ever, zeolites are crystalline materials consisting of a 3-D
framework of [SiO4]24 and [AlO4]25 tetrahedra linked to
form ordered structures of rings and cages with uniform,

well-defined dimensions.70,72 CMS membranes, on the other
hand, are amorphous materials with a distribution of pore
sizes that may be tuned by varying parameters such as the
starting polymer precursor, pyrolysis conditions, etc.5,73 Fig-
ure 5 shows a schematic representation of the structures and
pore-size distribution in zeolite-4A and CMS materials.

An important feature distinguishing CMS from zeolites is
that while zeolites and zeolite-like materials have a pore
opening with a 2-D size restriction, the pore structure of
CMS membranes is “slit-like”73 with the pore opening hav-
ing a 1-D size restriction. This allows CMS membranes a
unique advantage in separating C2H4 from C2H6. C2H4 has a
somewhat planar molecular configuration while C2H6 is
bulkier in shape. The rigid “slit-like” CMS pores can very
effectively discriminate between the subtle shape and config-
urational differences of C2H4 and C2H6, thus, enabling easy
passage of the “slimmer” C2H4 while hindering several
degrees of rotational freedom of the bulkier C2H6.5,74 The
zeolite pore opening cannot take advantage of the planar
configuration of C2H4. From this perspective, CMS mem-
branes should be somewhat theoretically ideal for C2H4/
C2H6 separations. Figure 6 illustrates this concept.

C2H4/C2H6 separation using carbon molecular sieve
(CMS) membranes has been studied by few researchers.75–80

Fuertes and Menendez75 prepared carbon membranes by car-
bonization (vacuum, 700

�
C) of a thin phenolic resin film de-

posited on the inner surface of an alumina tube support.
They studied the effect of preoxidation and postoxidation in
air on the separation characteristics of their membranes. In
some cases, their carbon membranes were modified by

Figure 5. Schematic of the structure and pore-size dis-
tribution of (1) Zeolite 4A,72 and (2) CMS
membrane.70,90

Figure 6. Illustration of the concept of the restricting dimensions for C2H4 and C2H6 in transport through (1) zeo-
lites, and (2) CMS membranes.

The dimensions of C2H4 and C2H6 were obtained using space filling models. In a zeolite pore opening, the restricting dimensions

for C2H4 and C2H6 transport are both a ~ a
0

and b < b
0
, such that the limiting dimension (a and a

0
) has 0.1 Å difference. For CMS

membranes, the limiting dimension for C2H4 and C2H6 in the “slit-like” pore opening is b < b
0
, which has a 0.3 Å difference allow-

ing greater diffusive advantage.
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chemical vapor deposition (CVD) before or after air-oxida-
tion. Their membranes show C2H4/C2H6 selectivity in the
range of 1–11 depending on the treatment conditions. Simi-
larly, Centeno and Fuertes76 also fabricated CMS membranes
by carbonizing a thin phenolic resin film deposited on the
inner face of a ceramic tube. They studied the effect of vary-
ing different pyrolysis conditions such as the pyrolysis tem-
perature, ramp rate, soak time and the pyrolysis atmosphere
on their membranes. The C2H4/C2H6 selectivity they
reported ranges from 0.97 (reverse selective) to � 5. Hayashi
et al.77 prepared CMS membranes by carbonizing a BPDA-
pp’ODA polyimide film formed on the outer surface of a po-
rous alumina support in an inert argon stream at 700

�
C.

Their membranes show C2H4/C2H6 selectivity between 4.4
and 6.9 depending on the number of coatings and the testing
temperature. Okamoto et al.80 prepared carbonized hollow
fiber membranes by preoxidation and subsequent pyrolysis
of a BPDA-based asymmetric hollow fiber precursor at tem-
peratures of 500–700

�
C under nitrogen. Their membranes

were studied primarily for C3H6/C3H8 and 1,3-butadiene/n-
butane separation and showed a low C2H4/C2H6 selectivity
of 3.1 with 600

�
C pyrolysis. The C2H4/C2H6 selectivity

reported by Suda and Haraya79 for CMS dense films fabri-
cated via pyrolysis of polyimide Kapton at 1000

�
C under

vaccum and further calcination at 400
�
C is � 5. The CMS

C2H4/C2H6 separation performance from literature is shown
against the polymeric upper bound in Figure 4. Clearly CMS
membranes show the ability to outperform the polymeric
upper bound.

Carbon Molecular Sieve Membrane Processing

As discussed in the previous section, few researchers have
investigated C2H4/C2H6 separation using CMS membranes,
and CMS show the potential to surpass the polymeric upper
bound. However, the membranes were generally not specifi-
cally developed for C2H4/C2H6 separation. Additionally, the
drawback for the carbon membranes reviewed above is that
in most cases the CMS membrane fabrication either involved
multiple processing steps, which add to complexity and cost;
or were formed on supports, which could not only be expen-
sive but may also involve issues such as not being able to
coherently fabricate a thin, defect free CMS membrane. The
focus in this study is to establish a convenient, potentially
scalable CMS membrane formation technology for C2H4/
C2H6 separation, based on a method for optimizing perform-
ance by tuning the pyrolysis process alone, without any addi-
tional steps.

In fact one of the biggest advantages that CMS mem-
branes can offer over other inorganic membranes is that
CMS membranes may be relatively easily fabricated into
defect-free membranes by directly pyrolyzing polymeric
membranes under controlled conditions. Furthermore, their
performance can be very effectively optimized by tuning
several parameters such as the starting material and the py-
rolysis conditions, including the final pyrolysis temperature,
heating protocol and the pyrolysis atmosphere. While poly-
mer membranes are the state of art technology, CMS mem-
branes can also be relatively easily fabricated into realistic
hollow fiber modules. The only additional step beyond the
current technology platform is the scale-up of pyrolysis.
Recently, Karvan et al81 demonstrated the scale-up of a
bench-scale CMS production system, consisting of a horizon-
tal furnace setup and limited to a few fibers in one run, to a

larger pilot-scale system with a vertical furnace for hundreds
of fibers per pyrolysis cycle. This feature makes CMS mem-
branes attractive for delivering high-separation performance
not just from a materials perspective, but also from a com-
mercial viability perspective.

CMS Membranes Derived from MatrimidVR . Recently we
reported the C2H4/C2H6 separation performance of free-
standing CMS dense films fabricated by pyrolyzing a com-
mercial polyimide Matrimid

VR 5 Details of CMS fabrication
and permeation measurements have been described previ-
ously.5 We reported performance optimization achieved by
way of tuning the final pyrolysis temperature and heating
rates during pyrolysis. The results were reproducible under
both vacuum and inert, ultra-high purity (UHP) argon (Ar)
pyrolysis conditions. This is especially important from a
scalability aspect, since pyrolysis under inert gas would be
practically preferred over vacuum pyrolysis. The key results
for CMS obtained from Matrimid

VR

pyrolysis using the heat-
ing protocol described below is reported in Figure 7. This
method yielded an optimum C2H4 permeability � 14–17
Barrer and C2H4/C2H6 selectivity � 11–12 combination at a
pyrolysis temperature of 675

�
C.

Pyrolysis Heating Protocol

50
�
C!250

�
C at a ramp rate of 13.3

�
C/min

250
�
C!(Tmax215)

�
C at a ramp rate of 3.85

�
C/min

(Tmax215)
� ! Tmax

�
C at a ramp rate of 0.25

�
C/min

Soak for 2 hours at Tmax

where, Tmax represents the final pyrolysis temperature.
Furthermore, the CMS membranes were also fabricated in

the hollow fiber configuration by Xu et al.82 by pyrolyzing
MatrimidVR hollow fibers, and the C2H4/C2H6 selectivity in
the hollow fiber form were shown to be consistent with the
dense films for all pyrolysis temperatures.82

CMS Membranes Derived from 6FDA:BPDA-DAM.
While a convenient CMS membrane formation technique for
C2H4/C2H6 separation was demonstrated in these previous
works,5,82 one of the disadvantages of using Matrimid

VR

is

Figure 7. Plot showing C2H4/C2H6 separation perform-
ance (35

�
C, 50 psia, pure gas) of CMS dense

films derived from vacuum pyrolysis and UHP
Ar pyrolysis of MatrimidVR at different pyroly-
sis temperatures.

Error bars represent standard deviations from multiple

measurements.
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that in the hollow fiber configuration the porous substructure
of the polymer precursor hollow fiber collapses due to inten-
sive heat treatment during the pyrolysis process.82 As shown
by Xu et al.82 this substructure collapse leads to an increased
separation layer thickness in the CMS hollow fiber, resulting
in a drastic loss in the C2H4 flux. Consideration of the mem-
brane flux is important from a practical perspective, since it
is directly related to the membrane area and cost. Hence, in
order to avoid low-flux resulting from this substructure col-
lapse problem in the hollow fiber form, a new polymer pre-
cursor 6FDA:BPDA-DAM (see Figure 2) was investigated
for CMS fabrication. Unlike Matrimid

VR

, 6FDA:BPDA-DAM
does not show severe substructure collapse and can retain
some of its porosity after pyrolysis, as reported by Xu
et al.74 This is illustrated in Figure 8.

Additionally, 6FDA:BPDA-DAM has a higher fractional
free volume compared to Matrimid

VR

due to the presence of
bulky ACF3 groups in the polymer that hinder polymer
chain packing (Figure 2). Hence, the intrinsic permeability
of the 6FDA:BPDA-DAM is higher than that of Matrimid

VR

in the polymeric membrane form. Conventional wisdom
holds that CMS membranes fabricated from a precursor with
higher fractional free volume generally results in CMS with
higher permeability.70,73 Additionally, the pyrolysis of
6FDA:BPDA-DAM results in the evolution of bulky CHF3

components besides CO, CO2 and CH4 evolved during
Matrimid

VR

pyrolysis, which gives it a more open structure
compared to CMS derived from Matrimid

VR 83 Hence,
6FDA:BPDA-DAM was investigated as a new starting pre-
cursor for CMS membrane fabrication for C2H4/C2H6 separa-
tion, and a method for tailoring the performance CMS
derived from 6FDA:BPDA-DAM dense films by tuning the
pyrolysis conditions is reported here.

As shown in the case of Matrimid
VR

, the pyrolysis tempera-
ture is an effective tool in tuning CMS properties. Hence,
the final pyrolysis temperature was used as the first tool to
tune the performance of CMS derived from 6FDA:BPDA-
DAM as well. The C2H4/C2H6 separation performance of
CMS derived from UHP Ar pyrolysis of 6FDA:BPDA-DAM
dense films at different final pyrolysis temperatures using the
heating protocol reported earlier is shown in Figure 9. As
seen in the case of Matrimid

VR

an increase in the final pyroly-
sis temperature resulted in an increase in the C2H4/C2H6 se-
lectivity and a decrease in permeability of the 6FDA:BPDA-
DAM CMS. The 6FDA:BPDA-DAM CMS permeability is,
however, much higher than the Matrimid

VR

CMS permeabil-
ity, at all pyrolysis temperatures, despite its somewhat lower
selectivity. It is important to point out that although the gen-
eral trends may be similar for Matrimid

VR

and 6FDA:BPDA-
DAM, the effect of final pyrolysis temperature on CMS
properties is clearly precursor dependent.

The higher permeability of the 6FDA:BPDA-DAM CMS
also allowed us to use a method to tune its performance
based on the amount of oxygen present in the inert gas dur-
ing pyrolysis. This method is called “oxygen-doping”, and
was originally developed by Kiyono et al.68 for CO2/CH4

separation using CMS membranes. The presence of trace
amounts of oxygen in the inert gas during pyrolysis allows
tuning of the CMS performance by selective chemisorption
of oxygen at high temperatures at the CMS ultramicropore
sites that are believed to be �17 times more reactive than
the basal plane.68,84 This concept is illustrated in Figure 10.
The use of oxygen-doping at a given pyrolysis temperature,
thus, allows enhancement of the CMS selectivity by ultrami-
cropore tuning up to a certain optimum oxygen level.
Beyond this optimum, excess oxygen may result in perform-
ance loss as a result of CMS pore clogging due to “over-
doping”.68 In this work, oxygen doping using 30 and 50
ppm oxygen in argon purge gas during pyrolysis was used at
550, 600 and 675

�
C to tune the C2H4/C2H6 separation per-

formance of CMS derived from 6FDA:BPDA-DAM.
Additionally, a “postoxygen-doping”, called “dual temper-

ature secondary oxygen doping”85 method using 30 and 50
ppm oxygen in argon was also used as another tuning pa-
rameter for 6FDA:BPDA-DAM CMS performance. The dif-
ference between “oxygen-doping” and “postoxygen-doping”
is as follows: For oxygen-doping, pyrolysis is carried out for

Figure 8. Morphology of MatrimidVR and 6FDA:BPDA-DAM based CMS hollow fibers.74

Figure 9. Plot showing C2H4/C2H6 separation perform-
ance (35

�
C, 50 psia) of CMS dense films

derived from UHP Ar pyrolysis of 6FDA:
BPDA-DAM at different pyrolysis temperature.

Error bars represent standard deviations from multiple

measurements.
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the entire pyrolysis cycle in the presence of inert purge gas
containing trace concentrations of oxygen. By comparison,
for postoxygen-doping, the CMS structure is first derived by
pyrolysis at the final pyrolysis temperature in the presence of
UHP argon. Thereafter, the fabricated CMS is quickly heated
back up to a temperature higher than the final pyrolysis tem-
perature in the presence of inert gas containing trace oxygen.
This “secondary” step is called postpyrolysis as it occurs af-
ter the actual CMS formation via pyrolysis. Since oxygen-
doping occurs during this secondary post pyrolysis step as
opposed to during pyrolysis, the process is termed as
“postoxygen-doping” or “dual temperature secondary oxygen
doping.”85 The pyrolysis heating protocol described above
was used for pyrolysis in all cases. The protocol listed below
was used for postoxygen-doping CMS derived from UHP
argon pyrolysis.

Postoxygen-doping protocol:

1. 50
�
C!Tpost at a ramp rate of 10

�
C/min

2. Soak for 15 min at Tpost

where, Tpost is the temperature to which the CMS is
heated in post pyrolysis, and postpyrolysis temperature
(Tpost)> pyrolysis temperature.

Figure 10 shows a comparison of the effects of final py-
rolysis temperature, oxygen doping and post oxygen doping
on the CMS cartoon structures.

As seen from Figure 10, pyrolysis at a lower pyrolysis
temperature T1 results in an open intrinsic CMS framework.
For oxygen-doping during pyrolysis at T1, the intrinsic open
framework may not condense but the ultramicropores are
tuned by selective chemisorption of oxygen at the ultrami-
cropore (smaller pore window) sites. During pyrolysis at a
higher pyrolysis temperature T2, the CMS framework is
extensively condensed compared to CMS derived from T1

pyrolysis. When oxygen-doping is carried out during pyroly-
sis at T2, ultramicropore tuning occurs on this condensed
CMS framework. By difference, for postoxygen-doping, the
CMS is first derived at T1, thus, resulting in an open intrin-
sic starting framework. Next as the CMS is quickly heated
up to a higher temperature T2 in the presence of oxygen dur-
ing post-pyrolysis oxygen doping, there may be very little
condensation of the CMS framework along with ultramicro-
pore tuning resulting from oxygen chemisorption, as opposed
to exaggerated condensation from slow heating during pyrol-
ysis at T2. Thus, post-oxygen-doping allows another tool for
tuning CMS performance. It can essentially take advantage
of the combined effects of oxygen-doping and higher tem-
perature, however, the resulting effects of both may be
milder compared to oxygen doping or pyrolysis at higher
temperature.

The following cases were studied (1) oxygen-doping: py-
rolysis at 550

�
C and 600

�
C in 30 and 50 ppm O2/Ar, pyroly-

sis at 675
�
C in 30 ppm O2/Ar, and (2) postoxygen-doping:

pyrolysis at 550
�
C in UHP Ar followed by post pyrolysis at

600
�
C in 30 and 50 ppm O2/Ar, pyrolysis at 600

�
C in UHP

Ar followed by post pyrolysis at 650
�
C in 30 ppm O2/Ar.

The results of oxygen-doping and post-oxygen doping are
shown in Figure 11.

At all pyrolysis temperatures, oxygen-doping at 30 ppm
resulted in C2H4/C2H6 selectivity increase along with C2H4

permeability loss. In going from 30 ppm to 50 ppm, the se-
lectivity enhancement is not significant but further perme-
ability loss occurs. This may be a result of “over-doping”, as
noted previously. Oxygen-doping depends on the final pyrol-
ysis temperature. The effects of oxygen-doping on selectivity
are much more significant at a lower pyrolysis temperature.
With increase in the final pyrolysis temperature, the selectiv-
ity enhancement becomes less obvious while the permeabil-
ity continues to decrease. This is related to the fact that the

Figure 10. Schematic representation of the effects of final pyrolysis temperature, oxygen-doping and postoxygen-
doping on CMS cartoon structures.
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“closed” CMS framework at a higher pyrolysis temperature
allows less room for ultramicropore tailoring via oxygen-
doping.

Post-oxygen-doping shows an improvement in C2H4/C2H6

selectivity over the undoped or oxygen-doped CMS for both
pyrolysis temperatures, as seen from Figure 11. For CMS
derived from 550

�
C UHP Ar pyrolysis, post-oxygen-doping

at 600
�
C using 30 ppm O2/Ar shows improved selectivity

over both 550
�
CACMS_30 ppm O2/Ar and 550

�
CACMS_50

ppm O2/Ar. In fact, when compared to 600
�
CACMS_UHP

Ar, the postoxygen-doped CMS shows a higher permeability,
yet comparable selectivity. In increasing the oxygen amount
from 30 to 50 ppm during postoxygen-doping, the perme-
ability decreases drastically with no increase in selectivity,
which is likely the outcome of “over-doping”. For CMS
derived from 600

�
C UHP Ar pyrolysis, post treatment at

650
�
C using 30 ppm O2/Ar still shows performance improve-

ment over the 600
�
CACMS_30 ppm O2/Ar and 600

�
C_50

ppm O2/Ar CMS. Although the standard deviations for mul-
tiple measurements must be considered, the C2H4/C2H6 per-
formance trends from oxygen doping and post oxygen
doping can be noticed from the aforementioned studies.
These tools can, thus, be used for effective performance opti-
mization depending on the end goal.

Conclusions

This article summarizes the C2H4/C2H6 separation per-
formance using polymeric membranes, and presents an ex-
perimental C2H4/C2H6 upper bound for solution-processable
polymeric membrane materials based on literature data. A
theoretical prediction of the C2H4/C2H6 polymeric upper
bound is also presented, and it shows good agreement with
the experimental upper bound. The article further discusses
two ways to overcome the polymeric ethylene/ethane upper

bound, based on increasing the sorption or diffusion selectiv-
ity, and presents a review on advanced membrane types such
as facilitated transport membranes, zeolite and metal organic
framework (MOF) or zeolite imidazolate framework (ZIF)
based membranes, and carbon molecular sieve membranes.
The intrinsic instability of facilitated transport membranes
makes them questionable for practical application. While
membranes based on crystalline molecular sieves such as
zeolites and MOFs can achieve very attractive propylene/
propane separation, their C2H4/C2H6 performance generally
remains below the polymeric upper bound. In addition, they
may present challenges such as difficulties in coherently fab-
ricating a defect-free membrane. Carbon membranes have
shown the potential to surpass the polymeric C2H4/C2H6

upper bound performance. The main advantage of CMS
membranes is that they can be based directly on the poly-
meric membrane platform, with pyrolysis being the only
additional step in CMS fabrication. A convenient, potentially
scalable method for tailoring the performance of carbon
membranes for C2H4/C2H6 separation based on tuning the
CMS pyrolysis conditions such as the final pyrolysis temper-
ature, heating rates and the pyrolysis atmosphere has also
been demonstrated.
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