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Foreword

Industrial culture has brought with it magnificent improvements in human health
and well being over the last two centuries. At the same time, these advances in the
human condition have come at a cost. All too often in the past, the overall impact of
an industrial process or product was not fully accounted for; waste and by-products
were considered to be merely zero cost disposables. Profit margins thus were ap-
parently higher than we know in hindsight that they should have been. Whether it
was the eighteenth century mill making wool and pouring waste sulfuric acid into a
river or the twentieth century coal power plant emitting megatons of carbon dioxide
as well as lesser amounts of sulfur and mercury, the real overall costs of production,
which must include the environmental impact (or remediation) and public health ef-
fects, were not taken into account. Thus the waste product problems were not con-
sidered to be important, indeed, for a long time they were not considered problems.

At this juncture, early in the twenty-first century, much has changed. We now
think in terms of process and product life cycles and take into account the full
cradle-to-grave costs of production. But even more, we know that as human popu-
lations grow over the next 50-100 years, enormous pressure will be placed upon
all our systems of production, delivery and consumption. Carbon dioxide in the
atmosphere is leading to slow but sure global warming with unknown consequenc-
es. Fresh, clean water will become an increasingly difficult commodity to supply
cheaply to large segments of the population. Energy needs will only rise with time
as developing nations emerge as first world industrial powers. So what has this to
do with carbon membranes the reader may ask? Simply put, many of the most press-
ing technological problems that we face will require solutions that involve energy
efficient separations and carbon membranes will provide the solutions that we seek.

Carbon membranes are still in their infancy as a technology, yet the promise they
hold is enormous. Already we know that nanoporous (0.5—1.0 nm average pore size)
carbon membranes show an especially high affinity for carbon dioxide transport,
a property that will undoubtedly be of utility in carbon capture and sequestration.
They are robust enough to withstand use in aqueous media and at either high or low
pH. When engineered with mesopores (1.0-3.0 nm), they can be used to provide
ultrafiltration of water and other process fluids. In combination with catalysts, they
are able to combine reaction and separation, thereby providing a viable means to
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selectively open the reaction zone and thereby overcoming equilibrium limitations
of the closed system. Carbon membranes have been shown to be useful in a spec-
trum of separations as important and, yet, as delicate as, for example, the separation
of oxygen and nitrogen. In other instances they have been shown to be compatible
with blood, can be used to separate proteins and may offer opportunities for bio-
medical advances. When placed on ceramic or metallic supports, they are able to
withstand high pressures.

If all this is known, then what is left to do? The fact is that most of these demon-
strations have been at the laboratory level and not much beyond that level. Prepara-
tion of these materials is still an art and not a science. The science begins once a use-
ful membrane has been prepared in the lab; prior to that point, despite much effort,
the steps of preparation remain art. Can this be overcome? Certainly it can be. Simi-
larly, it is clear that being able to manufacture materials readily, reproducibly and
at low cost, remains a barrier to adoption and application.Then there is the science
associated with the synthesis of the pore structures. Still too little is known about the
details of the pore structure in many carbon membranes, and this has tended to limit
the science that seeks to understand the mechanisms of separation—especially na-
noscale kinetic separations. Eventually, synthesis of regular pore structures must be
the goal, so that we can have carbon membranes tailored for each application with
pore structures having optimal orientation for regular transport and low tortuosity,
with pores that are sized for the separation to be done and on support media that
lend themselves to ready incorporation into a module.

To get to this point with carbon membranes will take more dedicated research,
the development of new ideas and with luck a few breakthroughs in synthesis and
preparation. The present volume is a terrific starting point for the scientist or engi-
neer who is embarking upon research in the area. Collected in one place for the first
time is all that one needs to know to synthesize and test carbon membranes. The
time saving offered by the collection of information into this volume is enormous
and will prove to be useful not just for one newly entering the field but for the sea-
soned researcher as well.

State College, PA Henry C. Foley



Preface

The concept of carbon membrane is not necessarily novel. Ash et al. compressed
nonporous graphite carbon into a plug and called it carbon membrane in early sev-
enties. The practical usefulness of carbon membrane was however realized in the
beginning of eighties for the first time by the work of Koresh and Soffer who pyro-
lyzed many thermosetting polymers to produce carbon molecular sieve membranes.
Since then attempts have been made to use carbon membranes for gas separation,
nanofiltration and other membrane separation processes.

It was the realization that there were performance limits in polymeric membranes
in gas separation which prompted research on carbon membrane. In 1991 Robeson
set upper bounds in the selectivity-permeability plots of several gas-pairs by com-
piling experimental data for a large number of polymeric materials. Although the
boundary lines have been shifted to the desirable direction after nearly 20 years’
research efforts, the achievement has not yet been truly spectacular. Attention of
membrane research community was then focussed on inorganic materials, such as
silica, zeolite and carbon, which exhibited molecular sieving properties. Remark-
able improvements have been made in terms of the selectivity-permeability plot
but the exploitation of these materials for the practical application remains under-
achieved primarily due to their poor processibility.

In order to combine the superb molecular sieving effects of inorganic materi-
als and the desirable mechanical and processing properties of polymers consider-
able efforts have been made recently to fabricate composite membranes, also called
mixed matrix membranes (MMMs), in which inorganic particles are incorporated
in host polymeric membranes. With respect to carbon material, attempts to fabri-
cate MMMs were further encouraged by the recent progress in nano-technology in
general and carbon nano-tubes in particular. Using nano-sized particles instead of
micro-sized particles, the compatibility between the carbon particle and the host
polymeric membrane seems to be enhanced. Moreover, the mass transport through
the nano-tubes is remarkably different from the micro- and macro-sized materials,
as evidenced by the recent discovery of carbon nano-tube membrane for seawater
desalination by reverse osmosis.

vii
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The authors intend to make a historic overview of carbon-related membranes in
this book. It will cover the development of carbon related membranes and mem-
brane modules from its onset to the latest research on carbon mixed matrix mem-
branes. After the review of the progress in the field, they also intend to show the
future direction of R&D.

Chapter 1 is the introduction of the book. The general historic overview of the
carbon and carbon-related membranes is made in this chapter.

Chapters 2—7 are dedicated to carbon membranes. A comprehensive literature
review on carbon membrane transport, carbon membrane and carbon membrane
module preparation is made in these chapters.

In Chap. 2, the unique feature of carbon membrane transport is briefly outlined.

Chapter 3 is for the carbon membrane configuration. Currently, all flat sheet,
tubular, capillary and hollow fiber carbon membranes are available at least for labo-
ratory scale experiments. Their merits and demerits are discussed in this chapter.

Chapter 4 is the most comprehensive chapter of the book on the carbon mem-
brane preparation. In this chapter selection of the polymeric precursor membrane,
preparation of polymeric membrane, pre-treatment before pyrolysis, pyrolysis and
membrane post-treatment are dealt with. Furthermore, the membrane preparation
method is described in this chapter as much in detail as possible.

Chapter 5 is for membrane testing. Similar to other inorganic membranes, some
of carbon membranes are less flexible than polymeric membranes. This should be
taken in consideration in the design of the laboratory scale carbon membrane sepa-
rator. The construction of the separator is described as much in detail as possible.

Chapter 6 is for carbon membrane characterization. This is also slightly different
from the characterization of polymeric membranes, since the degree of carboniza-
tion and its effects on physical and morphological properties should be known.

It is expected that the researchers can conduct their own experiments after read-
ing Chaps. 4-6.

Chapter 7 is for the carbon membrane module construction. This is also unique
for carbon membranes because of their less favourable mechanical properties com-
pared to the polymeric membranes.

Chapter 8 summarizes the recent progresses in other carbon related membranes.
The central issue of this chapter is carbon nano-tubes membranes and mix matrix
membranes in which carbon nano-tubes are incorporated.

Chapter 9 will include all aspects of applications of carbon related membranes
in separation processes such as reverse osmosis, nanofiltration, pervaporation, gas
separation and fuel cell.

In Chap. 10, the cost evaluation of carbon-based membranes is attempted in
comparison to the conventional polymeric membranes.

In the last chapter (Chap. 11) the authors attempt to show the future direction in
R&D of the carbon-based membranes.

The authors believe that this book is the first book exclusively dedicated to car-
bon membranes and the carbon-related membranes. The book was written for engi-
neers, scientists, professors, graduate students as well as general readers in universi-
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ties, research institutions and industry who are engaged in R&D of membranes for
separation processes. It is therefore the authors’ wish to contribute to the further de-
velopment of membrane science and technology in general and carbon membranes
in particular by showing the future directions in the R&D.

October 5, 2010 A. F. Ismail
D. Rana

T. Matsuura

H. C. Foley
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Chapter 1
Introduction

1.1 The Development of Porous Inorganic Membranes

The development of porous inorganic membranes dates from before 1945, long
before the discovery of today’s synthetic organic membranes. However, not much
publicity was given to these initial innovations, because the first porous inorganic
membranes were made for the separation of uranium isotopes and were mainly used
for military purposes or nuclear applications [1]. Indeed, non-nuclear applications
of inorganic membranes were only realized at the beginning of the 1980s [2], with
their potential becoming apparent once high quality porous ceramic membranes
could be produced for industrial applications on a large scale [3]. Since then, they
have become important tools for beverage production, water purification and the
separation of dairy products [1]. Nowadays, inorganic membranes are used primar-
ily for civilian energy-related applications. Furthermore, they play a significant role
in the gas separation processes of the industrial sector.

Hsieh has provided a technical overview of inorganic membranes in his 1990
book [3], in which inorganic membranes are divided into two major categories
based on structure; porous inorganic membranes and dense (nonporous) inorganic
membranes as shown in Fig. 1.1. Moreover, porous inorganic membranes have two
different structures: asymmetric and symmetric. Porous inorganic membranes with
pores more than 0.3 um usually work as sieves for large molecules and particles.
Glass, metal, alumina, zirconia, zeolite and carbon membranes are the porous inor-
ganic membranes commercially used. However, other inorganic materials such as
cordierite, silicon carbide, silicon nitride, titania, mullite, tin oxide and mica can
also be used to produce porous inorganic membranes. These membranes vary great-
ly in pore size, support material and configuration. Alternatively, dense membranes
made of palladium and its alloys, silver, nickel and stabilized zirconia have been
used or evaluated mostly for separating gaseous components. Applications of dense
membranes are primarily for highly selective separation of hydrogen and oxygen
and the transport occurs via charged particles. However, the dense membranes have
found to have only very limited usage in the industrial application, primarily due to

A. F. Ismail et al., Carbon-based Membranes for Separation Processes, 1
DOI 10.1007/978-0-387-78991-0_1, © Springer Science+Business Media, LLC 2011
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Structure of inorganic membranes

Dense Porous
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I I
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Fig. 1.1 Structure of inorganic membranes

their low permeability compared to that of porous inorganic membranes. Therefore,
today’s market for the commercial inorganic membranes is dominated by porous
membranes [1-3].

At present, interest in the development of porous inorganic membranes that can
provide better selectivity, thermal and chemical stability than polymeric membranes
is growing. This attention has particularly focused on materials that exhibit mo-
lecular sieving properties such as silica, zeolites and carbon [4], which appear to
be promising in separation of gas. For example, molecular sieve membranes can
exhibit much higher permeabilities and selectivities than the polymeric membranes
(Fig. 1.2). Among inorganic membranes, silica-based membranes selectively sepa-
rate hydrogen from other gases but permselectivity between similar-sized molecules
such as oxygen and nitrogen is not sufficient [5]. Zeolites can separate isomers, but
it is difficult to obtain a large, crack-free zeolite membrane. Compared with silica
and zeolite based membranes, carbon molecular sieve membranes [5, 6] can easily
be fabricated and they have very unique features of high selectivity and perme-
ability. Therefore, the purpose of this book review is to give an overview of the
development of carbon molecular sieve membranes during the past 30 years. This
book also looks towards the future direction of carbon membranes development in
the new millennium.

The concept of carbon membrane for gas separation can be found in the early
nineteen seventies. Barrer et al. compressed non-porous graphite carbon into a plug,
called carbon membrane [8]. Bird and Trimm used poly(furfuryl alcohol) (PFA) to
prepare unsupported and supported carbon molecular sieve membranes. During car-
bonization, they encountered shrinkage problems, which lead to cracking and defor-
mation of the membrane. Hence, they failed to obtain a continuous membrane [9].

Carbon molecular sieves produced from the pyrolysis of polymeric materials
have proved to be very effective for gas separation in adsorption applications by Ko-
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resh and Soffer [10—13]. Molecular sieve carbon can be easily obtained by pyrolysis
of many thermosetting polymers such as polyacrylonitrile (PAN), poly(vinylidene
chloride) (PVDC), PFA, cellulose, cellulose triacetate, saran copolymer, phenol
formaldehyde resins and various coals such as coconut shell [10]. They described
that the pore dimensions of carbon were dependent on morphology of the organic
precursor and the chemistry of pyrolysis [14]. During the research on molecular-
sieve carbon adsorbents, they have shown that the molecular sieving effect of non-
graphitizing carbons was extremely specific and adjustable by mild activation and
sintering steps to the discrimination range 2.8-5.2 A [15].

Pyrolysis of thermosetting polymers typically cellulosic, phenolic resin, oxi-
dized PAN as well as pitch mesophase have been found to yield an exact mimic
of the morphology of the parent material. They do not proceed through melting or
softening during any stage of the pyrolysis process. Hence, pyrolysis can produce
a carbon molecular sieve membrane from a thermosetting polymer membrane [14].
Due to the research in developing carbon membranes that has occured after the
initial work of Koresh and Soffer [14—16], apparently crack-free molecular siev-
ing hollow fiber membranes can be successfully prepared by carbonizing cellulose
hollow fibers. They have shown the dependence of permeabilities and selectivities
on temperature, pressure and extent of pore for both adsorbing and non-adsorbing
permeants [14, 15]. However, those membranes are lacking mechanical strength for
practical application.
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Chapter 2
Transport Mechanism of Carbon Membranes

2.1 Transport of Gas Through CMSMs

Mass transfer of gas through a porous membrane can involve several processes de-
pending on the pore structure and the solid [1]. There are four different mechanisms
for the transport: Poiseuille flow; Knudsen diffusion; partial condensation/capillary
diffusion/selective adsorption and molecular sieving [2, 3]. The transport mecha-
nism exhibited by most of carbon membranes is the molecular sieving mechanism
as shown in Fig. 2.1. The carbon membranes contain constrictions in the carbon
matrix, which approach the molecular dimensions of the absorbing species [4].

In this manner, they are able to separate the gas molecules of similar sizes effec-
tively. According to this mechanism, the separation is caused by passage of smaller
molecules of a gas mixture through the pores while the larger molecules are ob-
structed. It exhibits high selectivity and permeability for the smaller component of
a gas mixture [3]. Carbon matrix itself is impervious suggesting that permeation
through carbon membranes can be attributed entirely to the pore system which con-
sists of relatively wide openings with narrow constrictions. The openings contribute
the major part of the pore volume and are thus responsible for the adsorption capac-
ity, while the constrictions are responsible for the stereoselectivity of pore penetra-
tion by host molecules and for the kinetics of penetration [5]. Hence, the diffusivity
of gases in carbon molecular sieve may change abruptly depending on the size and
the shape of molecules because carbon molecular sieve has pore sizes close to the
dimension of gas molecules [6].

Carbon molecular sieve membrane (CMSM) has been identified as a very promis-
ing candidate for gas separation, both in terms of separation properties and stability.
These molecular sieves are porous solids that contain constrictions of apertures that
approach the molecular dimensions of the diffusing gas molecules. At these constric-
tions, the interaction energy between the molecule and the carbon is comprised of
both dispersive and repulsive interactions. When the opening becomes sufficiently
small relative to the size of the diffusing molecule, the repulsive forces dominate
and the molecule requires activation energy to pass through the constrictions. In this
region of activated diffusion, molecules with only slight differences in size can be ef-
fectively separated through molecular sieving [7]. Therefore, the mechanism of gas

A. F. Ismail et al., Carbon-based Membranes for Separation Processes, 5
DOI 10.1007/978-0-387-78991-0_2, © Springer Science+Business Media, LLC 2011



6 2 Transport Mechanism of Carbon Membranes

Fig. 2.1 Typical molecular sieving mechanism

permeation and uptake through porous solids is closely related to the internal surface
area and, dimensions of the pores and to the surface properties of the solid, rather
than to its bulk properties of the solid as in the case with polymers [5].

Carbon molecular sieve membranes suitable for gas separation have been pre-
pared by pyrolyzing thermosetting polymers. CMSMs with pore diameter 3—-5 A
have ideal separation factors, ranging from 4 to more than 170 for various gas pairs
[2]. The permeation characteristics of the molecular sieve carbon membrane can be
varied by changing the high temperature treatment parameters [8].

Another transport mechanism of carbon membrane is selective adsorption-sur-
face diffusion mechanism. Adsorption-selective carbon membranes separate non-
adsorbable or weakly adsorbable gases (O,, N,, CH,) from adsorbable gases, such as
NH,, SO,, H,S and chlorofluorocarbons (CFCs). The difference between the struc-
ture of adsorption-selective carbon membranes (ASCMs) and CMSMs is the size
of the micropores. ASCMs have a carbon film with micropores slightly larger than
CMSMs, probably in the range of 5-7 A [9]. It is known that the performance of
an asymmetric membrane is governed by the structure of the thin active layer [10].
Meanwhile, the great difference between carbon asymmetric membranes and poly-
meric asymmetric membranes seems to be in the skin layer as shown in Fig. 2.2. In
contrast to polymeric membranes, carbon membranes may be considered as a refrac-
tory porous solid where the permeants are non-soluble and merely penetrate through
the pore system [8]. It is greatly different from the transport mechanism of polymeric
membranes—solution-diffusion mechanism. Figure 2.3 shows the solution-diffusion
mechanism in the dense layer of a polymeric membrane. Size (diffusivity) and con-
densability (solubility) selectivity factors interact with polymer to determine which
component passes though the membrane faster [11]. However, carbon membrane
requires a very fine control of the pore sizes (diameter <4 A) and also often requires
operation at an elevated temperature in order to provide practically acceptable flux
for the membrane thickness may extend to a range of several microns [9]. The influ-
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Fig. 2.2 Comparison of (a) carbon hollow fiber membrane with (b) polymeric hollow fibrer
membrane

Fig. 2.3 Solution-diffusion
transport mechanism.
(From [11])
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ence of adsorption of permeants on the pore walls has also to be taken into consider-
ation, especially when permeants have relatively high boiling point [8].

2.2 Solution-Diffusion Model for Single Gas Transport

The transport through CMSMs is often studied by using the solution (sorption)-
diffusion model. Because of simplicity of the model, a brief description is given
below for the transport involved in a single gas system.

According to the Fick’s first law

dc
dx
where J is the gas flux, dc/dx is the concentration gradient to the direction of gas
flow and D is diffusivity.

J=-D 2.1)
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When the solubility of gas in the membrane follows the Henry’s law relationship
c=3Sp (2.2)

where c is the concentration in the membrane phase, p is the external pressure and
S is the proportionality constant called solubility.

Combining Egs. (2.1) and (2.2) and integrating from the feed side to the perme-
ate side of the membrane, we obtain

SD

where / is the membrane thickness and Ap is the transmembrane pressure differ-
ence.

Permeability is defined as:

P=SD 2.4)
Hence,
P
J = 7Ap (2.5)

often / can not be measured. Then, P/I, called permeance, is measured instead of
permeability.

Permeability, solubility and diffusivity can all be represented by Arrhenius type
equations; i.e.

—E
P="r exp( RTP> (2.6)
—AH;
S = Spexp ( RT ) 2.7)
—E
D = Dyexp ( RTd) (2.8)

where P, S, and D, are the pre-exponential factor of the respective term. R and T
are the universal gas constant and the absolute temperature, respectively. E, is the
activation energy of gas permeation, AH_ is the heat of solution (sorption) and E, is
the activation energy for diffusion.

From Egs. (2.6)—(2.8)

E, = AH,+ E, (2.9)

usually, AH_is negative and E,is positive. Therefore, E, may be negative or posi-
tive, depending on whether solution (sorption) or diffusion governs the transport
process.

Sorption does not necessarily follow Henry’s law. For a glassy polymer an as-
sumption is made that there are small cavities in the polymer and the sorption at the
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cavities follows Langmuir’s law. Then, the concentration in the membrane is given
as the sum of Henry’s law adsorption and Langmuir’s law adsorption

Ch/bp
1+bp

c=kyp+ (2.10)

where kp is the Henry’s law constant, b is the hole affinity constant and c¢;” is the
saturation constant.

Equation (2.10) is also used to interpret the results from CMSMs. It should be
noted that the applicability of solution (sorption)-diffusion model has nothing to do
with the presence or absence of the pore.

2.3 Solution-Diffusion Model for the Transport of Binary
Gas Mixtures

A study by Chen and Yang is described below in detail to show how the transport
model is applied for the CMSM [12]. The nomenclature of the original work is re-
tained even though it is different from the one used in Egs. (2.1)—(2.10). However,
analogy in the model development is obvious.

In the study conducted by Chen and Yang, the diffusivities of binary mixtures
were measured using the laboratory fabricated CMSM and the results were com-
pared with the authors’ own kinetic theory developed for the prediction of binary
diffusivities from pure component diffusivities.

The CMSM was prepared by coating polyfurfuryl alcohol (PFA) on a graph-
ite support followed by pyrolysis. The graphite disk was 4.45 cm in diameter and
0.476 cm in thickness. A thin layer of PFA was coated on one face of the graphite
disk. The heating protocol of the coated graphite is as follows: 90°C for 3 h in air;
heating to 300°C at 1.5°C/min in N, stream and held at 300°C for 2 h; heating to
500°C at the same heating rate in N, stream and held at 500°C for 6 h. The membrane
was then cooled to room temperature. The coating and pyrolysis procedure were re-
peated 5 times. The thickness of the carbon molecular sieve (CMS) layer was 15 um.

Equilibrium isotherms of CH, and C,H, were established by using the gravimet-
ric method, following the weight change of the CMS. The CMS (particles) sample
was prepared by pyrolysing PFA according to the same heating protocol but without
the graphite substrate. After pyrolysis the the carbonized PFA sample was ground
and sieved to 50 mesh for the adsorption experiments.

The diffusivity measurement was made by the diffusion cell. The laboratory pre-
pared CMSM was loaded between two chambers of the diffusion cell. Pure helium
(He) gas was fed into the lower chamber (permeate side) while He carrying differ-
ent concentrations of CH,, C,H, or CH,/C,H, mixture was fed to the upper chamber
(feed side) of the diffusion cell. The pressures on both chambers were kept equal.
Hence, the gas transport was solely by the diffusion. From the flow rate and the
concentration of the permeant at the outlet of the permeate side stream, the perme-
ant flux can be calculated. The flux measurement was done after waiting for 8 h, at
least, to ensure the establishment of the steady state.
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Fig. 2.4 SEM cross-sectional images of (right) CMS layer formed on the surface of graphite sub-
strate, and (/eff) CMS layer and its surface. (From [12])

Figures 2.4 and 2.5 show the SEM pictures of the laboratory prepared CMSM
and the substrate graphite. Figure 2.4 depicts that the CMSM coated on top of the
graphite support is crack-free. The thickness of the CMSM layer is 15 pm. Fig-
ure 2.5 shows that the surface of the CMSM and the graphite support. The CMSM
layer is much smoother with a roughness within 0.02 um. The pore size in the
graphite support is 5-10 um.

0.43 pm’

e ——

Fig. 2.5 SEM images of (/eff) the surface of CMS layer, and (right) the surface of graphite sub-
strate. (From [12])
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Fig. 2.6 Equilibrium 0.8
isotherms of CH, on CMS.
(From [12])

Amount adsorbed (mmol/g)

0 200 400 600 800

Pressure (Torr)

The adsorption isotherms for CH, and C,H, are given in Figs. 2.6 and 2.7. The
data were fitted to the Sippe type isotherm;

n

q bp

aZW (2.11)

where p is the gas pressure, g is the amount adsorbed and g is the saturated amount
adsorbed. b is the Langmuir constant and # is isotherm constant.
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Fig. 2.7 Equilibrium
isotherms of C,H, on CMS.
(From [12])
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Regarding the single component gas diffusion, the flux can be written as:

9
J=-_-pXH (2.12)
0x

where D is the diffusivity and x is distance.
Diffusion in molecular sieves is strongly concentration dependent, and is given
by:
Dy

where 0 is the fractional saturation 6=g/q_, D, is the diffusivity at zero adsorption
and / is and interaction parameter.

At the steady state the gas flux is constant. Then, substituting Eq. (2.13) into
Eq. (2.12) and integrating,

_ Do g 1n|:QS_(1_)\)CIL:|
Ax(1=2)  Lgs = =Mgn

(2.14)

where Ax is the thickness of CMS layer. The subscripts H and L are for the higher
(upper) and lower chamber. Since gr >> qL, the equation is further reduced to

D bp"
J=-20_ % - -n—2 (2.15)
Ax (1— 1) 1+ bp"

Table 2.1 shows the parameters involved in Egs. (2.11) and (2.13) at different tem-
peratures.
When an assumption is made that the diffusivity is not concentration dependent,
the flux becomes:
D qsbp"

- Ax 1+ bp"

(2.15a)

The experimental CH, and C,H, fluxes are shown in Figs. 2.8 and 2.9. The symbols
are the experimental data. The solid lines are calculated results from Eq. (2.15) us-
ing the parameters given in Table 2.1. The broken lines are the best fit data based on

Table 2.1 Single-component equilibrium and diffusivity parameters

Gas Temperature g (mmol/g) bx10*(1/Torr) n Dyx 108 2 Dx108
(K) (cm?/s) (cm?/s)

CH, 297 1.145 4.91 1.24 1.695 0.056 2.379
323 1.051 4.51 1.21 2.429 0.196 3.047
353 0.797 4.21 122 3.428 0.280  4.445

CH, 297 2.072 20.0 0.84  0.146 0 0.293
323 1.821 53.0 1.03  0.188 0 0.343

353 1.549 49.4 099 0315 0 0.524
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Fig. 2.8 Steady-state flux

of CH, through CMSM:
solid curves are fitted with
conc.-dependent diffusity and
dashed curves are with con-
stant diffusivity. (From [12])

Fig. 2.9 Steady-state flux

of C,H, through CMSM:
solid curves are fitted with
conc.-dependent diffusity and
dashed curves are with con-
stant diffusivity. (From [12])
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Eq. (2.15a). Equation (2.15) gives better results in fitting than Eq. (2.15a), meaning
the effect of concentration on the diffusivity can not be ignored.
The parameter A defined for a specific molecule A is given as:

g = e (eav—eaa)/RT

(2.16)

¢,, and ¢,, mean the bond energy of the molecule A and the vacant site and the
bond energy of molecule A and the molecule A that already occupied the vacant

site, respectively.
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Table 2.2 Energetic param-  Gaq E_(kcal/mol) DE x 10° (cm?s)
eters and pre-exponential ¢ 0
factors CH, 2.51 1.22

C,H, 2.97 0.21

In Table 2.1, 4 for C,H, is equal to zero at all temperatures, meaning that ¢,
is much greater than ¢, ,, while 4 for CH, decreases with decreasing temperature,
meaning that the A—V bonding increases as the temperature decreases.

D, obtained at three temperatures can be given in the form of Arrhenius equation
as:

Dy = Dje Ea/RT (2.17)

where Dy is the pre-exponential factor and £ is the activation energy of diffusion.
The values for Dy and E, are shown in Table 2.2.
For a binary system of components A and B, the fluxes are:

0 d
Jy=—-Dy, 84 _p,, 298 (2.18)
d ax
0 9
Jp = —Dyy 34 _ p,, 298 (2.19)
d d
And the concentration dependent Fickian diffusivities are:
[ 1 —(1—Asp)0 1
Das = Do (1= *48)0 (2.20)

LI —(1 —Ap)04 — (1 —Aap)O5 |

1—(1—-A
Dap = Dao ( 1500 (2.21)
[ 1= (1 —=2A4)04 — (1 — Aap)os |

1—(1—-A
Dpa = Dpo ( 5405 (2.22)
| 1= (1= Ap)0p — (1 —Apa)ta

Dgs = Dgo L= =%pa)04 (2.23)
|1 —(1 —Ap)0p — (1 —Apa)fa |

The cross-term A 4 is defined as:
dap = e~ (eav—eap)/RT (2.24)

A similar expression is applicable for 4,,.
The cross-term activation energies are given by

eap = pa = (eancpp)'? (2.25)
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By substituting the diffusivity Eqs. (2.20)—(2.23) into the flux Egs. (2.18) and (2.19)
and integrating the flux equations over g, by keeping the other component at a con-
stant average ¢p, the following equations are obtained.

2

1 _ .
Ji = B Dij(qjout - q_jin)] i=Aand B (226)
j=1
where
1 q Aout
Djyp=—— f Da(qagp)dqga
qAout — qAin (2.27)
qAin
l qBout
Dpyp=——— / Dap(qaqp)dqs (2.28)
qBour — 4Bin
qBin

Similarly, D4 and Dy can be obtained.
To calculate the g for the mixed system adsorbed phase averaging is used

1 Xi X
— =40 (2.29)
qs qsA qsB

and

0 = Z—A,eg = Z—A,eA +05 <1 (2.30)

where X is the adsorbate mole fraction at the equilibrium. To know ¢, and g, for the
binary mixture adsorption

gsaba Pi*

2.31
1+ bsPi* + by PpB (@31)

qa =

is used and similarly for g,.
Finally, for the prediction based on single component system, the following
equations are used.

d
Ty =— DAA% (2.32)
d
Jp = — DBBT? (2.33)
D
Dyj=— -2 (2.34)

I —(1—2X44)04
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Table 2.3 Comparison of prediction based on the binary system and the single component system

Feed gas mole Experimental Flux predicted, binary ~ Flux predicted, single com-
fraction flux x 10° (mol/cm? s) theory x 10° (mol/cm? s) ponent x 10° (mol/cm? s)
CH, GCH, CH, CH, CH, C,H, CH, C,H,
0.611 0.021 18.8 0 17.5 Small 15.9 Small
0.138  0.580 3.18 11.6 1.67 6.07 0.989 5.94
0.093  0.430 1.99 9.60 1.19 5.36 0.737 5.27
0465 0317 13.6 5.06 8.53 3.97 5.66 3.58
0.349  0.625 8.04 10.4 4.78 5.85 2.82 5.47
0.218  0.125 5.49 2.26 4.87 2.56 3.67 2.42
Dpgo
D = .
e e PN (239

Table 2.3 shows experimental flux data for the binary system together with predic-
tions based on binary system and single gas component system.

It is obvious from Table 2.3 that prediction based on the binary system produces
much better results.
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Chapter 3
Configurations of Carbon Membranes

3.1 Flat (Supported and Unsupported)
Carbon Membranes

Carbon membranes can be divided into two categories: unsupported and supported
carbon membranes [1]. Unsupported membranes have three different configura-
tions: flat (film), hollow fibre and capillary, while supported membranes consist
of two configurations: flat and tube. Figure 3.1 shows the configurations of carbon
membranes.

Porous carbon films have been prepared from Kapton-type polyimide (PI) to
produce supported and unsupported carbon membranes by Hattori et al. [2—4]. They
reported that the carbon molecular sieve (CMS) film used for gas separation should
be as thin as possible in order to enhance the separation efficiency. However, the
thin film should be supported by a porous plate for handling convenience. The flat
homogeneous carbon films prepared by pyrolysis at 800°C yielded O,/N, selectivi-
ties of 4.2 [4].

Rao and Sircar [5-7] introduced nanoporous supported carbon membranes
which were prepared by pyrolysis of PVDC layer coated on a macroporous graphite
disk support. The diameter of the macropores of the dried polymer film was reduced
to the order of nanometer as a result of a heat treatment at 1,000°C for 3 h. These
membranes with mesopores could be used to separate hydrogen—hydrocarbon mix-
tures by the surface diffusion mechanism, in which gas molecules were selectively
adsorbed on the pore wall. This transport mechanism is different from the molecular
sieving mechanism. Therefore, these membranes were named as selective surface
flow (SSF™) membranes. It consists of a thin (2—5 pm) layer of nanoporous carbon
(effective pore diameter in the range of 5-6 A) supported on a mesoporous inert
support such as graphite or alumina (effective pore diameter in the range of 0.3—
1.0 pm). The procedures for making the selective surface flow membranes were
described in [5, 7]. In particular, the requirements to produce a surface diffusion
membrane were shown clearly in [7].

A solution to overcome reproducibility problems of nanoporous carbon (NPC)
membranes has been introduced by Acharya and Foley [8]. They have used spray

A. F. Ismail et al., Carbon-based Membranes for Separation Processes, 17
DOI 10.1007/978-0-387-78991-0_3, © Springer Science+Business Media, LLC 2011
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Carbon membranes
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Flat Tube Capillary Hollow fiber Flat

Fig. 3.1 Configurations of carbon membranes

coating system for the production of thin layers of NPC on the surface of a porous
stainless steel support. A solution of PFA in acetone was sprayed onto the support in
the form of a fine mist using an external mix airbrush with nitrogen gas. That was
the first reported case of the technique being used for supported carbon membrane
synthesis. The advantages of this preparation method are reproducibility, simplic-
ity, giving good performance for oxygen—nitrogen separation. The resulting mem-
branes were found to have oxygen over nitrogen selectivities up to 4 and oxygen
fluxes of the order of 10~ mol/m? s Pa.

Chen and Yang [9] prepared a large, crack-free carbon molecular sieve mem-
brane (CMSM) supported on a macroporous substrate by coating a layer of PFA
followed by controlled pyrolysis. Diffusion of binary mixtures was measured and
the results were compared with the kinetic theory for predicting binary diffusivities
from pure component diffusivities. Good agreement was obtained between theo-
retical predictions and experimental data for binary diffusion, as shown in Chap. 2.

Suda and Haraya [10] were successful in preparation of flat, asymmetric car-
bon molecular sieve membranes, which exhibited the highest gas permselectivities
among those fabricated in the past research by pyrolysis of a Kapton type PI de-
rived from pyromellitic dianhydride (PMDA) and 4,4'-oxydianiline (ODA). They
used the permeation measurements and X-ray powder diffraction to relate the re-
lationship between the gas permselectivity and microstucture of the CMSM. They
proposed that the decrease of the interplanar spacing, amorphous portion and pores
upon heating might be the origin of the “molecular sieving effect”.

Suda and Haraya [11] also clarified the factors that determined the micro-struc-
ture and the permeation properties of CMS dense membranes derived from Kapton
PI film [11]. They have gained insight into the permeation mechanism through the
study of permeability versus kinetic diameter in connection with diffusivity and
sorptivity. The authors suggested that the factors determining the micro-stucture
and the gas permeation properties of CMSMs are not completely governed by the
precursor because the permeation properties are significantly affected by several
factors: the choice of polymer precursor, the membrane formation method and the
pyrolysis condition.

Shusen et al. [12] used one-step preparation method of asymmetric supported
carbon molecular sieve membranes, consisting of the formation of phenol form-
aldehyde film followed by pyrolysis and unequal oxidation steps. Micro-pores
were formed as a result of small gaseous molecules channeling their way out of the
solid matrix of the polymer during pyrolysis. The micropore structure was further
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widened by oxidation, which removed carbon chains in the pores. The pore struc-
ture was narrowed by high temperature sintering. All of the preparation conditions
which lead to the shrinkage of the pore of the carbon membrane would be beneficial
for improvement of selectivities while the conditions for widening the pore size
would be favorable for increasing permeabilities [13]. They proposed that the key
point to create a carbon membrane with asymmetric structure was to keep different
oxidation atmospheres on two sides of the membranes in the activation process, for
example, a relatively strong activation condition on one side and a relatively weak
activation condition on the opposite side [12, 13].

Kita et al. [14] synthesized an unsupported polypyrrolone film by means of a
casting method. The authors found that the membranes which had been carbonized
at 700°C for 1 h gave the highest performance. The membranes exhibited excellent
stability up to 500°C without weight loss.

The flat carbon membranes were produced for gas separation from coal tar pitch
by Liang et al. [15]. The result showed that the separation power of carbon mem-
branes prepared from coal tar pitch was generally higher by at least three orders of
magnitude compared with polymeric membranes.

The preparation method of flat supported carbon molecular sieve membranes has
been investigated by using different polymeric materials by Fuertes and Centeno.
They used 3,3'4,4'-biphenyltetracarboxylic dianhydride (BPDA)—4,4’-phenylene
diamine (pPDA) [1, 16], phenolic resin [17] as precursor to make flat CMSMs
supported on a macroporous carbon substrate. In a later study, they chose poly-
etherimide (PEI) as a precursor to prepare flat supported CMSMs [18]. PEI was
chosen because it was one of PI based materials which can be used economically.
On the other hand, these PEI carbon membranes showed performance similar to the
CMSMs prepared by Hayashi et al. [19], which was obtained from a laboratory-
synthesized PI (BPDA-ODA).

Furthermore, they also used two other commercially available PI type polymers
with the trade names Matrimid and Kapton to prepare supported carbon composite
membranes in a single casting step [20]. They reported that the different structures
of carbon membranes could be obtained depending on the polymeric precursors,
the casting solution and the preparation condition. However, preparation condi-
tions had a great effect on the structure and separation properties of the Matrim-
id-based carbon membranes. Recently, they investigated the preparation of sup-
ported CMSM formed by a microporous carbon layer, obtained by carbonization
of a poly(vinylidene chloride-co-vinyl chloride) (PVDC-co-PVC) film [21]. They
discovered that the preoxidation of PVDC-co-PVC samples did not significantly af-
fect the micropore volume of the carbonized materials. However, the pretreatment
in air at 200°C for 6 h led to a less permeable carbon membrane than the untreated
membrane but with higher selectivity. The selectivity of CO,/N, was increased from
7.7 to 13.8 after the pretreatment.

There are researchers involved in the study of flat sheet homogeneous mem-
brane particularly focused on the development of entropic contributions to diffusiv-
ity selectivity as the polymer matrix evolved to a rigid carbon matrix [22]. Polymer
precursor membranes pyrolyzed at intermediate steps in the pyrolysis process and
finally pyrolyzed membranes were tested for the purpose to study the development
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of gas separation properties as the material progresses from a polymer to a com-
pletely carbonized membrane.

3.2 Carbon Membranes Supported on Tube

The CMSMs have been produced by dip-coating of BPDA-ODA solution on an
a-AL O, porous support tube followed by pyrolysis at 500-900°C in an inert at-
mosphere by Hayashi et al. [19]. The sorptivity and diffusivity of penetrants in
the carbonized membrane were greatly improved by carbonization because of the
increased micropore volume (free space) and segmental stiffness. The carboniza-
tion procedure was optimized and excellent permselectivities of penetrants were
obtained.

The researchers modified the resulting CMSMs by chemical vapor deposition
(CVD) using propylene as the carbon source at 650°C [23]. The study showed that
the CVD modification was effective to increase the CO,/N, and O,/N, selectivity
because the pore structure was further controlled and the micropores were narrowed.

Hayashi et al. [24, 25] also found that a carbonized membrane prepared with a
BPDA-pp’ODA PI gave higher C,H,/C,H, and C,H,/C,H, permselectivities than
those of polymeric membranes. This was in accord with the fact that carbonized
membranes possessed a micropore structure, which was capable of recognizing size
differences of alkane and alkene molecules. Additionally, Hayashi et al. [25] evalu-
ated the stability of a membrane based on BPDA-ODA PI and carbonized at 700°C
by exposing it to air at 100°C for 1 month. It was suggested that the CMSMs were
usable for a prolonged period in an atmosphere which contained low levels of oxi-
dants. Their study also showed that the permeation properties of carbon membrane
could be improved by treating carbon membrane under an oxidizing atmosphere
[25]; i.e., they oxidized BPDA-ODA carbon membrane with a mixture of O,—N,
at 300°C or with CO, at 800-900°C and found the excessive oxidation fractured
the carbon membrane. The researchers concluded that carbonization under the op-
timum condition shifted the trade-off relationship of the BPDA-pp’ODA PI mem-
brane toward the direction of higher selectivity and permeability [24].

Microporous carbon membranes have been prepared [26] by carbonization and
activation of an asymmetric phenolic resin structure comprised of a dense resol
layer, and supported on a highly permeable macroporous novolak resin tube.

BPDA-ODA/2,4-diaminotoluene (DAT) copolyimide, which contains methyl
groups, was used as a precursor for CMSM coated on a support tube by Yama-
moto et al. [27]. Methyl groups were expected to be decomposed during the post-
treatment under an oxidative atmosphere and result in expanded micropores. They
reported that the permeation properties of the resulting membranes were depending
on the composition of the precursor films, carbonization temperature and oxidation
condition. In spite of the permeance that increased with increasing permeation tem-
perature, the separation coefficients were not greatly influenced by the oxidation
and carbonization treatments. They suggested that the oxidation in air by increasing
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temperature up to 400°C with a 1-h hold and carbonization up to 700°C was most
suitable for increasing permeance with no adverse effect on separation coefficient.
The trade-off line for the BPDA-ODA carbon membrane for O,/N, system was
threefold higher in the direction of separation coefficient than that for P membrane
reported by Stern. Researchers have concluded that optimization of the treatment
procedure was more important than changes in diamine portion of the co-polyimide.

A further study regarding CMSMs have been made by Kusakabe et al. [28]
in which CMSMs were formed by carbonizing BPDA-pp’'ODA PI membranes at
700°C and then oxidized with either an O,~N, mixture or pure O, at 100-300°C un-
der controlled conditions. The thin polymer layer was formed on the outer surface
of a-alumina tube by dip-coating. The study showed that the oxidation increased
permeance without greatly damaging the permselectivities. This was because the
oxidation at 300°C for 3 h significantly increased the micropore volume but the
pore size distribution was not broadened. The result was similar to the previous
research [25] regarding the effect of oxidation on gas permeation of CMSMs based
on BPDA-pp’ODA polyimide.

They also formed the condensed polynuclear aromatic (COPNA) resin film on
a porous a-alumina support tube. Next, a pinhole-free CMSM was produced by
carbonization at 400—1,000°C [29]. The mesopores of the COPNA-based carbon
membranes did not penetrate through the total thickness of each membrane and
served as channels which increased permeances by linking the micropores. CMSMs
produced using COPNA and BPDA-pp’ODA polyimdes showed similar permeation
properties even though they had different pore structures. This suggests that the
micropores are responsible for the permselectivities of the carbonized membrane.
Besides that, Fuertes [30] used phenolic resin in conjunction with the dip coating
technique to prepare adsorption-selective carbon membrane supported on ceramic
tubular membranes.

There are other different coating methods on porous stainless steel support media
in the production of carbon membranes supported on tube including: brush coating;
spray-coating and ultrasonic deposition of the polymer resin. For example, Shiflett
and Foley reported various approaches to prepare carbon molecular sieve layers on
the stainless steel support by ultrasonic deposition [31].

Alternatively, Wang et al. [32] used a gas phase coating technique, vapor deposi-
tion polymerization (VDP) to prepare supported carbon membranes from furfuryl
alcohol. They reported that the membranes prepared by VDP had comparable CO,/
CH, selectivities to but lower CO, permeabilities than certain PFA-based mem-
branes prepared by dip-coating techniques.

3.3 Carbon Capillary Membranes

Asymmetric capillary CMSMs were prepared using Kapton PI and their gas per-
meation properties reported by Haraya et al. [33]. Capillary CMSM must have a
controlled asymmetric structure, consisting of a dense surface layer with molecular
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sieving properties and a porous support layer in order to attain both high permselec-
tivity and permeance. However, it is not easy to control the structure of the capillary
CMSM. The researchers described that the structure of membrane was constructed
in the gelation step of polyamic acid (PAA) and was also maintained in the imidiza-
tion step. However, the membrane was shrunk by about 30% at the pyrolysis steps.
They observed that the surface layer became thinner and the pore dimension be-
came larger with acceleration in the exchange rate of solvent with coagulant. Slow
gelation process would result in a thicker dense surface layer.

Petersen et al. prepared CMSMs (capillary tubes) by using a precursor derived
from Kapton [34]. An integral asymmetric capillary carbon membrane was pre-
pared by coagulation of a PAA solution which was imidized to a Kapton capillary
and finally pyrolyzed to a capillary carbon membrane.

3.4 Carbon Hollow Fiber Membranes

A number of special techniques were summarized by Linkov et al. [35], which
had been developed to obtain narrow pore-size distribution in carbon membranes.
Those techniques consist of introduction of monomers with low carbon residual
into polyacrylonitrile (PAN), irradiation of polymer films with high-energy ions,
in-situ polymerization on the surface of dip-coated polymeric precursors, treat-
ment with concentrated hydrazine solution and the dispersion of a finely divided
inorganic material in the casting solution of PAN. They reported that the carbon-
ization of highly asymmetric PAN precursors, produced by the use of various
combinations of solvent and non-solvents in precipitation media, resulted in the
formation of a range of flexible hollow fiber carbon membranes with high poros-
ity and good mechanical properties. Morphology of the membranes as well as the
possibility of altering the pore structure was studied. It was suggested that precur-
sor preparation (solution formulation and fabrication procedure) and stabilization
as well as carbonization conditions had possibility to alter the pore sizes of carbon
membranes.

The VDP method was used to coat hollow fiber carbon membranes by Linkov
et al. [36]. Then the coated membranes were heated in a nitrogen atmosphere to pro-
duce composite carbon-PI membranes. The composite membranes had small wall
and active skin thickness with good mechanical properties. They have resistance
against high pressures and have high flexibility.

Polyimide derived from a reaction of 2,4,6-trimethyl-1,3-phenylene diamine,
5,5-[2,2,2-trifluoro-1-(trifluoromethyl)ethylidene]-1,3-isobenzofurandione and
3,34, 4'-biphenyl tetra carboxylic acid dianhydride was used by Jones and Ko-
ros to prepare carbon molecular sieve asymmetric hollow fiber membranes [37].
These membranes were developed and optimized for air separation applications.
However, they were also effective for the separation of other gas mixtures such as
CO,/N,, CO,/CH, and H/CH,. The selectivities obtained were much higher than
those found for conventional polymeric materials without sacrificing productivity.
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Jones and Koros found potential problems or weaknesses of carbon membranes
in their studies [38, 39]. Carbon membranes generally have nonpolar surfaces. As
a result, they are organophilic. Therefore, ultra-microporous carbon membranes
would be very vulnerable to adverse effects from exposure to organic contaminants
due to its adsorption characteristics of organics. Membrane performance will be
lost severely if feed streams have as low as 0.1 ppm organics. As adsorption of or-
ganic compounds proceeds, capacity for other compounds is diminished and losses
in membrane performance occur rapidly. Once a monolayer has been established,
resistance to other permeating species will be prohibitive. However, a unique regen-
eration technique developed by Jones and Koros [39], seems to be very promising
for removing a number of organic contaminants. Pure propylene at unit or near-unit
activity was found to be suitable for the regeneration process. The propylene most
likely acted as a cleaning agent, removing other sorbed compounds from the carbon
surface. Propylene exposure resulted in a small “opening up” of the pore structure
and membrane performance was recovered.

Jones and Koros [38] also found that the micropores of carbon membranes
would gradually be plugged with water at room temperature, resulting in decrease
of permeabilities of non-polar gases and selectivities. The reason is the surface of
membrane carbonized at relatively low temperature is affected by oxygen remain-
ing in the inert purge gas during pyrolysis [40]. The surface is partially covered with
oxygen containing functional groups, thus giving the membrane a hydrophilic char-
acter [28]. The resulting oxygen-containing surface complexes will act as primary
sites for water sorption. Sorbed water molecules then attract additional water mol-
ecules through hydrogen bonding, leading to the formation of clusters. The cluster
grows and coalesces, leading to bulk pore filling. As the amount of sorbed water in
microporous carbon adsorbents increases, it will greatly diminish the diffusion rate
of other permeating species [38].

The problem can be overcome by coating the membrane with a highly hydropho-
bic film, which does not prohibitively reduce the flux of other permeating species.
Therefore, the resulting carbon composite membranes demonstrate a greater resis-
tance to the adverse effects from water vapor while retaining very good separation
properties [41]. Thus, Kusakabe et al. [28] reported that the modification of the
surface properties of CMSM is a key technology for the selective gas separation.

The effect of PI pyrolysis conditions on CMSM properties was studied by
Geiszler and Koros [40]. They compared the carbon hollow fibre membrane perfor-
mances prepared by vacuum pyrolysis and inert purge pyrolysis. In addition, they
also studied other pyrolysis variables such as the processing temperature, purge gas
flow rate and residual oxygen concentration in the purge gas. They observed that
pyrolysis atmospheres and flow rates of purge gas strongly influenced H,/N, and
O,/N, selectivities of CMSMs. It is noteworthy that pyrolysis condition has signifi-
cant influence on the carbon membranes performance.

Kusuki et al. [42] made the asymmetric carbon membranes by carbonization of
asymmetric PI hollow fiber membranes. The effects of different experimental con-
ditions on the membrane performance were investigated. They reported that those
carbon membranes showed high permselectivities.
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Asymmetric carbon membranes were made by carbonization of asymmetric PI
hollow fiber membranes by Tanihara et al. [43]. In their study, it was found that the
permeation properties of carbon membranes were hardly affected by feed pressure
and exposure to toluene vapor. Furthermore, there was only little change in the per-
meation properties of the carbon membrane with the passage of time.

Ogawa and Nakano [44] investigated the effect of gelation conditions on the
properties of the carbonized hollow fiber membrane. The carbonized hollow fiber
membrane was formed by gelation of PAA film, imidization and carbonization.
The micro-structure of the carbonized membrane was evaluated by the micropore
volumes, which depended on gelation temperature and pH of coagulant. Hence, the
gelation process was important to control micro-structure, permeance and permse-
lectivity of the carbonized membrane. They observed that the gelation time was not
a predominant factor to control the micropore volume, the permeance and CO,/CH,
permselectivity. However, they found that the gelation temperature would influence
the permeation properties of the carbon membranes.

Table 3.1 Configurations of CMSM that appeared in the literature until year 2000

Researcher(s) Configuration Period (year) Reference(s)
Ash et al. 1973 [46]

Bird and Trimm Flat 1983 [47]

Koresh and Soffer Hollow fiber 1980-1987 [48-51]
Bauer et al. Tube 1991 [52]

Hattori et al. Flat 1992 [2-4]

Rao and Sircar Flat 1993, 1996 [5-7]

Chen and Yang Flat 1994 [9]

Linkov et al. Hollow fiber 1994 [35, 36]
Jones and Koros Hollow fiber 1994-1996 [37-39, 41]
Hayashi et al. Tube 1995-1997 [19, 23-25]
Suda and Haraya Flat, capillary 1995-1997 [10, 11, 33, 53]
Shusen et al. Flat 1996 [12,13]
Kita et al. Flat 1997 [14]
Petersen et al. Capillary 1997 [34]

Kusuki et al. Hollow fiber 1997 [42]
Katsaros et al. Tube 1997 [26]
Yamamoto et al. Tube 1997 [27]
Kusakabe et al. Tube 1998 [28,29]
Geiszler and Koros Hollow fiber 1996 [40]
Tanihara et al. Hollow fiber 1999 [43]
Okamoto et al. Hollow fiber 1999 [54]

Liang et al. Flat 1999 [15]
Acharya and Foley Flat 1999 [8]

Fuertes and Centeno  Flat 1998-2000 [1, 16-18, 20, 21, 30]
Ogawa and Nakano Hollow fiber 1999-2000 [44, 45]
Ghosal and Koros Flat 2000 [22]

Shiflett and Foley Tube 2000 [31]

Wang et al. Tube 2000 [32]
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Moreover, they reported that the permeance decreased with the increase of pH
value of the coagulant. The micropore volume also decreased remarkably in the
alkali region, resulting in reduction of micropore size. However, the permselectivity
increased with the increase of pH. The researchers proposed that the most important
factor to achieve both high permeance and high permselectivity in the carbonized
membrane was pH control of the coagulant (water). They realized that the high
permeance of CO, and the high CO,/CH, permselectivity were obtained under the
specific conditions of gelation: time 6 h, temperature 275 K and pH 9.4. They con-
cluded that the transport of CO, was mainly governed by the adsorption effect and
transport of CH, was restricted by the molecular sieving effect, yielding high CO,/
CH, permselectivity [44].

The researchers also investigate the difference in permeation behaviors of CO,
and CH, between the single component and the multi-component system from the
view point of the microporous structure, which was created through the formation
process of the carbonized membrane [45].

Table 3.1 summarizes the configurations of carbon membranes found in the lit-
erature. It is noticed that most of the carbon membranes produced from the 1980s
to early the 1990s are flat disk or flat sheet membranes. Only in the middle of the
1990s, carbon membranes supported on tubes were fabricated, followed by carbon
capillary membranes and carbon hollow fiber membranes. Flat sheet carbon mem-
branes are more suitable for laboratory or research applications while carbon mem-
branes supported on tube, carbon capillary membranes and carbon hollow fiber
membranes are more practical and suitable to apply in industry.
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Chapter 4
Preparation of Carbon Membranes

4.1 Precursor Selection

The properties of the polymeric precursor are probably one of the most important
factors to be considered in order to produce a CMSM of high quality. Because of
the variety of polymeric precursors available for carbon membrane preparation,
the most suitable characteristics for carbon membrane must be first identified for
preparing successful carbon membranes as the pyrolysis of different precursors may
result in different types of carbon membrane. From practical experience and knowl-
edge gathered during carbon membrane preparation exercises, two most dominant
characteristics have been identified; thermo-resistance and molecular arrangement
at molecular levels. These characteristics allow further fine-tuning of membrane
morphology as well as separation performance optimization. In addition to high
temperature resistance, thermosetting polymers neither liquefy nor soften at any
stage of pyrolysis [1]. Also, suitable precursor materials for carbon membrane prep-
aration will not cause any pin-holes or cracks to appear after the pyrolysis step [2].
Another important reason why polymer precursors are preferred is that the resulting
membranes are invariably prepared with fewer impurities than those derived from
activated carbon precursor [3].

At present, different polymeric materials such as polyimides (PIs) and the poly-
imide (PI)-like polymers [4—12], phenolic resins (PRs) [13—15], polyfurfuryl alco-
hol (PFA) [16], and phenol formaldehyde resins (PFRs) [17, 18], cellulose [19] and
others are utilized for polymeric precursors. These polymeric precursors have ther-
mosetting properties, i.e. they do not melt when heated and thus can retain structure
and shape during heating and pyrolysis. Among the possible polymeric precursors,
PIs have been studied most intensively for carbon membrane preparation, due to
their excellent physical properties and the tunable chemical compositions utilizing
different molecular structures composed of dianhydride and diamine monomers.
Figure 4.1 shows some examples of polyimides. The most common commercial
PI used for preparing carbon membrane is Kapton (DuPont trademark) PI. CMSM
with homogeneous fine pores and without cracks or large pores normally can be
achieved by carbonizing Kapton film at 800°C [20].

A. F. Ismail et al., Carbon-based Membranes for Separation Processes, 29
DOI 10.1007/978-0-387-78991-0_4, © Springer Science+Business Media, LLC 2011
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Fig. 4.1 Chemical structures of some polyimide (PI) precursors

In the following sections some of the most typical polymeric precursors are dis-
cussed.

4.1.1 Polyacrylonitrile (PAN)

In the area of carbon fiber production, PAN fibers have been recognized as one
of the most important and promising precursors for producing high performance
carbon fibres. It dominates nearly 90% of world wide sales of carbon fiber [21].
There are numerous advantages of PAN fibers, including a high degree of molecular
orientation, higher melting point (PAN fiber tends to decompose below its melting
point, T of 317-330°C) and a greater yield of the carbon fiber [22].

PAN fibers form a thermally stable, highly oriented molecular structure when
subjected to a low temperature heat treatment, which is not significantly disturbed
during the carbonization treatment at higher temperatures. This means that the re-
sulting carbon fibers have good mechanical properties [22]. One of the main prob-
lems of unsupported carbon membrane (i.e. hollow fiber) is brittleness. Therefore,
by using PAN which is widely employed in the production of high strength carbon
fiber, this problem can be minimized [23].

Schindler and Maier [24] were the first researchers involved in the preparation of
the PAN carbon membrane based on their US patent issued in 1990. They prepared
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porous capillary carbon membranes by nitrogen gas pyrolysis system at pyrolysis
temperatures ranging from 800 to 1,600°C. Before preoxidation and carbonization,
the precursor membranes were subjected to pretreatment with hydrazine solution.
Later in 1992, Yoneyama and Nishihara [25] from Mitsubishi Rayon, Japan, pat-
ented their invention on the preparation of porous hollow fiber carbon membranes.

During the period of 1994-1995, Linkov et al. conducted research on the proper-
ties of PAN based carbon membranes by blending acrylonitrile-methyl methacry-
late copolymer [26] with polyethylene glycol (PEG) [27], and polyvinylpyrrolidone
(PVP) [27] in order to alter the pore size distribution of the carbon membranes. The
membrane precursors that include PAN, blend of PAN-PEG 600, PAN-PEG 20,000
and PAN-PVP 30,000 were spun into hollow fibers and the hollow fibers were sub-
jected to differential scanning calorimetry (DSC). As Fig. 4.2 shows, in the case of
PVP containing precursor the temperature of cyclization of nitrile groups increased
from 309 to 330°C. The infrared study also could confirm that there is stronger as-
sociation between the copolymer and PVP than between the copolymer and PEG.
Figure 4.3 shows the pore size distribution of the carbonized membranes measured
by the mercury intrusion method. The pore sizes are close to 100 A and the pore size
distribution was narrower when the precursor contained PVP. With PEG the pore
size distribution became broader with an increase in molecular weight.

Furthermore, PAN hollow fiber carbon membranes were coated with zeolites
[28], PI [29] and perfluoro-sulfonated ionomer (PSI) [30] to produce composite
membranes. After this period, there was not much research involving the use of
PAN as a precursor for carbon membranes until late 2003, when Davis and Ismail
[31] prepared their carbon hollow fiber membrane from PAN precursor.

Heat flow (W/g)

200 240 280 320 360 400
Temperature (°C)

Fig. 4.2 DSC thermograms of precursors for carbon membranes; (/) pure PAN, (2) PAN-PEG
20,000, and (3) PAN-PVP 30,000. (From [27])
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Fig. 4.3 Mercury intrusion diagrams of carbon membranes produced from A-type precursors con-
taining low carbon residual polymers: (/@) PEG 600, (2a) PVP 30,000, and (3a) PEG 20,000.
(From [27])

4.1.2 Polyimide and Derivatives

Polyimides (PIs) are among the most thermally stable classes of polymers and
can typically be heated above 300°C decomposing before their melting points are
reached. Because PIs do not go through a melting phase transition and lose their
shape, PIs are good precursors for glassy carbon [31]. Many researchers have used
PI as their precursor for making carbon membranes (Table 4.1). For example, Jones
and Koros [32] reported that the best carbon membranes, in terms of both separa-
tion and mechanical properties, were produced from the pyrolysis of aromatic PIs.
Moreover, Hattori et al. [33] found that PIs blended with PEG were also good pre-
cursors for porous carbon membranes.

PIs are rigid, high melting point, high glass transition temperature (Tg), thermal-
ly stable polymers synthesized by the condensation reactions of dianhydrides with
diamines (Fig. 4.4) [34]. Normally, PIs are synthesized in lab scale with different
types of dianhydrides and diamines in order to tailor its separation properties when
being used as membrane material (Fig. 4.4).

A typical synthesis of PI might involve separately suspending powder 3,3',4,4'-
biphenyltetracarboxylic dianhydride (BPDA) and 4,4’-oxydiamine (ODA) in a sol-
vent such as N,N'-dimethylacetamide (DMAC) and mixing each suspension togeth-
er drop-wise under an inert environment to produce a homogeneous polyamic acid
(PAA) solution [36]. Then, the PAA is subjected to an imidization process, which
transforms PAA into PI polymer. Further details about the preparation of PIs can be
found in the following papers [35, 37—39]. One of common commercial PIs used for
preparing carbon membrane is Kapton (DuPont trade name) PI. Hattori et al. [40]
prepared successfully CMSMs with homogeneous fine pores and without cracks or
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Table 4.1 Representative examples of carbon membrane precusors and pyrolysis conditions
Precursor Configuration Pyrolysis conditions Reference
(temperature?; heating rate®;
soak time®; atmosphere)
Acrylonitrile Hollow fiber 800-1,600; —; 5-60; N, [24]
Acrylonitrile Hollow fiber 600-1,200; —; 10; N, [25, 104]
PAN Hollow fiber 250-800; 9; 10-180; N, [31,91]
PAN Hollow fiber 600-950; 1; — N, [26]
PAN Hollow fiber 900; 5; — N, [27]
Cellulose Hollow fiber or 400-900; 1-10; —; Ar [2]
supported film
Cellulose Hollow fiber or 500-800; —; 12 h; Ar [95]
supported film

Cellulose Hollow fiber 120-400; 0.1-0.6; —; Ar [81, 105]
Coal and pitch Plate 600-900; 1; — N, [80]
Condensed poly- Supported film 400-1,000; 5; 0; N, [64]

nuclear aromatic

(COPNA)
Kapton and matrimid ~ Supported film 450-700; 0.5; 1 h; vacuum [42]
Kapton and matrimid  Film 500-800; 1 or 4; 2 or 8 h; vacuum [87]
Kapton polyimide Film 800; 3; —; — [40, 106]
Kapton polyimide Film 1,000; 10; 2 h; vacuum [100, 107]
Kapton polyimide Film 600-1,000; 10; 2 h; vacuum or Ar  [89]
Kapton polyimide Capillary 950; 5; 120; — [41]
Phenol formaldehyde Flat 800-950; —; 120-180; N, [108]
Phenol formaldehyde Tubular 800; 50; — N, [109]
Phenol formaldehyde Supported film 800; —; —; vacuum [110]
Phenol formaldehyde Supported film 900; 0.5; 60; Ar [15]
Phenol resin Supported film 700-850; —; 3 h; N, or CO, [111]
Phenolic resin Supported film 900; 25°C/h; 1 h; N, [112]
Phenolic resin Supported film 500-1,000; 5; —; vacuum [12]
Phenolic resin Supported film 700; 0.5; —; vacuum [78]
Phenolic resin Supported film 700; —; —; vacuum [47, 48]
Phenolic resin Supported film 700; —; —; vacuum [14]
Phenolic resin Supported film 800; 50; — N, [113]
Phenolic resin Supported film 700; —; —; vacuum [46]
Poly(dimethyl silane) ~ Supported film 300-950; —; —; Ar [114]
Poly (paraphenylene  Film 600; 3; 1 h; Ar [33]

pyromellitimide)

blend with PEG
PVDC-AC Supported film 600; 1;3h; N, [115]
PVDC-AC Supported film 1,000; 1; 3 h; N, [116]
PVDC-AC Supported film 1,000; 1; 3 h; N, [117]
PVDC-AC Supported film 600; 1; 3 h; N, [118]
PVDC-AC Supported film 500-1,000; 1; — vacuum [79]
PEI Supported film 800; 0.5; 1 h; vacuum [43]
PEI Supported film 350; 1; 30; Ar and followed by [44, 119]

600°C for 4 h

PFA Supported film 500-800; 10; 2 h; He or N, [51]
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Table 4.1 (continued)

4 Preparation of Carbon Membranes

Precursor Configuration Pyrolysis conditions Reference
(temperature?; heating rate®;
soak time®; atmosphere)
PFA Supported film 600; 5; 1-2 h; He [54]
PFA Supported film 300; 1.5; 2 h; N, and followed by ~ [59]
500°C for 6 h
PFA Supported film 150-600; 5; 0-2 h; He or N, [55]
PFA Supported film 450; 5; 120; He [56]
PFA Supported film 150-600; 5; 0-120; He [52]
PFA Supported film 200-600; 5; 120; He [53]
PFA Supported film 600; 5; 1-2 h; He [57]
PFA Supported film 450; 5; 120; He [58]
PFA Supported film 450-600; 1; 60; — [60]
Polyimide Supported film 550-700; 0.5; —; vacuum [70]
Polyimide Supported film 550; 0.5; 1 h; vacuum [37]
Polyimide Supported film 800; 0.25; 2 h; vacuum [92]
Polyimide Supported film 500-900; 5; 0; N, [39, 120]
Polyimide Supported film 700-800; 5; 0; Ar [60, 121]
Polyimide Supported film 600-900; 5; 0; N, [99]
Polyimide Supported film 500-700; 5; 0; N, [35]
Polyimide Hollow fiber 500-550; 0.25-13.3; 2 h; vacuum  [32, 88, 102]
Polyimide Hollow fiber 500-550; 0.25-13.3; 2 h; vacuum  [31, 85]
and inert gas
Polyimide Hollow fiber 550 and 800; 0.25; 2 h; vacuum [34, 122]
or He
Polyimide Hollow fiber 600-900; 1; 1 h; N, [93]
Polyimide Hollow fiber 750; —; 60; vacuum [77]
Polyimide Hollow fiber 600-1,000; — 3.6; N, [74]
Polyimide Hollow fiber 500-900; —; 0.5s-20; N, [123]
Polyimide Hollow fiber 7505 2.6; 3 h; N, or 850; 2.6; 3 h;  [38, 124]
vacuum
Polyimide Hollow fiber 500-700; 5; — N, [76]
Polyimide Hollow fiber 500-900; —; 0.1-30; N, or He [75]
or Ar
Polypyrrolone Film 300-800; 5-8; 1-10 h; N, [125]
Sulfonated phenolic ~ Supported film 250-800; 5; 1.5 h; N, [49]

resin

2 °C unless otherwise stated
b °C/min unless otherwise stated
¢ Minute (min) unless otherwise stated

large pores, by carbonizing Kapton film at 800°C. Kapton PI was also successfully
carbonized in the form of capillary membrane which can retain high gas perme-
ability even at high temperatures [41]. The membrane exhibited a permselectivity
0f 2,000 for He/N, at 0°C and 170 at 250°C, respectively. Recent study on Kapton
Pl-based carbon membrane showed that the permselectivities for O,/N,, CO,/CH,
and CO,/N, are 4, 16 and 9, respectively, at 25°C [42].
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Another economical PI used to form carbon membrane is polyetherimide (PEI),
which is manufactured by General Electric under the trade name of Ultem® 1,000.
This material has been used to prepare polymeric membranes due to its superior
strength and chemical resistance [43, 44]. An early work regarding the use of PEI as
a carbon membrane precursor was disclosed by Fuertes and Centeno [43]. They cast
a small quantity of the polymer dope by spin coating on a finely polished surface
of a porous carbon disk obtained by agglomeration of fine graphite particles with
a phenolic resin, before it was gelled in isopropanol coagulation bath. The gelled
polymeric layer was dried in air at room temperature and carbonized under vacuum
by heating up to 1,073 K at the heating rate of 0.5 K/min and kept at 1,073 K for
1 h. SEM micrographs of precursor film and the carbonized membrane are shown
in Fig. 4.5. Figure 4.5a shows a symmetric sponge like structure of the precursor
film. Figure 4.5b shows clear distinction of the dense thin carbon film of about 3 um
thickness and the porous carbon support. Comparison of Fig. 4.5a and b suggests
that the PEI passes through a plastic stage during carbonization. As a result, the
structure of the porous polymeric membrane is completely changed into a dense and
uniform carbon film after the carbonization. The fabrication of defect-free dense
carbon layer as distinct from the porous sublayer was enabled by two factors. (1)
The rapid coagulation of polymer solution in the gelation bath, which prevents the
penetration of the polymer solution into the porous carbon substrate and (2) the
plastic matter formed during the carbonization has a high viscosity and does not pen-
etrate into the porous membrane support. Figure 4.6 shows the permeability of the
carbon membrane for various gases. The permeability increases as the kinetic diam-
eter changes from 3.8 A (methane) to 2.6 A (helium). The activation energy seems
to increase as the molecular size increases. Both are the typical features of the sieve
mechanism. The selectivity is higher at lower temperatures, as shown in Table 4.2.

Sedigh et al. [44] dip-coated a PEI film inside a ceramic tube and then carbon-
ized it at 600°C under flowing argon for 4 h. The authors investigated the transport
characteristics of their PEI carbon membranes using single gas (CH,, H,, CO,),
binary gas mixtures (CO,/CH,, H,/CH,, CO,/H,) and also ternary mixtures of CO,/
H,/CH,. CO,/CH, separation factors as high as 145 for the equi-molar binary and
155 for the ternary mixture were obtained with this PEI-based CMSM. More re-
cently, Countinho et al. [45] prepared PEI carbon hollow fiber membrane that can
be served as a catalyst support in a membrane reactor. They investigated pyrolysis
process parameters as well as stabilization parameters to find an optimum condition
for preparing PEI based carbon membranes.

4.1.3 Phenolic Resin

Phenolic resins (PRs) are very popular and inexpensive polymers, which are em-
ployed in a wide range of applications, spanning from commodity construction to
high technology materials [12]. Phenolic resins present desirable features when
used as carbon membrane precursors:
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Fig. 4.5 Scanning electron microphotographs of (a) a polymeric film and (b) the supported
CMSM. (From [43])
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Fig. 4.6 SEM micrographs
of membranes: (a) cross-
section of phenolic resin film,
(b) cross-section of carbon
membrane and (c¢) top view
of carbon membrane. (From

[12])

*10000
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Table 4.2 Permselectivity values of various gas pairs at different temperatures

Temperature (°C) O,/N, He/N, CO,/CH, CO,/N,
25 7.4 121 25 15
100 6.7 42 31 14
150 5.1 20 20 9.1

1. The pyrolysis of PRs provides carbon films with molecular sieve properties [78].
2. PRs provide a high carbon yield after carbonization [12].
3. PRs are low cost polymers with numerous applications in different fields [78].

Fuertes and co-workers [12, 4648, 78] investigated intensively the preparation of
carbon membranes from PR precursors. According to Centeno and Fuertes [12],
they coated a small quantity of liquid phenolic resin (Novolak type) on the finely
polished surface of a porous carbon disk by means of a spin coating technique. The
supported phenolic resin film was cured in air at 150°C for 2 h, and then carbon-
ization was carried out in a vertical tubular furnace (Carbolite) at different tem-
peratures (between 500 and 1,000°C) under vacuum. Figure 4.6 shows the SEM
micrograph of the membranes. The polymeric film (Fig. 4.6a) coated on top of the
porous substrate is dense and has a thickness of around 2 pm. The thickness of the
carbon membrane shown in Fig. 4.6b is also about 2 um. Figure 4.6¢ shows the
top view of the fractured membrane. The top surface is very smooth. Helium gas
permeance of membranes carbonized at different temperatures is shown in Fig. 4.7.

iy
o
(=]

Temperature: 150°C

-
o

Phenolic resin

Helium permeance (mol/m2.s.Pa) x 1010

"y
T

500 600 700 800 900 1000
Carbonization temperature (°C)

Fig. 4.7 Effect of carbonization temperature on helium permeance. (From [12])
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Fig. 4.8 Variation of permeance and diffusivity with the kinetic diameter of gases (carbonization
temperature 700°C). (From [12])

The permeance shows maximum at 700°C. At this temperature He permeance was
80 x 1079 mol/m? s Pa, which is 30 times as high as that of the cured phenolic resin
film (2.7 x 107'° mol/m? s Pa). The He permeance decreased at above 700°C. Heat-
ing to temperatures higher than 700°C caused the membrane pores to shrink and
finally to disappear. Figure 4.8 shows the permeance of various gases. The perme-
ance showed a sharp decrease for gases with a molecular size (kinetic diameter) in
the range 3-4 A. From the permeance and diffusivity data of CH,, the pore size was
calculated to be 4.2 A for the membrane made by carbonization at 700°C. As for
the selectivity of the membrane, Fig. 4.9 shows the permeance ratio for the CO,/N,
gas pair at various temperatures. Interestingly, remarkable increase in the separa-
tion factor was observed particularly when the temperature was as low as 25°C.
Table 4.3 shows that there is little change in CO, permeance between the pure gas
and mixed gas experiments. However N, permeance was less than half. This is the
reason why the permeance ratio from the mixed gas experiments was much higher
than the pure gas experiments. This fact suggests that the presence of CO, sup-
presses the N, gas transport. The same is true for CO, and CH,, as the data indicated
in Fig. 4.10 and Table 4.3 indicate.

Thus, the PR carbonized at 700°C showed an O,/N, selectivity of around 10,
and separation factors of 160 and 45 for CO,/CH, and CO,/N,, respectively, in gas
mixture separation experiments [12].

The PR was also used to prepare adsorption selective carbon membranes (ASCM)
[47]. The main feature of this work is that the carbonized membrane is subjected
to air oxidation at temperatures above 100°C for 0.5-6 h to increase the pore size
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Fig. 4.9 Effect of operating pressure and temperature on the ideal separation factor of CO,/N,
mixtures (carbonization temperature 700°C). (From [12])

Table 4.3 Comparison of permeances from the pure gas and mixed gas experiments

Permeance x 10'° (mol/m? s Pa)

Co, N, CH,
Pure gas 20.0 1.1 0.23
15% CO,+85% N, 19.5 0.44 -
10% CO,+90% CH, 24.5 - 0.15
180 } Gas composition: 10% COs, 90% CHy4
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Fig. 4.10 Effect of operating pressure and temperature on the ideal separation factor of CO,/CH,
mixtures (carbonization temperature 700°C). (From [12])
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of the CMSMs. By this way, the membrane is transformed from a molecular sieve
to an adsorption selective membrane. Figure 4.11a shows the permeance versus ki-
netic diameter plot for the membrane carbonized at 700°C. The hydrocarbons larger
than methane have kinetic diameters nearly equal to or larger than 4 A and their
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Fig. 4.11 Change of pure gas permeance with kinetic diameter; (a) membrane carbonized at
700°C, (b) carbon membranes oxidized at different temperatures. (From [47])
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permeances are practically equal to zero. The curve shows that the gas transport is
a typical sieve mechanism. Figure 4.11b shows the effect of the oxidation tempera-
ture on the pattern observed in permeance versus kinetic diameter curves. It can be
observed that as a consequence of oxidation, the membranes are now permeable to
hydrocarbons with kinetic diameters of more than 4 A and hydrocarbons permeate
at higher or comparable permeation rates than those of gases. A minimum in perme-
ance is observed when the permeating gas is nitrogen, and the minimum is the deep-
est when the oxidation temperature is 100°C. This is because of the high adsorption
of the condensable hydrocarbon vapor on the pore wall and its surface flow. This
membrane seems particularly useful for the separation of non-adsorbable or weakly
adsorbable gases (i.e. He, H,, air, O,, CH,, CO,, etc) from adsorbable gases such as
hydrocarbons (C?*), NH,, SO,, H,S, etc. For example, a carbon membrane oxidized
at 250°C for 0.5 h shows the following permeance (in mol/m? s Pa x 107'%) and
selectivity (a=hydrocarbon/N,) values for the separation of a complex gas mixture
consisting of 16.3% CH,, 16.1% C,H,, 16.2% C,H,, 20% n-C,H,,, 31.4% N,. CH,
172 (a=3), C,H, 700 (a=12), C;H 1730 (0=30), n-C,H,; 4270 (a.=74).

Zhou et al. [49] introduced sulfonic acid groups in a thermosetting phenolic resin
to make a carbon membrane precursor. The sulfonic acid groups evolve upon heat-
ing as small molecular gases or fragments such as sulfur dioxide and water, and
leave void spaces in the thermoset matrix during the pyrolysis step. The decompo-
sition of sulfonic acid groups occurred before substantial carbonization took place.
A detailed description of the preparation method was provided by Zhou and co-
workers [49].

4.1.4 Polyfurfuryl Alcohol

Poly(furfuryl alcohol) (PFA) is an amorphous polymer with a non-graphitizable
structure, and potentially a good precursor to prepare CMSM [50]. Because of its
simple molecular structure and formation mechanism, it is an appropriate mate-
rial for fundamental experimental and atomistic simulation studies. Hence, Acharya
[51] chose PFA based on the knowledge that PFA derived carbon could have desir-
able properties such as narrow pore size distribution and chemical stability. How-
ever, PFA did not appear to have the best mechanical and elastic properties required
for forming a thin film on a rigid support [51]. Since PFA is in liquid state at room
temperature, it can be used in supported film only.

PFA was used extensively as a precursor during the preparation of nanoporous
carbon (NPC) membrane for gas separation by Foley and co-workers [52—58]. An
early work had uncovered the use of a spray-coating technique in order to produce a
thin layer of NPC in the porous surface of a stainless steel disk support [51, 54]. Se-
lectivity for O,/N, separation of up to 4 was achieved for the supported membrane
carbonized at 600°C in flowing helium [54]. Later Foley and co-workers improved
their preparation technique by using an ultrasonic deposition system which could
uniformly distribute the polymeric solution on to the support [52, 53, 57]. They
have fabricated a number of thin film supported nonporous carbon membranes
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Table 4.4 Membrane preparation conditions and carbon coating results

SNPCM PFA Temperature ~ Time (min) Coats Mass Thickness Additives

wt%) (K) (mg) (um)
5 25 873 120 6 339 209
11 25 723 120 3 173 10.7
17 25 573 120 3 186 114
27 25 723 60 4 119 73
28 25 723 0 5 150 9.3
32 25,10 723 120 3 148 9.1
43 25 43,723 60 4 7.7 4.7
73 30 723 120 4 239 147 1 wt% SSZ-13
74 30 723 120 3 145 89 1 wt% SSZ-13
76 30 800, 723, 650 120 3 20.8 128
77 30 800, 723, 650 120 3 184 114 1 wt% SSZ-13
83 30 723 120 3 172 10.6 10 wt% TiO,
85 30 723 120 2 102 63 25 wt%

PEG1500

86 30 723, 673 120 2 9.8 6.0 25 wt% PEG900
95 30 723 120 4 222 137
96* 30 723 120 6 294 18.1
97 30 723 120 3 256 158 15 wt% SSZ-13
511 30 673,723 120, 60 5 349.0 182
2 Pyrolysed in hydrogen

(SNPCM) by their approach. The membrane preparation conditions are summa-
rized in Table 4.4.

Table 4.5 summarizes the performance of the membranes. It is clear that the
gas permeation is not by Knudsen diffusion even for the membranes of very high
permeance.

Figure 4.12 shows the O,/N, selectivity versus membrane mass per surface area.
It can be noticed that the membranes with the highest selectivities are clustered
about a carbon mass/surface area of 3.4 and 3.6 mg/cm?. This suggests that there is
a critical thickness of the membrane for high selectivity, which is 22+ 1 pm based
on the solid density of 1.6 g/cm?. Below the critical value, the amount of defects is
very large, providing Poiseuille flow. On the other hand, if the thickness is higher
than the critical value, the film begins to crack, reducing the separation factor.

They successfully prepared reproducible NPC membranes withanimproved O,/N,
selectivity which is within a range of 2-30. Even though SNPCM-43 membrane
does not necessarily exhibit the highest selectivity, its separation might be high
enough for some applications. In fact sufficiently large separation factors for H,/
CH,, CO,/CH,, N,O/N, and H,/CO, of 600, 45, 17 and 14, respectively, could be
achieved [52].

Other studies involving the use of PFA precursor for carbon membrane synthesis
were done by Chen and Yang [59], Wang et al. [60], and Sedigh et al. [50].
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Table 4.5 Pure gas permeances for various gases and separation factors
SNPCM Permeance (mol/m? s Pax 1010) Separation factor
N, o, He H, N,O O,/N, He/N, H/N, N,O/N,

5 65.0 136 213 409 2.1 33 6.3
11 0.0183 0.557 326 6.05 304 178 331
17 0.0079 0.106 125 138 135 160 175
27 0372 233 628 13.0 523 6.3 16.9 351 141
28 0.143 0984 322 814 248 6.9 224 568 173
32 0254  2.04 682 140 343 8.0 26.9 55.0 135
43 1.24 6.20 9.02 256 5.0 7.3 20.6
73 0.486  3.52 576 156 7.2 11.9 32.1
74 0320 2.87 9.0
76 0.038 1.08 275 721 283 723 189
77 0.043  0.433 10.2
83 0.050  1.02 296 795 204 594 159
85 17.6 71.7 44
96 34.6 117 332 34 9.6
95 0.280  2.78 583 175 9.9 20.8 62.4
96 225 92.1 4.1
97 0.28 1.75 437 133 6.3 156 47.6
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Fig. 4.12 O,/N, selectivity versus membrane mass/surface area. (From [52])

4.1.5 Recent Works on the CMSM Precursors

Attempts are still being made to improve the performance of CMSMs. Several
unique works were selected from the recent literature to be described more in detail

as below.
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Polyacrylonitrile hollow fibers were spun by the dry/wet phase inversion pro-
cess by David and Ismail [31]. Thermostabilization was performed by oxidative
stabilization process at 250°C for 30 min under pure oxygen or compressed air. The
carbonization was done at 500°C under nitrogen for a certain amount of time, which
is called “soak time”.

Figure 4.13a shows the effect of the “soaking time” on the O, permeance. A
“soak time” as short as 10 min gives the permeance smaller than PAN membrane
of zero soak time since the carbonization is not completed. Partially carbonized
membranes possess impermeable bulk structure and the formation of the porous
structure is yet incomplete. The gas transport is difficult to occur either by solu-
tion diffusion or by sieving mechanism. The maximum permeance is achieved at
120 min. A maximum in the selectivity is also achieved at this soak time. At a longer
soak time, the pore size is reduced and the permeance starts to decrease.

Combination of cross-linking and carbonization was applied to fabricate novel
PI membrane to achieve high gas separation performance and better physical/chem-
ical stability [61]. This was done by preparing PI from 4,4'-diaminodiphenylacety-
lene (p-intA) and 2,2'-bis (3,4-dicarboxyphenyl) hexafluoropropane dianhydride
(6FDA). In order to avoid excessive cross-linking a co-PI containing 2,3,5,6-tetra-
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Fig. 4.14 The schemes of co-polyimde synthesis and structure. (From [61])

methyl-1,4-phenylenediamine (Durene) was synthesized. The reaction scheme of
the co-PI is shown in Fig. 4.14.

The PIs were coded according to the Durene:p-intA ratio, such as 6FDA-D (no
p-intA), 6FDA-D4A1 (Durene:p-intA=4:1) and 6FDA-D3A2 (Durene:p-intA
=3:2). The thermal cross-linking was carried out at 400°C, while carbonization was
up to 800°C. Depending on the heat cure temperature, the membranes were coded
such as 6FDA-D-400 and 6FDA-D-800. Gas permeability and selectivity of these
membranes are summarized in Table 4.6.

With respect to the membranes without thermal treatment, the permeability de-
creases while the selectivity increases as the amount of p-intA increases in the co-
polymer. As for the membranes cross-linked at 400°C, permeability increases and
selectivity decreases slightly by heat treatment of 6FDA-Durene membrane without
p-intA (Comparison of 6FDA-D and 6FDA-D-400). But when p-intA is incorpo-
rated, permeability decreases and selectivity increases by the heat treatment. The
effect of heat treatment is enhanced with an increase in the amount of p-intA in the
copolymer. This is due to the cross-linking that occurs at 400°C. After carboniza-
tion at 800°C, both permeability and selectivity increase noticeably (Comparison
of 6FDA-D and 6FDA-D-800). By incorporating p-intA, permeability decreases
slightly while the selectivity increases. The large increase in selectivity indicates the
change of gas transport mechanism from solution-diffusion to molecular sieving.
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Table 4.6 Gas permeabilties and permselectivities of polyimide precursors, cross-linked poly-
imides and cross-linked and carbonized polyimides

Permeability (Barrer) Selectivity

O, N, CH, CO, CO,/CH, O,N,
Polyimide
6FDA-D 186 55 45 612 14 34
6FDA-D4A1 80 21 15 317 21 3.8
6FDA-D3A2 45 11 6.8 180 27 43
Cross-linked polyimide
6FDA-D-400 218 67 57 728 13 33
6FDA-D4A1-400 52 13 7.5 186 25 4.1
6FDA-D3A2-400 28 5.7 39 113 29 4.9
Cross-linked and carbonized polyimide
6FDA-D-800 399 61 44 2700 61 6.5
6FDA-D4A1-800 293 40 35 2430 69 7.3
6FDA-D3A2-800 257 28 16 1200 77 9.0

The polymer blends of PI and polyvinylpyrrolidone (PVP) was used as precursor,
assuming that the partially intermingled PVP phase in the continuous PI matrix will
produce porous carbon structures by the decomposition of PVP during pyrolysis
[62]. PI was synthesized from benzophenone tetracarboxylic dianhydride (BTDA)
and 4,4'-oxydianiline (ODA). Membranes were prepared by casting the polymer
dope, either PI or PI/PVP blend, on a glass plate. The cast polymer film was im-
idized by stepwise heating up to 250°C and then carbonized at either 550 or 700°C.

Characterization was done by DSC, TGA and WAXD.

Figure 4.15 depicts the permeance of the prepared membranes for various gases.
The trends in the displacing data are reflected exactly in the permeance data, i.e.
permeance increases as PVP content in the precursor increases and the permeance
decreases as the carbonization temperature increases. The selectivities for the gas
pairs of He/N,, CO,/N, and O,/N,, on the other hand, show only slight decreases as
the PVP content is increased in the precursor, but show remarkable increases as the
carbonization temperature is increased.

For the fabrication of CMS membranes from commercially available relatively
inexpensive polymeric material, Centeno and Fuertes chose poly(vinylidene chlo-
ride-co-vinyl chloride) (PVDC-co-PVC) copolymer commercially available under
the trade name of Saran [63]. The polymer solution was spin-coated on a finely
polished surface of porous carbon support. In some cases the polymer film was
preoxidized in air at 150 or 200°C. The carbonization was carried out at either 500
or 1,000°C.

Figure 4.16 presents the effect of carbonization temperature on He permeance.
The figure shows that the membrane carbonized at 700°C gives the maximum flux.

Interestingly, when the oxidative pretreatment of the membrane is carried out
at 150°C for 2.5 days, there is no notable permselectivity. However, when the pre-
treatment is conducted at 200°C for 6 h, the permeance decreases but the selectivity
increases (Fig. 4.17).
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Fig. 4.15 Gas permeabilities as functions of the PVP content and the carbonization temperature.
(From [62])
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Fig. 4.16 Effect of carbonization temperature on helium permeance. (From [63])
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Fig. 4.17 Gas permeance versus kinetic diameter of gas molecules for different preoxidation tem-
peratures. (From [63])

Condensed polynuclear aromatic (COPNA) resins were used as precursor for
carbonization by Kusakabe and co-workers [64]. Since COPNA resin is a thermo-
plastic resin with three-dimensional structure, the pore structure of the carbonized
COPNA membrane is expected to be different from that of the membrane fabricated
by carbonization of PI which is linear. COPNA compounds were synthesized from
polycyclic aromatic compound (PCA) such as pyrene, phenanthrene and 1,4-ben-
zenedimethanol (BDM) using p-toluene sulfonic acid as the catalyst by the proce-
dure given in Fig. 4.18.

In PCA the molar ratio of pyrene to phenanthrene was fixed to 7:3. The degree
of cross-linking was changed by changing the BDM/PCA ratio. The thin layer of
COPNA was prepared by dip-coating on the outer surface of a porous a-alumina
tube. The film was then carbonized in a deoxygenated nitrogen stream by heating
at a rate of 5 K/min to 400—1,000°C. The maximum permeance was obtained at
600°C of carbonization temperature (see Fig. 4.19). The permeance increased as
the kinetic diameter of the gas decreased, indicating that the permeation mechanism
was the sieving mechanism.

Trimethylsilyl (TMS) substituent was introduced to polyphenylene oxide (PPO)
with n-BuLi is a catalyst. Homogeneous hollow fibers were spun by the dry-wet
spinning method [65].

Figure 4.20 shows that the maximum permeability as well as selectivity was ob-
tained at the carbonization temperature of 923 K for the gas pairs of CO,/CH, and
O,/N, and Fig. 4.21 depicts that permeability increased but the selectivity decreased
as the TMS content in PPO increased. The permeability decreased as kinematic
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diameter of the gas increased, indicating that the transport mechanism is sieving
mechanism.

The method to prepare carbon membranes was described from wood pulp hydro-
lyzed to different extents by Lie and Héagg [66]. Different heating protocols were
also shown. A simple, energy effective and rapid regeneration method for mem-
branes that are conductors or semi-conductors has been developed by applying low
voltage, direct current on an iron-doped carbon.

Wood pulp (kraft pulp) from a mixture of spruce and pine was supplied from
Sodra Cell Tofte, Norway. It is composed of cellulose and hemicellulose. The pulp
was dissolved in trifluoroacetic acid (TFA) to a concentration of 1 wt%. The disso-
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lution of pulp in TFA lasted 6, 74 days or 2—5 weeks before iron nitrate was added in
various concentrations to some of the solutions, which were then stirred overnight
and ultrasonicated for 2 min. Next, a film was cast on a Teflon™ dish at room tem-
perature. The cast film precursor was left at room temperature and after a certain
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based CMSMs (membrane pyrolyzed at 923 K). (From [65])

period, called “hydrolysis time”, dried in a vacuum oven at 105°C for about 18 h.
Films were carbonized under mild vacuum (0.5 mbar) in a tubular furnace of special
design. The basic heating protocol was a final temperature of 550—-850°C to be kept
at the temperature for 2 h. The temperature was raised at a heating rate of 1°C/min
with several dwells. The first two dwells were necessary to remove traces of water
and solvent. On the other hand, the other dwells were necessary to allow carbon
matrix to rearrange and form micropores in between turbostratically arranged lay-
ers of graphene sheets. The system was allowed to cool from the final temperature
naturally to a temperature less than 50°C, before the furnace was purged with ambi-
ent air and the films were removed.

Ferric nitrate may possibly react with carbon matrix releasing CO,. The release
of gas should make the ion-nitrate containing membranes more open and permeable
than the membranes without addition of ferric nitrate. In the gas permeation test,
single gas permeation was measured at 30°C and 2 bar using the constant pressure
system. The order of testing was always N,, H,, CH,, O,, CO, and SF and finally
N, again.

Electrochemical regeneration of the membrane was attempted after the mem-
brane was used. When an increasing current was applied on a test membrane, the
carbon starts to burn at 100 mA current. Hence, the electric current far below this
failure limit was used. To apply the current, the single core cables were attached
to the feed side membrane surface with conductive glue that was heat cured at
65-70°C or 10 min. The permeation test results are given in Table 4.7 and Fig. 4.22.

Hydrolysis time of 6 days resulted in films showing no selectivity for the gases.
After 2 weeks a critical threshold in the hydrolysis occurred and CO,/CH, sepa-
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Table 4.7 Results of gas permeation tests® of the membranes hydrolyzed for 6, 14 and 74 days

Film Thickness Permeability (Barrer) Aging®
N, H, CH, o, CO, SF,

C-6 86 29%x10° 55x10° 32x10° 17x10° 28x10° 21x10° -18

C-14 40 42 9.4x10> 4.6 54 1.9 x 10> 0.63 +14

C-74 46 5.7 8.6x10% 1.3 48 1.5x10> — 24

3 At 2 bar and 30°C

® Percent change in N, permeability
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® 8 days
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Fig. 4.22 Separation performance with single gases at 2 bar and 30°C for carbon membranes
(550°C, 2 h soak period) with different hydrolysis times. (From [66])

ration increased with the hydrolysis time according to Fig. 4.22. Apparently, the
selectivity is affected by the hydrolysis time but the permeability is not. Increased
hydrolysis time probably causes a change in the carbon matrix, where the average
pore width is shifted towards the sieving diameter of CO,. The narrowing of the
pore largely prevents the methane permeation.

The permeation test results for the carbon membranes of different final tempera-
tures and soak periods are presented in Table 4.8, Figs. 4.23 and 4.24.

Looking into the zero soaking time, the permeability increases as the final tem-
perature increases, which is in accordance with the gradual pore opening with in-
creasing temperature. However, at 850°C the permeability decreases due to the
sintering of the carbon matrix and the volume loss was found to be greater than
the weight loss. Alternatively at 650°C they were equal. However, at temperatures
lower than 650°C, the volume loss was lower than the weight loss.
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Table 4.8 Permeation results from pure pulp carbonization

Protocol Thickness  Permeability (Barrer) Aging®
(pm) N, H, CH, CO, 0, SF,

500°C, no 23 6.6 46x102 2.8 22x10> 49 0.050 -0.76
soak

550°C, no 52 8.6 11x10> 2.8 3.1x102 90 023 -1.0
soak

550°C,2h 40 4.2 9.4x10%2 4.6 1.9x10> 54 0.63 +14
soak

650°C, no 66 15 13x10>2 4.4 48x102 13x10> 0.61 6.1
soak

850°C, no 33 3.7 55 2.0 11 5.8 - —48
soak

At 2 bars and 30°C

* Percent change N, permeability
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Fig. 4.23 CO,/CH, separation performance of carbon membranes prepared with different heating
protocols (single gas experiments at 2 bar and 30°C, hydrolysis time, 2—5 weeks). (From [66])

For the experiments of electrochemical regeneration, carbon membranes pre-
pared from a dope containing 4.4 wt% of ferric nitrate was chosen. Figure 4.25
shows that the gas permeability increased when a low voltage direct current (17.5'V,
10 mV) was applied to the metal doped carbon membrane during the permeation
test. By switching on and off the current, the gas permeability increased or de-
creased. Relative gas permeability, defined as (the permeability with the electric
current)/(permeability without electric current) is plotted in Fig. 4.26. It shows that
there is a clear correlation between the relative gas permeability and critical temper-
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Fig. 4.24 O,/N, separation performance of carbon membranes prepared with different heating
protocols (single gas experiments at 2 bar and 30°C, hydrolysis time, 2—5 weeks). (From [66])
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ature of the gas. From these results, it is speculated that the enhanced permeability
with electric current is due to (1) the generation of heat by the current application.
The increased temperature will increase the desorption rate of the gas. If the desorp-
tion step is the rate limiting step for the gas transport through the membrane, current
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Fig. 4.26 Relative gas permeability as a function of the critical temperature of the gas (10 mA,
30°C, 2 bar feed). (From [66])

application will enhance the gas permeation. (2) the generation of magnetic field by
current application. This will cause the orientation of diffusing polar gas molecules,
leading to the entropy reduction, which will increase the chance of overcoming the
pore entrance barrier.

Long term experiments were performed with the same membrane for hydro-
gen and methane permeation under the conditions, 30-50°C and 0.5-2.0 bar for 2
weeks. The current (5—15 mA) was applied for 2 h on average each day. After the
series of the test, the current was switched off and the hydrogen and methane per-
meability tests were performed. Hydrogen permeability increased by 14% while the
methane permeability increased 7%. In other words, both permeability and selectiv-
ity increased by applying the electric current.

4.2 Polymeric Membrane Preparation

Polymeric membranes or precursors for fabricating carbon membranes must be pre-
pared at optimum conditions in order to produce a carbon membrane of high quality.
If the polymeric membrane is of poor quality, a pyrolysis process cannot be expected
to satisfactorily produce a carbon membrane with superior properties. Therefore,
precursor membranes must be prepared in defect free form in order to minimize
problems in subsequent processing during the manufacture of carbon membranes.
A polymeric membrane can be produced in two main configurations as a precur-
sor for carbon membranes, namely unsupported membranes and supported mem-
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branes. Unsupported membranes have three different configurations: flat (film);
hollow fiber; and capillary. Supported membranes can adopt one of two configura-
tions: flat and tubular. Detailed descriptions of these two categories can be found in
Ismail and David’s review [67]. In most cases, supported polymeric membranes are
prepared because of the poor mechanical stability (i.e. brittleness) of unsupported
carbon membranes

For making the supported carbon membranes, various options are available for
coating the supports with thin polymeric films, such as ultrasonic deposition [52,
53], dip coating [68], vapour deposition [60], spin coating [43], and spray coating
[54]. Ultrasonic deposition (UD) provides nearly zero spray velocity, droplet sizes
that are often narrowly distributed in sizes from 10 to 10? um, accurate compared
to spray and misting [52].

Acharya in his thesis listed the requirements for a method to be acceptable when
coating with a polymeric solution [51] namely:

1. Coating should be able to control the amount of material being deposited on the
support;

2. Coating should produce a uniform distribution of material on the support;

3. Coating should work for a number of different supports; and

4. Coating should not destroy or alter the support in any way.

Because of the shrinkage of the polymeric material during pyrolysis, the coating
procedure has to be repeated until a defect free carbon molecular sieve is obtained
[69]. Details of the surface of the substrate may be translated into the carbon mem-
brane film, thereby originating small pinholes that destroy the molecular sieve prop-
erties required for gas separation. The coating of the support surface with an inter-
mediate layer reduces the number of defects existing on the original substrate [70].
Moreover, the rapid coagulation of polymer prevents the infiltration of solution
into the porous carbon substrate, and an excellent polymeric film is achieved [43].
Chen and Yan [59] noted that further work was needed to understand the effect of
different supports on the quality of the membrane produced. The choice of a support
material is based on:

» Economics (i.e. cost, availability, morphology);
* Durability;

» Heat transfer characteristics;

* Chemical reactivity; and

» Compatibility with the carbon.

For unsupported polymeric membranes (i.e. hollow fibers), spinning parameters are
crucial factors that must be controlled during hollow fiber preparation. These param-
eters include the amount and types of polymer, solvents, and additives mixed into
the spinning dope, the dope and bore fluid flow rates, the fibre take-up velocity, the
air gap distance (unless wet spinning is used), and the coagulant bath temperature
[31, 71]. The main challenges in hollow fiber spinning, as proposed by Puri [72], are:

» Synthesizing polymeric melts and solutions having appropriate thermodynamic
and rheological properties.
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* Determining the kinetic and thermodynamic conditions involved in transforming
the solution/melt to a solid.

* Annealing and crystallizing (and orienting) the formed bodies.

» Post-treating to alter surface properties and stabilize the products.

As a conclusion, during the preparation of precursor membranes, the process pa-
rameters involved must be optimized to form a good precursor for pyrolysis. More-
over, the choices of supported and unsupported carbon membranes depend on the
application for which the carbon membranes will be used. Normally, most of to-
day’s gas separation membranes are formed into hollow fiber modules [73]. Hol-
low fiber membranes offer a greater area per specific module volume than flat film
membranes, by a factor of 1-40 [31].

4.3 Pretreatment of Precursor

Pretreatment stabilizes the structure of the precursors, acts to maintain the molecu-
lar structure of the carbon chains, and/or enhance the uniformity of pore formation
during the pyrolysis process. Current pretreatment includes oxidation, chemical
treatment, physical method such as stretching. Oxidation or thermostabilization is
the most popular and commonly used method to pretreat the polymeric precursors.
This preteatment stabilizes the structure of the precursors so that they can withstand
the high temperatures in several pyrolysis steps. Thermostabilization can maximize
the carbon yields of resultant membranes by preventing excessive volatilization of
elemental carbon during pyrolysis. Oxidation has been carried out by Kusuki et al.
[74], who thermally treated the precursors in atmospheric air at 400°C for 30 min
before pyrolysis. Tanihara and Kusuki [75], Okamoto and co-workers [76], and
David and Ismail [31] have also applied thermostabilization.

Pretreatment of the membrane with certain chemicals can provide enhanced uni-
formity of the pore system formed during pyrolysis. Among the chemicals commonly
used for chemical pretreatment are hydrazine, dimethylformamide (DMF), hydro-
chloric acid (HCI) and ammonium chloride (NH,Cl) [77]. During the chemical pre-
treatment, the membrane is fully immersed in the appropriate solution, followed by
washing and drying before it is subjected to heat treatment. In certain cases, it has also
been proven that it may be advantageous to evacuate the pores of the membrane by
applying a low air pressure, and subsequently fill them with nitrogen gas at normal
pressure prior to pretreatment with a chemical reagent. In this way, the membranes
with higher carbon contents can be obtained [24]. Schindler and Maier [24] proposed
chemical pretreatment using chemical reagent, where the capillary PAN membranes
were pretreated in aqueous hydrazine solution before carbonization.

Stretching is a pretreatment that is usually applied to hollow fiber precursors.
This technique is adapted from the fabrication of carbon fibers and is sometimes
referred to as post-spinning. An ideal post-spinning modification scheme would
allow the removal of surface defects, attenuation of variations in filament diameter,
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and enhanced retention of molecular orientation prior to the heat treatment. Chen
modified PAN precursors via physical stretching in DMF [20]. More detailed infor-
mation for each pretreatment technique is given below.

4.3.1 Oxidation Pretreatment

Kusuki and co-workers [74] reported that certain precursors, when not preoxidized,
underwent softening during the pyrolysis step, and the resulting carbon membranes
had poor membrane performance. The stabilization or oxidation step is also intend-
ed to prevent the melting or fusion of the fibers (or membranes), and to avoid ex-
cessive volatilization of elemental carbon in the subsequent carbonization step, and
thereby maximizing the final carbon yield from precursor. Thus, the oxidation treat-
ment is considered very important and can have a substantial influence on the re-
sulting performance of a carbon membrane. Oxidation pretreatments can be applied
at very different ranges of thermal soak times, depending largely on the precursor
used. In all cases, the aim is the same, that is, to contribute to the stabilization of the
asymmetric structure of the precursor and provide sufficient dimensional stability
to withstand the high temperatures of the pyrolysis steps. Table 4.9 lists selected
oxidation pretreatments applied to different precursors by various researchers.
Kusuki et al. studied the gas separation properties of the carbon membranes that
were prepared with oxidation pre-treatment and called the treatment thermostabili-

Table 4.9 Preoxidation conditions for various precursors

Precursor Configuration Temperature; time; atmosphere® References
Acrylonitrile Hollow fiber 200-300; 3 h; [104]
Acrylonitrile Hollow fiber 180-350; 1-20; [24]
Polyacrylonitrile Hollow fiber 250; 30; or O, [31,91]
Polyacrylonitrile Hollow fiber 265; 30; or N, [26]
Polyacrylonitrile Hollow fiber 270; 30, [27]
Coal tar pitch Plate 200-260; 2 h; O, [80]
Phenol resin Supported film 300; 1 h; [111]
Phenolic resin Supported film 150-300; 2 h; [78]
Phenolic resin Supported film 150; 2 h; [12, 14, 46-48]
Polydimethylsilane ~ Supported film 200; 1 h; [114]
PVDC-co-PVC Supported film 150-200; 6 h; [79]
Polyfurfuryl alcohol  Supported film 90; 3 h; [59]
Polyimide Hollow fiber 400; 30; [76]
Polyimide Hollow fiber 300; 1 by [93]
Polyimide Hollow fiber 400; 30, [77]
Polyimide Hollow fiber 400; 30; [74]
Polyimide Hollow fiber 400; 30; [90]
Polyimide Hollow fiber 250-495; 0.1-100 h; [75]
Polyimide Hollow fiber 250-495; 0.1-100 h; [123]
Polyimide Supported film 400-500; 0—1 h; [35]

2 Temperature (°C); time (min); atmosphere (air) unless otherwise stated
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zation [74]. The hollow fibre membranes were prepared from PI consisting of the
monomers BPDA and aromatic diamines. The major component (85 wt%) of the di-
amines was dimethyl-3,7-diaminodiphenyl-thiophene-5,5-dioxide (DDBT) and the
minor components were 3,5-diaminobenzoic acid and a CF,-containing diamine.
The hollow fibers were spun from the p-chlorophenol solution of the PI via dry-jet
spinning method and dried under the nitrogen at 270°C. The hollow fibers of the
precursor were further treated at 400°C for 30 min in atmospheric air before the
pyrolysis. When the precursor hollow fiber was not subjected to the oxidative pre-
treatment, the hollow fiber membrane softened during the pyrolysis and the result-
ing carbon membrane exhibited only poor performance. Hence, the carbon hollow
fiber fabrication should consist of the following three steps: (1) precursor drying at
270°C, (2) oxidative pretreatment at 400°C, and (3) pyrolysis at temperatures above
600°C.

The effect of the oxidative pretreatment as well as the effect of the temperature
of pyrolysis for the separation experiments with the 50/50 H,/CH, gas mixture at
80°C is depicted in Fig. 4.27.

The H, permeation rate, P’ (H,), and the permeation rate ratio P' (H,)/P’ (CH,)
are also given in the figure. The membrane subjected to the oxidative treatment
showed lower P’ (H,) and higher P’ (H,)/P' (CH,) ratio than the untreated precur-
sor membrane. As for the pyrolyzed membranes, P’ (H,) kept decreasing with an
increase in pyrolysis temperature, while the P’ (H,)/P' (CH,) ratio showed a maxi-
mum at about 800°C. More specifically, P’ (H,)=1.0 x 10~} cm*(STP)/(cm? s cmHg)
and P' (H,)/P' (CH,) ratio =132 at the pyrolysis temperature of 700°C while they
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Fig. 4.27 Plots of P’ (H,) and P’ (H,)/P' (CH,) for feed gas mixture of 50% H, in CH, at 80°C
against heat treatment temperature. Open and closed plots show P’ (H,) and P' (H,)/P’' (CH,),
respectively. (From [74])
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Fig. 4.28 Plots of permeation rates at 120°C against kinetic diameter for pure gases. (0) Asym-
metric polyimide hollow fiber membrane, (0) carbon membrane pyrolyzed at 700°C, and (A) car-
bon membrane pyrolyzed at 850°C. (From [74])

were 1.8 x 10 cm3(STP)/(cm? s cmHg) and 631 at 800°C, respectively. Figure 4.28
shows the permeance P’ versus the kinematic diameter of the permeant gases. P’
decreases almost linearly with the kinetic diameter of the gas, indicating the gas
permeation occurs by the sieve mechanism. The slope of the linear relationship
becomes steeper as the pyrolysis temperature increases, indicating the permeance
becomes more size dependent. Figure 4.29 shows the temperature dependence of
the pure gas permeance for the precursor membrane and the carbon membranes py-
rolyzed at 700 and 850°C. Table 4.10 depicts the activation energies obtained from
the data shown in Fig. 4.29. It is found that, particularly for the large sized gases
the activation energies are smaller for the carbon membranes. This is because gas
diffusion occurs through the free spaces created by the thermal motion of the mac-
romolecules. For larger gas molecules, larger energies are required to create suffi-
ciently large spaces. On the other hand, for carbon membranes, the gas permeation
occurs through the pores that already exist. No energy is required for the creation
of the space. Because of these differences in activation energies, permselectivities
decrease largely for the gas pairs such as H,/hydrocarbon, CO,/hydrocarbon and
O,/N, with an increase in permeation temperature. On the other hand, the change is
much less for the carbon membranes.

Centeno and Fuertes [78] observed that air oxidation of a phenolic resin (PR)
film, prior to the carbonization step, at temperatures ranging from 150 to 300°C
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Fig. 4.29 Temperature dependence of permeation rates for pure gases on (a) asymmetric poly-
imide hollow fiber membrane, (b) carbon membrane pyrolyzed at 700°C, and (¢) carbon mem-
brane pyrolyzed at 850°C, respectively. (From [74])
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Table 4.10 Activation energy of permeance for different gases

Membrane Activation energy (kJ/mol)
H, Co, O, CH, N, CH, CH, CH
Polyimide precursor 13 76 13 22 22 25 25 26

Carbon membrane pyrolyzed at 700°C 11 11 15 17 19 20 12 11
Carbon membrane pyrolyzed at 850°C 21 14 20 26 (21) (19) 21 14

for 2 h improved the gas permeation rate of the resulting carbon membrane sig-
nificantly. This observation implied that the oxidation prior to carbonization led to
an enlargement of carbon film pores [78]. However, in the case of CMSM made
from poly(vinylidene chloride-co-vinyl chloride)(PVDC-co-PVC), they found that
oxidative pretreatment in air at 200°C for 6 h produced a less permeable membrane
than the untreated membrane, but a much more selective membrane (i.e. selectivity
of O,/N, increases from 7 to 13.8) [79]. Therefore, it is necessary to optimize the
preoxidation conditions to gain the best cost-effectiveness due to the permeability
and selectivity of carbon membrane that are inversely related to each other [80].

4.3.2 Chemical Treatment

Pretreatment of a membrane with certain chemicals can provide enhanced unifor-
mity of the pore system formed during pyrolysis. Among the chemicals commonly
used for chemical pretreatment are hydrazine, dimethyl formamide (DMF), HCI
and NH,CI [77].

During the manufacture of porous carbon membranes by Schindler and Maier
[24], an acrylic precursor was subjected to a pretreatment with an aqueous solution
of hydrazine. It was found that the pretreatment improved the dimensional stability
of the membrane during the subsequent processing steps and, in particular, that the
formation and clogging of the pores could be avoided during these steps. Very good
results were obtained from the acrylic precursor using a pretreatment with 80%
hydrazine hydrate for 30 min at a solution temperature of 90°C.

During the chemical pretreatment, the membrane is fully immersed in the ap-
propriate solution. After that, the membrane is washed and dried before it is fed to
the first treatment station. In certain cases, it has also been proven that it may be
advantageous to evacuate the pores of the membrane by applying a low air pressure,
and subsequently fill them with nitrogen gas at normal pressure prior to pretreat-
ment with an aqueous solution. In this way, one can obtain membranes of carbon
contents higher than those made from the precursors whose pores remained full of
air during the pretreatment [24].

Another type of chemical pretreatment involves the use of catalysts including
mineral acids and acidic salts, such as phosphoric acid and diammonium hydrogen
phosphates, before carbonization. However, the preparation of carbon hollow fiber
membranes with carbonization catalyst causes problems. In carbon hollow fibers,
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carbonization must take place uniformly both inside and outside of the fiber, and
pitting must be avoided because the selectivity of the membrane depends strongly
on the uniformity of the pores produced during carbonization. Pitting occurs imme-
diately if the catalyst is not uniformly distributed throughout the fiber, due to locally
catalyzed oxidation on the surface [81].

Another method of catalytic carbonization involves application of a gaseous
catalyst such as HCI, or NH,Cl in a stream of inert gas. This method leads to two
useful results [27].

1. The catalyst can be more uniformly distributed throughout the fiber bundle,
thereby avoiding hot spots.

2. The inert gas acts as a purging gas removing tars which are formed during pyrol-
ysis and could otherwise impair membrane properties by causing undesirable
occlusions therein.

However, all the water must be removed before exposing the filler to the gaseous
catalyst in order to prevent local dissociation of the fiber surface, which may lead to
the fusion or cementation of adjacent fibers. This may in turn lead to the fracture of
some of the cemented fibers due to non-uniform contraction during pyrolysis, and
due to local pitting in the area attacked by the water-soluble catalyst. Accordingly,
it is critical to apply the catalyst to the fibers only after the last traces of water have
been removed [81].

4.3.3 Stretching

Stretching or drawing is categorized as a physical pretreatment and usually involves
the hollow fiber precursor only. This technique is adapted from the fabrication of
carbon fiber and is sometimes referred to as post-spinning treatment. An ideal post-
spinning modification scheme would allow the removal of surface defects, attenu-
ation of variations in filament diameter, and an enhanced retention of molecular
orientation prior to heat treatment in order to obtain fibers with a good balance of
stiffness and strength [20].

Draw ratios are preferably as high as possible within the range in which the
structure of fiber is not ruptured. Typical upper limits of the total draw ratio are
around 80% of the draw ratio at which fiber break occurs [25]. Drawing can also
take place during the spinning process not more than a few times of the original
length of the fibers. This offers an advantage that the pore systems obtained after
the spinning process can be preserved to a large extent in the carbon membrane and
thus ensures greater dimensional stability [24].

Stretching PAN precursor fibers in the preoxidation stabilization stage results in
an increase in the Young’s modulus of the final carbon fiber. Since the dipole—dipole
interactions among the nitrile groups obstruct the molecular chain from becom-
ing fully oriented during stretching, a reduction of these interactions can make the
drawing process more effective. In particular, the introduction of solvent molecules
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or heat has been cited as an effective means of decreasing these interactions in PAN
molecules.

4.3.4 Other Pretreatment

The pretreatment was made by soaking the membrane (dense membrane) into lig-
uid alcohols by Tin and co-workers [82]. Dense membranes were prepared from
two kinds of polyimide (PI), i.e. Matrimid 5218 (3,3'4,4’-benzophenone tetracar-
boxilic dianhydride and 5(6)-amino-1-(4'-aminophenyl)-1,3-trimethylindane), and
P84 (copolymer of 3,3',4,4'-benzophenone tetracarboxylic anhydride and 80%
methylphenylene-diamine +20% methylenediamine). The membranes were then
immersed into nonsolvent for 1 day at room temperature, followed by drying natu-
rally for 24 h. Then the membrane was subjected to the heating scheme given in
Fig. 4.30 for carbonization.

Membrane characterization was made by TGA, WAXD, DSC, and PALS.

The effect of the immersion time was investigated. It was found that the increase
in immersion time resulted in lower flux and higher selectivity. Immersion time of
1 day was chosen for the further study because it has given the highest selectiv-
ity. Tables 4.11 and 4.12 summarize the results of pretreatment experiments using
various alcohols as nonsolvent. Among others ethanol gave the highest selectivity
values.
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Fig. 4.30 Steps involved in the pyrolysis process for the final temperature of 800°C. (From [82])
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Table 4.11 Gas permeation properties of CMSMs derived from Matrimid

Permeability (Barrer) Selectivity

o, N, CO, CH, O,/N, CO,/CH, CO,N,
CM-MAT-800 227 30.3 611 100 75 61 20
CM-MAT-MeOH-800 138 15.8 423 4.8 8.8 88 27
CM-MAT-EtOH-800 75.4 6.3 191 1.1 12 169 30
CM-MAT-PpOH-800 204 24.1 565 6.7 8.5 84 23
CM-MAT-BtOH-800 186 21 547 7.0 8.9 78 26

Membrane code: CM-polyimide-nonsolvent-pyrolysis temperature

Table 4.12 Gas permeation properties of membranes derived from P84

Permeability (Barrer) Selectivity

o, N, Co, CH, O,/N, CO,/CH, CO,/N,
CM-P84-800 158 17.8 499 5.6 8.9 89 28
CM-P84-MeOH-800 132 13.6 402 3.7 9.7 109 30
CM-P84-EtOH-800 101 9.0 278 2.0 11.2 139 31
CM-P84-PpOH-800 144 146 428 3.9 9.9 110 29

Membrane code: CM-polyimide-nonsolvent-pyrolysis temperature

4.4 Pyrolysis Process

One of the distinctive features of (CMSMs) is the pyrolysis conditions of a poly-
meric precursor. When a given precursor and its pyrolysis conditions are properly
selected, a desirable micropore size and shape can be tailored. Tailoring of correct
pore size is important for the fabrication of high-performance carbon membranes
with optimal balance between selectivity and permeability that are suitable for vari-
ous gas separations. It demands a good understanding of the optimum conduction
for the membrane production particularly with respect to the pyrolysis condition.
Through the rigorous control of the pyrolysis conditions, i.e. temperature, heating
rate, atmosphere and thermal soaking time, gas flow rate, pressure and concentra-
tion, and pre/post-treatment conditions, the pore aperture can be nearly continuous-
ly tuned, so that a membrane module can be specifically designed for gas separation
and reaction [83]. Carbon membranes are prepared by the pyrolysis of polymeric
precursors. Pyrolysis is usually carried out at temperatures of 500—1,000°C under
vacuum or inert atmosphere. This process removes most of the heteroatoms origi-
nally present in the macromolecules, leaving behind a stiff and cross-linked carbon
matrix with an amorphous porous structure created by the evolution of gaseous
products and the rearrangement of the molecular structure of the starting polymeric
precursor during the pyrolysis. Figures 4.31 and 4.32 show the typical hollow fiber
membranes with the substructure and the skin layer morphology produced under
different pyrolysis temperature.
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Fig. 4.31 Structural change of the typical hollow fiber membrane substructure at different pyroly-
sis temperatures. (From [84])
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Fig. 4.32 Structural changes of the typical hollow fiber membrane skin layer at different pyrolysis
temperatures. (From [84])
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As mentioned above, during pyrolysis of a polymer, byproducts of different vol-
atilities are produced and generally cause a large weight loss [87]. Typically vola-
tile byproducts may include ammonia (NH,), hydrogen cyanide (HCN), methane
(CH,), hydrogen (H,), nitrogen (N,), carbon monoxide (CO) and others, depending
on the polymer [85]. The polymeric precursors are initially cross-linked or become
cross-linked during pyrolysis. This prevents the formation of large graphite-like
crystals during carbonization, and leads to the formation of disordered structure
(non-graphitizing carbons) with a very narrow porosity [70].

The transport properties of the carbon membrane are dependent on its porous
structure and pore size distribution [4]. During pyrolysis, amorphous carbon mate-
rial is created and exhibits a distribution of micropore dimensions with only short-
range order of specific pore sizes and also pores larger than the ultra-micropores.
These larger pores that connect the ultra-micropores are required to exhibit mo-
lecular sieving properties and therefore allow high gas separation productivities
[34]. The pore system of carbon membranes is generally non-homogeneous, as it is
comprised of relatively wide openings with a few constrictions [86]. The pores may
vary in size, shape and degree of connectivity, greatly depending on the nature of
the polymeric precursor and the conditions of pyrolysis. Figure 4.33 depicts an ide-
alized structure of a pore in a carbon material. The pore mouth “d” is often referred
to as an ultra-micropore (<10 A) that allows molecular sieving of the penetrating
molecules, meanwhile the larger micropores, “D” of the material (620 A) may
allow the diffusion of gas molecules to occur through the carbon material [6, 13,
22, 84]. Therefore, it is believed that a properly prepared carbon material is able to
simultaneously demonstrate the ability to perform molecular sieving and also allow
a considerably high flux of the penetrating molecules through the material [87].

The pores of the starting material do not change uncontrollably when the pyroly-
sis process is being carried out. Instead, the pore structure is essentially retained
and can be controlled selectively by adjusting the various process parameters [24].
A number of different variables can affect the pyrolysis process and small changes
in pyrolysis parameters have been found to have a significant impact on the final
properties of a carbon membrane [32, 88]. As mentioned above, among the factors
that influence the pyrolysis process are the pyrolysis temperature, heating rate, ther-

Fig. 4.33 Idealized structure of a pore in a carbon material. [87]
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mal soak time, type of pyrolysis atmosphere and, most noticeably during inert gas
pyrolysis, the gas flow rate, pressure and concentration.

Pyrolysis temperature has a remarkable influence on the properties of carbon
membranes in terms of the membrane structure, separation performance (perme-
ability and selectivity) and the transport mechanism for gas separation [11]. The
pyrolysis process can be conducted within a wide range of temperatures, in between
the decomposition temperature of the carbonaceous precursor and its graphitization
temperature (generally above 3000°C). Usually pyrolysis is carried out in the range
between 500 and above 1,000°C [85, 89]. Depending on the experimental condi-
tions chosen, the pyrolysis process removes most of heteroatoms that are originally
present in the polymeric precursors, while leaving a cross-linked and stiff carbon
matrix behind [44]. Table 4.1 lists typial pyrolysis temperatures found in the litera-
ture for the production of carbon membranes.

Thus, pyrolysis temperature has a strong influence on the properties of carbon
membranes in terms of membrane structure, separation performance (permeability
and selectivity) and transport mechanism for gas separation. The optimum tempera-
ture depends very much on the type of the precursor used. The increase in pyrolysis
temperature normally leads to a carbon membrane with higher compactness, a more
turbostratic structure, higher crystallinity and density, and smaller average interpla-
nar spacing between the graphite layers of the carbon [90]. Generally, an increase
in the pyrolysis temperature will give rise to a decrease in gas permeability and an
increase in selectivity [34, 85, 89].

The thermal soak time can be different depending on the final pyrolysis tempera-
ture [24]. This parameter may be used to fine-tune the transport properties of a car-
bon membrane using a particular final pyrolysis temperature [91]. Previous studies
showed [41, 87, 89, 91, 92] that increments in thermal soak time would increase the
selectivity of carbon membranes. It is believed that only microstructural rearrange-
ment occurs during the thermal soak time, thus affecting the pore size distribution
and average porosity of carbon membranes [34].

Heating rate will determine the evolution rate of volatile components from a poly-
meric membrane and consequently affect the formation of pores in the carbon mem-
brane [2]. Widely different heating rates can be used, ranging from 1 to >10°C/min
[89]. However, lower heating rates are preferable in order to produce carbon mem-
branes of higher selectivity [41, 89]. Higher heating rates may lead to the formation
of pinholes, microscopic cracks, blisters and distortions, which in extreme cases may
render membranes useless (i.e. of low selectivity) for gas separation [2].

The pyrolysis must be controlled in order to prevent undesired burn off and
chemical damage of the membrane precursor during pyrolysis. Therefore, the py-
rolysis can be carried out either in vacuum or inert atmosphere. Vacuum pyrolysis
was reported to yield more selective but less permeable carbon membranes (from a
polyimide precursor) than an inert gas pyrolysis system [34, 85]. When dealing with
the inert gas pyrolysis system, one must consider how the inert gas flow rate will
affect the performance of the resulting carbon membranes. Generally, an increase in
gas flow rate will improve the permeability of carbon membranes without interfer-
ing with their selectivity very much [85, 91].
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In principle, one can determine which pyrolysis parameters are important and
contribute most significantly to the structural changes of the material. In that case,
it would be possible to predict the trends of transport properties for a given carbon
material more effectively. Recently, the precursors were pyrolyzed in a step-by-
step fashion (i.e. after reaching a certain temperature, holding the membrane at that
temperature for a period of time and then heating it again) until the final pyrolysis
temperature is reached [34, 44, 51, 92, 93].

Typical examples of pyrolysis studies are shown below in detail.

The effect of pyrolysis environment on CMSM’s performance was studied in
detail by Geiszler and Koros [85].

A polyimide (PI) synthesized from three monomers; 2,4,6-trimethyl-1,3-phen-
ylenediamine, 3,4,3'4'-biphenyltetracarboxylic acid dianhydride, and 5,5'-[2,2,2-
trifluoro-1-(trifluoromethyl)ethylidene]bis-1,3-isobenzofurandione whose struc-
tures are shown in Fig. 4.34 was used to spin hollow fibers. The hollow fibers were
then pyrolyzed in vacuum or in an atmosphere of inert gas at different temperatures
(550 and 800°C) and different gas flow rates (20 and 200 cm3*(STP)/min).

Table 4.13 compares the vacuum and inert gas pyrolysis at 550°C. Vacuum py-
rolysis showed lower flux and higher selectivity than the inert gas pyrolysis. The
change in inert gas did not change the gas separation performance significantly.

The effect of inert gas flow rate on the gas separation performance is pre-
sented in Table 4.14. Decrease in flow rate remarkably decreases the flux without
significant change in the selectivity. When the non-volatile by-products are not
removed quickly enough during pyrolysis, they can presumably degrade further
and leave carbon deposits on the surface of the carbon, which can reduce the
permeant gas flux.

The effect of pyrolysis temperature on the gas separation performance is shown
in Table 4.15. For vacuum pyrolysis, the temperature increase resulted in decrease
in flux and slight increase in selectivity. For the helium gas pyrolysis, the same was
observed for the helium flow rate of 200 cm*(STP)/min. When helium flow rate
is 20 cm*(STP)/min, by-product residue plugged the pores and the flux decreased
remarkably. With an increase in pyrolysis temperature, the by-product residue was
removed and the flux increased.
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CHg NH,

b CHj
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Table 4.13 O,/N, and H,/N, separation performance for CMSMs produced at 550°C (and
200 ¢m3(STP)/min for gas pyrolysis)
O, flux (GPU) O,/N, selectivity H, flux (GPU) H,/N, selectivity

Vacuum 25-50 7.4-9.0 372-473 64-110
Argon 71-284 2.8-6.1 451-713 6.8-31.2
Helium 73-140 4.7-6.1 428-676 15.2-35.7
Carbon dioxide ~ 75-306 2.6-6.1 400-654 10.4-30.0

Table 4.14 Permselective properties of CMSMs pyrolyzed at 550°C in argon, helium and carbon
dioxide at different gas flow rates

Flow rate (cm?(STP)/min) O, flux (GPU) O,/N, selectivity
Argon 200 71-284 2.8-6.1

20 0.050-0.54 2.4-7.0
Helium 200 73-140 4.7-6.1

20 0.05-0.11 4.0-5.2
Carbon dioxide 200 75-306 2.6-6.1

20 0.05-15 2.0-7.5

Table 4.15 Permselective properties of CMSMs produced by vacuum and helium pyrolysis at
different temperatures

Pyrolysis temperature (°C)  He flow rate 0, flux (GPU) O,/N, selectivity
(cm?(STP)/min)

Vacuum pyrolysis

550 - 25-50 7.4-9.0

800 - 1.6-4.2 6.8-10.3

Helium gas pyrolysis

550 200 73-140 4.7-6.1

550 20 0.05-0.11 4.0-5.2

800 200 1.4-6.9 4.6-9.0

800 20 1.4-3.2 7.0-11.4

4.5 Post Treatment

Upon pyrolysis polymeric membranes are transformed into carbon membranes with
varying degrees of porosity, structure and separation properties that depend to an
extent on the pyrolysis conditions. In some cases, it is found to be advantageous that
the pore dimension and its distribution in a carbon membrane are finely adjusted by
a simple thermochemical treatment to meet different separation needs and objec-
tives [80]. Therefore, various post treatment methods have been applied to meet the
desired pore structure and separation properties of carbon membranes, and at the
same time to repair the defects and cracks that exist in the carbon membrane.
Post-oxidation or activation is the favorite post-treatment used to alter the pore
structure of carbon membranes. Typically, when a membrane is exposed to an oxi-
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dizing atmosphere after the pyrolysis step, the ensuing oxidation increases the aver-
age pore size [2, 24, 94, 95].

The oxidation of carbon membranes can be performed using pure oxygen, oxy-
gen admixed with other gases, air, or other oxidizing agents such as steam, carbon
dioxide, nitrogen oxides and chlorine oxides or solutions of oxidizing agents such
as nitric acid, mixtures of nitric and sulfuric acids, chromic acid and peroxide solu-
tions at elevated temperatures [95].

The selectivity of a carbon membrane may be increased through the introduction
of organic species into the pore system of the carbon membrane and their pyrolytic
decomposition (i.e. chemical vapor deposition, CVD) [39, 94-96]. Generally, to
manufacture carbon molecular sieves, the inherent pore structure of the carbona-
ceous precursor is initially tailored into a suitable pore size range by controlling the
thermal pretreatment, followed by a final adjustment of the pore structures by CVD
[97]. Moreover, it is possible to produce asymmetric membranes by CVD, using
homogeneous (symmetric) carbon membranes as the starting materials [94].

The organic species used for cracking and the conditions of their pyrolysis should
be carefully chosen to produce sufficient and selective deposition of carbon at the
pore apertures [98]. Among the organic molecules which may be used for this pur-
pose are ethane, propane, ethylene, benzene and other hydrocarbons [95]. Aside from
CVD, post pyrolysis is another treatment that can be used to decrease membrane
pore size. Typically, post pyrolysis is applied after post oxidation in order to recover
from an excessive pore enlargement. Sometimes post oxidation and post pyrolysis
are repeated several times until the desired pore size distribution is achieved. How-
ever, this treatment is rarely used, because the first pyrolysis step at high temperature
produces small pores efficiently due to the shrinkage of the carbon structure.

4.5.1 Post Oxidation

Kusakabe and co-workers [99] showed in their study that the post-oxidation of a
PI carbon membrane in a mixture of O,—N, increased its permeability to CO, and
O, without damaging its permselectivity greatly. The outer surface of a porous alu-
mina tube was dip-coated with BPDA-pp’ODA based polyacrylic acid (PAA) and
then imidized in nitrogen at 300°C for 1 h. Coating was done two or three times.
Then the precursor membrane was carbonized in a deoxygenated nitrogen stream at
700°C. The carbonized membrane was further oxidized at 300°C for 3 h. The per-
meance data for various single gases at either 65 or 100°C are shown in Fig. 4.35.
The oxidation at 300°C for 3 h significantly increased the permeance without hav-
ing adverse effect on the permselectivity. Figure 4.36 shows that the micropore vol-
ume increased without broadening the pore size distribution, when the carbonized
membrane was oxidized.

For post-oxidation, different activation temperatures and dwell times have been
applied to obtain desired pore structures in different materials, as illustrated in Ta-
ble 4.16.
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Fig. 4.36 Effect of oxidation at 300°C on the micropore volume of membrane carbonized at
700°C. (®) As formed, (o) oxidized in O,~N, mixture (O, fraction=0.1) at 300°C for 3 h, (o)
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Table 4.16 Examples of post-oxidation treatments of selected carbon membranes

Precursor Configuration Post treatment conditions? References
Cellulose Hollow fiber or supported film 400; 15 [2]
Phenol formal- Film supported on stainless 800; 60; CO, [110]
dehyde steel plate
Phenol formal- Flat 800-950; 30-60; 0.5-2.0% O,~N,; [108]
dehyde 80-90 mL/min
Phenol formal- Film supported on outer sur-  800; —; CO, [109]
dehyde face of tubular membrane
Phenolic resin ~ Film supported on inner sur-  100-475; 30 min—6 h [47]
face of tubular membrane
Phenolic resin ~ Film supported on outer sur- ~ 300-400; 30 [48]
face of tubular membrane
Phenolic resin ~ Film supported on inner sur-  75-350; 30 [14]
face of tubular membrane
Phenolic resin  Film supported on inner sur-  800; — CO, [113]
face of tubular membrane
Polyimide Film supported on outer sur-  300; 3 h; mixture O,-N, or O, [99]
face of tubular membrane
Polyimide Hollow fiber 250-455;0.2-50 h [123]

2 °C; min; air unless otherwise stated

As the oxidation temperature is raised, there is an increase in gas permeance
for all gases (permanent and hydrocarbon) and a reduction in permselectivity of
permanent gas pairs such as O,/N, or CO,/N, [47]. However, hydrocarbon gases
(i.e.n-C,H,,, C,H,, C,H,) exhibit higher permeances than permanent gases (i.e. He,
N,), which is a consequence of enhanced transport via hydrocarbon adsorption in
the micropores [47]. It is believed that the activation process increases the perme-
ability by expelling carbon atoms from the pore wall, thus enlarging them [94].
The variation observed in perm-selectivities suggests that for permanent gases (i.e.
0,, N,, etc.), the transport mechanism through the membrane changes as oxidation
progresses, from a molecular sieving mechanism to surface diffusion for highly
oxidized samples.

4.5.2 Chemical Vapor Deposition

Verma and Walker [97] selected propylene as the preferred organic source of py-
rolytic carbon since its heat of cracking (AH) is low, and the gas is easy to handle
under ambient temperature. A few additional organic sources for chemical vapor
deposition (CVD) and their application conditions are summarized in Table 4.17.
The CVD of carbon onto a carbon membrane may bring about three distinct re-
sults, namely homogeneous deposition, adlayer deposition and in-layer deposition
as depicted in Fig. 4.37a—c. The preferred mode is homogeneous decomposition
but, in practice, the three modes need not necessarily be completely distinct. For
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Table 4.17 Chemical vapor deposition (CVD) of carbon membrane

Precursor CVD conditions® References
Cellulose 1-1-1-trichloroethane saturated in Ar; 600; 5 [94]
Phenolic resin N, saturated with trichloroethane (TCE); 500; 1-10 [14]
Polyfurfuryl alcohol 20% propylene in He; 600; 2 h [54]
Polyimide 0.05 mol fraction propylene in carrier gas; 650; 1 h [68]

3 Atmosphere; °C; min unless otherwise stated

Fig. 4.37 Mechanism of carbon deposition on the pore system of carbon membrane: (a) homo-
geneous carbon deposition on membrane pore walls; (b) in-layer carbon deposition on membrane
pore wall entrances; (¢) adlayer carbon deposition outside membrane pores. (From [94])

instance, there may be an adlayer on top of the in-layer or some deposition in depth
in addition to the in-layer.

An example of CVD treatment is shown in the following. BPDA-pp’ODA PI
was coated by Hayashi et al. [68] on the shell side of a porous a-alumina tube
and carbonized in deoxygenated argon atmosphere at a heating rate of 5°C/min to
700°C and then cooled down to 650°C in a reactor system shown in Fig. 4.38. Then,
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Fig. 4.39 Effect of CVD period on permeance for various permeant gases (data at 35°C). (From
[68])

propylene was mixed to the carrier gas at a mole fraction of 0.05. The mixture was
introduced into reactor for a prescribed period to pyrolyze the propylene. Carbona-
ceous solids were thus formed in pores of the membrane by CVD. The membrane
was kept at 650°C for 1 h after stopping the propylene feed. Figure 4.39 shows the
effect of the CVD period on the permeance of the gaseous molecules. The perme-
ances of all the tested membranes decrease with an increase in the CVD period. The
effect of CVD period on the permselectivity is shown in Fig. 4.40. It is interesting
to note that a maximum is observed for O,/N, and CO,/N, selectivity while there is
no such maximum in He/CO, and He/N, selectivity. O,/N, selectivity reached 14.6
at the maximum. Similarly, CO,/N, selectivity reached 73, which was much higher
than the selectivity shown by polyimide membrane. The permeance of O, and N,
decreased considerably in the presence of water vapor in the feed. Oxidized pores
provide adsorption sites for water molecules whose permeance is enhanced by the
surface diffusion mechanism.

Hayashi and co-workers also proposed the following mechanism for the nar-
rowing of pore size distribution. When micro-pores with a size distribution are
narrowed with carbon deposition, the narrowing rate of each pore depends on the
size of the pore. The pores are classified into the following categories, A, B, C, D,
depending on the pore size. The pore size is assumed to increase progressibly from
A to D. The D pores are much larger than N, molecule as shown in Fig. 4.41a.
The B and C pores have pore sizes similar to CO,, O, and N,. Carbon clusters
are formed in the gas phase and deposited on the mouth of the D pores. The pore
size thus becomes as small as that of C. Further accumulation of carbon clusters
decreases the permeance but does not change the selectivity. To decrease the size of



4.5 Post Treatment 79

10 20

ol He/CO, 0,/N,
- o 15
S 6N " S /E\_.‘.
%) o %)

2 ST

0 l : , 0 , ' l

10 100

. | C0,/0, CO,/MN,

Selectivity
(+2]
Selectivity
(%3] |
(== o

4 F
5 | 25
0 0 é ‘IID 1I5 20 508

CVD period (min) w00 L m - He/N,

2
S 300 |/ Ll
G O
1]
2 200
ST W

100 [

0 1 1

0 5 10 15 20
CVD period (min)

Fig. 4.40 Effect of CVD periods on permselectivity for various gas pairs (data at 35°C). (From [68])

C pores to B pores, carbon deposits should be densified or adsorbed carbon should
be coked. The densification may occur at a relatively slow rate because it requires
the change in the structure of the carbon deposit. The size of the pore B is assumed
to be close to those of CO, and O, molecules. Thus, the B pores are reduced to the
A pores faster than that of the C pores. Suppose the populations of pores A, B, C
and D are 1, 2, 3 and 2, respectively. And suppose the relative speeds of the pore
size reduction is 1.0, 0.5 and 1.5 for B to A, C to B, and D to C, the change in pore
size distribution in time becomes as shown in Fig. 4.41b. The average pore size
distribution is given by

Sum of (pore size) (number of pores)

Sum of (number of pores)

The average pore size then decreases and then starts to increase as the function of
CVD period. This explains the trend observed in Fig. 4.40 for some of gas pairs.



80 4 Preparation of Carbon Membranes

Carbon

Densification
| —

&«

Pore size B

Pore size C

a Pore size D—j

CVD time

Y

ab cd ab c d ab c d ab c d ab c d
b

Fig. 4.41 Mechanism of carbon deposition: (a) Schematic view of carbon deposition, (b) the
change in pore size distribution as the result of carbon deposition. (From [68])

4.5.3 Post Pyrolysis

The process of sintering is one way to decrease the pore volume. Sintering involves
pore collapse, which proceeds more readily on the smaller pores. Heating the carbon
membranes in an inert or reducing atmosphere to above 400°C (typically, 800°C) is
one way to induce pore sintering. The more facile collapse of smaller pores is due to
the fact that the surface energy of high curvature (small pore size) surfaces is higher.
Thus, the contractive surface forces acting to diminish the pore wall surface areas
and to close the pores are greater for the smaller pores. Therefore the smaller pores
are the first to become closed by sintering [94].

Menendez and Fuertes [46] applied post-pyrolysis treatments to recover an aged
carbon membrane used in their research. Carbon membranes were fabricated by the
carbonization of a thin phenolic resin (PR) film deposited on the inner surface of
porous alumina tubes. The membranes were stored in different storage conditions;
i.e., storage in the air under the laboratory condition, in the air of hundred per cent
humidity, in the dried air, in closed glass bottles filled with nitrogen and in closed
glass bottles filled with propylene. Aging effect of the membranes under differ-
ent storage conditions were monitored by the change in permeance of single gases
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Fig. 4.42 Modification with time of (a) normalized permeance (P/P,) and (b) the normalized
permselctivity (a/a,) of a carbon membrane stored under air laboratory environment: Permeances
of fresh membrane in 10~'° (mol/m? s Pa at 20°C) are: He, 776; CO,, 409; O,, 136; N,, 15; CH,, 6;
permselectivities of fresh membranes are: He/N,, 51; O/N,, 9; CO,/N,, 27; and CO,/CH,, 67.
(From [46])

and the permselectivity with time. Drastic decrease in permeance and increase in
permselectivity were observed when the membranes were stored, either in the labo-
ratory condition or in the dried condition (Figs. 4.42 and 4.43). The air with 100%
humidity did not enhance the aging effect. It is speculated that the exposure to the
air during the storage period resulted in the formation of C—O bond and the reduc-
tion in the effective size of the micro-pores. Storage in nitrogen did not change the
permeance as well as permselctivity much. On the other hand, the storage in pro-
pylene even increased the permeance and decreased the selectivity. To regenerate
the membrane, they have heated the membrane after 418 days of aging. Table 4.18
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Fig. 4.43 Modification with time of (a) normalized permeance (P/P,) and (b) the normalized
permselctivity (a/a,) of a carbon membrane stored under dry air: Permeances of fresh membrane
in 107'% (mol/m? s Pa at 20°C) are: He, 231; CO,, 212; O,, 60; N,, 9; CH,, 4; permselectivities of
fresh membranes are: He/N,, 26; O,/N,, 7; CO,/N,, 24 and CO,/CH,, 49. (From [46])

Table 4.18 Permeances and permselectivities of a carbon membrane, aged in the air in the labora-
tory air condition for 418 days, before and after treatment in vacuum at 120°C

Permeance (mol/m? s Pa x 10'0) Permselectivity
He CO, O, N, O/N, CO/N, He/N,
Before regeneration 98 8.7 2.5 0.31 8.1 28 316

After regeneration 195 19.4 5.3 0.52 10.2 37 375

shows that the permeances were restored partially for each gas but the permeances
after the heat treatment are still very small compared with the permeances of the
fresh membrane given in Fig. 4.42a. When the aged carbon membrane (stored 245
days) was regenerated at 600°C for 1 h, better regeneration results were obtained
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Fig. 4.44 Modification with time of normalized permeance (P/P,) of a carbon membrane stored
air for 245 days and after regeneration at 600°C. (From [46])

as shown in Fig. 4.44. From day 49 to day 245 a large increase in permeance was
observed for each tested gas.

Suda and Haraya made post treatment of a CMS membrane, called original
membrane, fabricated by the pyrolysis of Kapton PI film at 1,273 K for 2 h [100].
The original membrane was heated to 673 K at a heating rate of 10 K/min under
argon stream (post pyrolysis) and then in helium stream containing water vapor.
After 10 min helium was replaced by argon and cooled down to room temperature.
The membrane is called the modified membrane. The gas permeation characteris-
tics of the original and modified membranes are given in Fig. 4.45. The original
membrane showed a sieve curve except for the reversed order between He and H,.
But the modified membrane showed much larger scatter due to the formation of
larger pores during the post heat treatment process, which is also evidenced by the
much greater permeabilities (10-700 times higher) of the modified membrane. It
is particularly interesting to note that the permselectivity of propene and propane

is more than 100 at 308 K. Thus this modified membrane seems suitable for the
alkene/alkane separation.

4.5.4 Fouling Reduction

Carbon membranes generally have nonpolar surface and therefore organophilic.
Strong adsorption of organic compounds results in significant problems in mem-
brane application. Jones and Koros presented a new technique of regeneration of
carbon membranes by exposing them to propyrene vapor [101]. CMS hollow fibers
were fabricated by the vacuum pyrolysis of aromatic polyimide (PI) hollow fibers
at temperatures of 500 and 550°C. Membrane performance changes resulting from
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Fig. 4.46 Change in (a) O, flux and (b) O,/N, selectivity with time when the membrane was
exposed to hexane-saturated air feed. (From [101])

exposure to organics as can be seen in O, flux and O,/N, selectivity. Figure 4.46a
and b show the change in O, flux and O,/N, selectivity in the presence of hexane
in the feed stream of air. The O, flux went down from 39.0 to 7.6 GPU within
9 min. The selectivity also dropped significantly. The hollow fiber module was shut
down after the experiment with hexane. The module was then exposed to dry air
feed. The module was further exposed to pure propylene at feed pressures between
10 and 150 psig for time periods ranging 2—3 h. After each exposure, dry air feed
was resumed and change in the hollow fiber performance was checked. Figure 4.47
shows the results from the hollow fiber whose flux went down after the exposure
to hexane. It shows a dramatic increase in O, flux after the first exposure to pro-
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Fig. 4.48 Membrane regeneration after hexadecane exposure. (From [101])

pylene and after the second exposure, the initial O, flux (26 GPU) was completely
recovered. Similar results were obtained for the hollow fiber module contaminated

by hexadecane (Fig. 4.48).

4.5.5 Coating

The coating technique has been applied to repair defects in their carbon mem-
brane by coating a thin layer of polydimethylsiloxane (PDMS) to prevent gas flow
through defect structures. The membrane was immersed in a 2% solution of PDMS
(WACKER E41) in heptane, and then withdrawn to harden the coated layer.
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Alternatively, a method entailing surface coating with an alcohol solution of
60% B rank phenol formaldehyde resin (PFR) and dispersant, followed by recar-
bonization (700°C, 60 min), was used to prepare carbon—carbon composite mem-
branes with improved separation performance by Liang and co-workers [80]. On
the carbon—carbon composite membrane coated with PFR alcohol solution and
added dispersant, the gas permeation rates decreased by a factor of 10, and the ideal
separation factor increased, probably due to the PFR’s dispersing effect.

Jones and Koros [102, 103] coated their carbon membrane to counteract the de-
crease in carbon membrane performance when exposed to water vapor. They used
poly(4-methyl-1-pentene) PMP from Scientific Polymer Products, and DuPont’s
Teflon AF 1600 and AF 200, as coating agents. They managed to provide a success-
ful protection barrier, which significantly limited the permeation of water vapor or
other impurities such as hydrocarbons without significantly inhibiting the perme-
ation of the faster fluid component or lowering its selectivity. Accordingly, they
have patented [102] composite membranes that retain good fluid separation proper-
ties and are resistant to the adverse effects on membrane performance commonly
observed in environments having high humidity.
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Chapter 5
Examples of CMSM Preparation,
Characterization and Testing

5.1 Hollow Fiber CMSM Membrane from
Polyacrylonitrile (PAN)

5.1.1 Polymer Solution Preparation

PAN solution is prepared using the round bottom vessel shown in Fig. 5.1. PAN
in powder form is heated in an oven for one day to dry completely before use,
followed by heating in a vacuum oven before being used for solution preparation.
The vessel is first loaded with dimethyllformamide (DMF), the solvent. Then, PAN
powder is added to the solvent slowly under vigorous stirring. The temperature of
the vessel should be below the boiling point of DMF (153°C) but sufficiently high
to facilitate the dissolution of PAN powder. Normally, it is kept between 80 and
90°C. It takes 7-9 h to obtain homogeneous solution.

After the polymer is fully dissolved, the solution is degassed for 48 h by the
ultrasonic method (Branson Ultrasonics) to remove tiny air bubbles. Finally, the
homogeneous solution is stored in a bottle and is ready for hollow fiber spinning.

5.1.2 Hollow Fiber Spinning Process

PAN hollow fibers are spun by the dry/wet spinning process using the equipment
shown in Fig. 5.2.

The PAN polymer solution and the bore fluid are extruded simultaneously from
a spinneret (dimension OD:ID=600:300 pm) to form a nascent hollow fiber mem-
brane at ambient temperature. The ratio of polymer solution and bore fluid flow
rate is 3 tol. A gear pump is used to deliver the polymer solution to the spinneret
smoothly at a certain dope extrusion rate (DER) ranging from 1.5 to 3.0 cm?/min.
The fiber is then directed to a chamber with a forced flow of nitrogen for dry phase

A. F. Ismail et al., Carbon-based Membranes for Separation Processes, 93
DOI 10.1007/978-0-387-78991-0_5, © Springer Science+Business Media, LLC 2011



94 5 Examples of CMSM Preparation, Characterization and Testing
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Fig. 5.1 Solution preparation vessel. [1]
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Fig. 5.2 Schematic diagram of hollow fiber spinning system: (/) nitrogen cylinder; (2) dope reser-
voir; (3) gear pump; (4) on-line filter; (5) syringe pump; (6) spinneret; (7) forced convective tube;
(8) roller; (9) take-up drum; (/0) refrigeration/heating unit; (//) coagulation bath; (/2) washing/
treatment bath; (/3) take-up bath; (/4) schematic spinneret. [1]
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Dry/wet spinning condition

Value/type

Polymer solution composition

Polymer solution temperature

15 wt% PAN
85 wt% DMF
Ambient temperature (27°C)

Coagulation bath
Type Water
Temperature 14°C
Bore fluid
Type 20.0 wt% potassium acetate in water
DER:bore fluid flow rate 3:1
Spinneret dimension
OD:ID 600:300 pm
Air gap distance 0-9 cm

Dope extrusion rate (DER)

1.5-3.0 cm*/min

Jet stretch 1
Take-up drum diameter 17 cm

separation. The distance between the spinneret to the coagulation bath, called nitro-
gen gap (normally called air gap) is between 0 and 9 cm.

The hollow fiber is then introduced into the nonsolvent (water) coagulation bath
for further wet phase separation and then guided to the washing/treatment bath. The
coagulation bath temperature is controlled at 14°C by a refrigeration/heating unit
to ensure rapid solidification, while the washing bath is maintained at ambient tem-
perature. Then, the hollow fiber is continuously collected onto a take-up drum of
17 cm diameter. After removing from the take-up drum, the hollow fiber is kept in
water at room temperature for two days to remove the residual solvent before being
subjected to the solvent exchange process.

The ratio of initial fiber velocity to the take-up drum velocity, called the draw
ratio or jet stretch (JS), is equal to unity. First part of this study is focused on
the preparation of PAN hollow fiber membrane during dry/wet spinning pro-
cess. Table 5.1 shows the condition of dry/wet spinning process used during
this study.

5.1.3 Solvent Exchange Drying Process

For the solvent exchange, methanol and hexane are used as the first and the
second solvent, respectively. The hollow fiber is removed from the water bath,
and subjected to successive immersion into a methanol bath and a hexane bath
for two days in each solvent. Then, the hollow fiber membrane is allowed to dry
at room temperature while both ends of the fiber are fixed to prevent serious
shrinkage.
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Fig. 5.3 Pyrolysis system using nitrogen as purge gas. [1]

5.1.4 Pyrolysis System

Nitrogen gas pyrolysis system was designed and set up to transform the PAN hollow
fiber membrane into PAN-based carbon hollow fiber membrane. The instrument
involved in this system is illustrated in Fig. 5.3. Carbolite (Model CTF 12/65/550)
wire wound tube furnace with the Eurotherm 2416CC temperature control system is
used for the pyrolysis of the PAN hollow fiber membrane. The furnace can be oper-
ated at a maximum temperature of 1200°C and has the ability to control the heating
rate and the thermal soak time during the pyrolysis process.

A PAN hollow fiber bundle is inserted into a quartz tube, where both ends of the
tube are fitted with Pyrex socket. The front Pyrex socket is used to channel nitro-
gen gas into the tube and the back socket is used to purge the volatile compounds
evolved during pyrolysis. Then the quartz tube is inserted into the Carbolite furnace.
All the connections must be properly tightened up in order to prevent the air from
entering the quartz tube, which can interrupt the inert gas pyrolysis process.

However, before pyrolysis, the PAN hollow fber must be subjected to the ther-
mo-stabilization or preoxidation process in air or oxygen. This is necessary in or-
der to cross-link the PAN chains and to prepare a PAN aromatic ladder structure
that can withstand high temperatures during the pyrolysis process. For this purpose
air is introduced to the quartz tube and the hollow fiber is heated at 250°C for
30 min in air.

After thermo-stabilization, air in the tube is purged by nitrogen to prevent the
oxidation from occurring during the high temperature pyrolysis process. The hol-
low fiber is then heated to a required pyrolysis temperature and under the required
conditions. The resulting carbon membrane is cooled down to ambient temperature
in nitrogen atmosphere. Table 5.2 shows the pyrolysis conditions required for the
preparation of the PAN carbon hollow fiber membrane.
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Table 5.2 Nitrogen pyroly-
sis system for producing
PAN carbon hollow fiber

Pyrolysis condition Value/type

Stabilization condition

membrane Gas type Compresses air

Flow rate 200 cm’/min
Temperature 250°C
Heating rate 5°C/min
Soak time 30 min

Pyrolysis process
Gas type Inert gas (nitrogen)
Flow rate 200 cm3/min
Temperature 500, 600, 700, and 800°C
Heating rate 3°C/min
Soak time 30 min

Cooling process
Gas type Nitrogen
Flow rate 200 cm3/min
Temperature 30°C
Cooling rate 10°C/min

5.1.5 Membrane Characterization

5.1.5.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is used to investigate the morphology of the
membrane. Images of the fiber surface, the skin layer structure and the cross-section
of the hollow fibers prepared under different spinning conditions and pyrolysis tem-
peratures can be observed clearly by SEM. Before being subjected to SEM obser-
vation, the membrane samples had to undergo the gold coating process. Then, the
coated samples are imaged and photographed by employing Philips-XL40 SEM
with potentials of 10 kV in achieving magnification up to 10,000X.

5.1.5.2 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is a useful tool to detect functional
groups in a carbon membrane. Samples of the carbon membrane are ground into
fine powder and then mixed with a small amount of KBr. A hydraulic die is loaded
with the powder mixture to form a transparent disc. The IR spectrum of the sample
disc is directly recorded using Perkin Elmer 2,000 FTIR spectrometer.

5.1.5.3 Attenuated Total Reflection-Fourier Transform Infrared
Spectroscopy (ATR-FTIR)

Molecular orientation in the active layer of the membrane is directly detected us-
ing plane polarized reflectance infrared spectroscopy. This technique can reveal
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anisotropy on the molecular level within a sample. Pronounced infrared dichroism
(the difference in absorption between parallel and perpendicularly polarized light)
shows alignment of molecules, whereas the absence of infrared dichroism shows
randomly oriented molecules [2]. The IR spectra are recorded by a Magna IR-560
(Nicolet) FTIR spectroscope fitted with a horizontal ATR accessory called Thun-
derdome (Termo Nicolet Corporation and Spectra Tech, USA). Samples of PAN
hollow fiber membranes are mounted on the Thunderdome accessory jig. For each
PAN hollow fiber sample, IR spectra are obtained with the plane of polarization
parallel and perpendicular to the shear direction.

5.1.5.4 Elemental Analysis

Elemental analysis is used to determine the composition of the carbon membrane
prepared at different pyrolysis temperatures. The percentage composition of carbon,
hydrogen, nitrogen and oxygen in the PAN carbon membrane is measured by El-
ementar Vario EL 111 elemental analytical equipment.

5.1.6 Gas Permeation Test

Before the gas permeation test is carried out, the PAN hollow fiber membranes are
potted at both ends to form a bundle consisting of 5-10 fibers. One end of the fiber
bundle is sealed into a stainless steel tube of 5/8 in. outer diameter, while the other
end is potted in an aluminium cap. Loctite E-30CL epoxy adhesive is used as a pot-
ting resin. This bundle is then inserted in a suitable module as shown in Fig. 5.4. All

Carbon hollow 5!8” SS tube

Plug Alurgiggm fiber membrane Ferrule Ball valve

N
a [
Female 3/4” SS tube Female 1/4” SS tube

NPT thead NPT thead
FEED
—_—
RETENTATE

Fig. 5.4 Hollow fiber for the laboratory scale permeation experiments. [1]
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Fig. 5.5 Schematic diagram of pure gas permeation testing system. [1]

fittings and nuts used are of Swagelok type for better prohibition of leakage during
the gas permeation test.

The single gas permeation system is illustrated in Fig. 5.5. Pure O, and pure N,
are introduced into the system at feed pressures of 1-5 bar at ambient temperature.
The permeate side of membrane is maintained at atmospheric pressure. A soap film
flow meter is used to measure the gas permeation rate.

The permeance and ideal separation factor (or selectivity) of the carbon membrane
are calculated from the permeation rate by using Eqgs. (5.1) and (5.2) respectively.

P 0;
(1)1. T ApA 6.1
Yy Pa_ (D),
MR T (), -2)

Where; (P/]), is permeance, Q. is permeation rate of gas at standard temperature and
pressure (STP), Ap is transmembrane pressure drop, 4 is area of membrane and o, ,,
is ideal separation factor or selectivity.

Gaspermeation unit(GPU)is often used as the unit forpermeance (1 GPU=1x 10-¢
cm?}(STP)/cm? s cmHg). When the membrane thickness / is known, the perme-
ability P can also be obtained. Barrer is often used as the unit for permeability
(1 Barrer=1 x 10712 cm*(STP) cm/cm? s cmHg).
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5.2 Flat Sheet CMSM

5.2.1 Precursor Membrane Formation

Polymeric membranes are prepared by the solution casting technique. Polymers
are polyimides (PIs, 6FDA:BPDA (m:n):DAM, 6FDA:6FpDA, 6FDA:6FmDA),
whose formula are given in Fig. 5.6.

Polymer powder is dried at 115°C to remove any adsorbed water. Then, the poly-
mer is dissolved in dichloromethane (CH,Cl,, 99.9% from Sigma Aldrich) to make
2-5 wt% solution. The polymer solution is stored in a 20 or 40 mL ICHEM vial
(Fisher Scientific) which are placed in a Burrel Model 75 Wrist Action Shaker or
a roller system for mixing for 1 h. The solution is then loaded in a glass syringe,
filtered under a pressure through a Millex®-RH 0.45 pm PTFE filter (Millipore
Corporation) and slowly dripped into a stainless steel ring that is mounted onto the
top surface of a glass mirror. An inverted glass funnel is placed over the solution to
minimize the evaporation rate of the solvent and to prevent any dust from landing
on the polymeric film (see Fig. 5.7).

Rapid solvent evaporation can cause temperature fluctuations leading to convec-
tive motion in the solution (Marangoni/Benard flows). This motion can result in un-
even evaporation and thickness variations in the membrane. The solvent is allowed
to evaporate until the membrane is fully vitrified, which is determined by a change
in the appearance of the membrane. The resulting polymeric film is removed by
lifting the edge of the film with a razor blade to ease the film off of the surface. If

Polymer Chemical structure

6FDA : BPDA (m:n) - DAM

6FDA - 6BFMmDA

Fig. 5.6 Chemical structure of polyimides used for CMSMs formation. [3]
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iy

Fig. 5.7 Membrane casting procedure. [4]

the film is difficult to come off, a few drops of water is squirted under the exposed
edge, which causes the film to lift off of the glass plate. The polymeric film is dried
at room temperature for several hours and then at 115°C under vacuum to remove
any residual solvent and water. Any areas that have visual stress points are not used
for permeation experiments.

5.2.2 Pyrolysis of Flat Sheet CMSMs

From the dry polymeric film so obtained, circular films of 1" diameter are punched
out by a stainless steel die. When the die can not punch out the coupons, scissors
are used to separate the coupons from the film sheet. The coupons so produced are
weighed and placed on a ribbed quartz plate as shown in Fig. 5.8. The quartz plate
has 1/4" wide and 1/8" deep grooves which allow decomposition products to evolve
from both sides of the film equally.

The coupon is then placed in a pyrolysis furnace, a quartz tube that is shown in
Fig. 5.9.

Polymer film samples

| =
P 24 cm :

Fig. 5.8 Schematic of quartz plate with precursor films used during pyrolysis. [3]
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The quartz tube has a dimension of 50 mm ID x 54 mm OD x 115 cm long. One
end of the quartz tube is open to allow insertion of the quartz plate while the other
end is sealed with glass. After inserting the quartz plate, the open end is covered by
a Pyrex® glass cap that is sealed against an O-ring. The polymeric film is pyrolysed
either under vacuum or under nitrogen atmosphere. For pyrolysis under vacuum, an
Edwards Model 3 vacuum pump is connected to a stop-open valve of the Pyrex®
glass cap (right side of the quartz tube) via a cold trap cooled by liquid nitrogen,
which prevents any pump oil from entering into the quartz tube and catches any
heavy by-products of pyrolysis. The pressure of the system is monitored by a MKS
628B Capacitance Manometer attached to a MKSPRD 2000 readout. The pressure
during the pyrolysis is adjusted to 0.005-0.05 Torr. For pyrolysis in an inert gas,
a compressed air cylinder is attached to the left side of the quartz tube instead of
the pressure transducer. Instead of connecting to the vacuum pump the stop-open
valve (right side of the quartz tube) is opened to allow the purge gas to flow through
the quartz tube. The flow of the inert gas is regulated with a needle valve and/or a
MKS mass flow controller and the flow rate is measured at the end of the quartz
tube using a Hewlett Packard 0103-0113 Soap Film flow meter. Before beginning
the heating cycle, inert gas equivalent to 20 quartz tube volumes is allowed to flow
through the system. The quartz tube is heated by a Thermacraft Model 23-24-1ZH
three zone tubular furnace. The heating cycle is controlled by an Omega Engineer-
ing Model CN-2010 temperature controller. As shown in Fig. 5.10, the pyrolysis
protocol consisted of slow ramps to 550-800°C followed by a constant tempera-
ture soak for 2 h at the ultimate temperature, as used by several researchers. After
pyrolisis the film is allowed to cool to below 50°C before being removed from the
quartz tube.

800

600

400

Temperature ("C)

200 —O— 550 Protocol

—— 800 Protocol

0 1 L L L L
0 100 200 300

Time (min)

Fig. 5.10 Pyrolysis protocols to be used to form CMSMs. [3]
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Fig. 5.11 Schematic of the permeation system [3]. (/) Down stream pressure transducer, (2) per-
meate reservoir, (3) fan, (4) heater, (5) rupture device, (6) upstream pressure transducer, (7) feed
reservoir, (8) permeation cell. (4) Down stream pressure transducer isolation valve, (B) GC valve,
(C) down stream vacuum valve, (D) feed valve, (E) “middle” valve, (F) vent valve, (G) cell isola-
tion valve, (H) retentate (metering) valve, (/) retentate shutoff valve, (J) vacuum shutoff valve

F-Y

5.2.3 Gas Permeation Experiment Preparation

Permeability and selectivity of membranes were determined by using a constant
volume system shown in Fig. 5.11.

According to the method the permeability of a membrane is proportional to the
rate of pressure rise and can be calculated by

2.94 x 104714
N TAAp (5.3)

where P is permeability, (Barrer (= 1071 cm3(STP) cm)/(cm? s cmHg)), V is down-
stream volume (cm?), / is film thickness (mil=107 in.), (dp/df) is the rate of pres-
sure rise (torr/min), T is absolute temperature (K), 4 is film area (cm?), and Ap is
the cross membrane pressure drop (psia).
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Fig. 5.12 Method to obtain
0, and dprdt. [4]

Pressure

Time

The time lag, 0, is obtained by extrapolating the p versus ¢ straight line to the x
axis. The time lag is related to the diffusion coefficient, D, (cm?/s) of gas through
the membrane by the following equation.

12

0 = —
47 6D,

(5.4)

Steady state permeation rate dp/dt is obtained from the slope of p versus ¢ plot for
t>10 0,. Since the time lag is very short (0, <1 min), it is difficult to determine
precise diffusion coefficient.

The cross-section of the test permeation cell used to measure the gas permeation
rate is schematically shown in Fig. 5.12. The permeation cell consists of two stain-
less steel blocks (upstream side and down stream side) to sandwich a membrane in
between. The two O-rings seal the gas leak through any space between these two
blocks.

Flat sheet CMSMs are masked with adhesive backed aluminum tape to prepare
them for testing. Figure 5.13 shows the cross-section of the masked film in a per-
meation cell with a detailed view of the masked film. The membrane sample is
sandwiched between two pieces of 1-5/8 in. aluminum tape. The piece of the tape
used for the upstream side of the membrane had a 1/2 in. diameter hole cut out of
the center while the center used for the down stream side of the membrane had a
5/8 in. diameter hole in the center. The larger hole on the downstream side of the
membrane is used to provide a more accurate measurement of the area that is based
on the smaller hole on the upstream side only. This precaution is necessary to pre-
vent the holes of the two sides of the mask from being aligned visually. Once the
membrane is sandwiched in the aluminum tape, the sample is ready to be masked
onto the permeation cell.
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Downstream

. Permeate reservoir \

Membrane

[/ o Epoxy (if neede)

Sintered metal

Filter paper

Fig. 5.13 Permeation cell and a masked CMSM loaded in the cell. [4]

With the smaller circle facing the upstream side of the permeation cell, the sand-
wiched membrane is placed on the permeation cell on top of two pieces of 1-5/8 in.
diameter paper that sit directly over the sintered metal support disk in the perme-
ation cell. These tapes are then masked using a 2—1/4 in. piece of aluminum tape
with a 3/4 in. diameter cut out of the center. The entire tape is then pressed into
place as well as possible to reduce the potential for leaks. If visible defects or small
sample sizes prevent a good seal to be formed in the masked membrane, Devcon
5 min epoxy is used to cover the problem areas. Because the permeability of epoxy
is very slow, it is considered as an impermeable barrier compared to the membranes
tested. With the epoxy cured and the membrane fully masked to the permeation cell,
the upstream side of the cell is attached to the down stream side of the cell using six
bolts. The cell is then connected to the permeation system using 1/4 in. Swagelok®
VCR connections.
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5.2.4 Gas Permeation Experiment

After placing the permeation cell in the permeation system, the down stream of
permeation cell (valve C) is opened to vacuum for ca 15 min. The downstream is
then closed off and the upstream of the apparatus is opened to vacuum (valves E and
G). Once the upstream and downstream pressures become almost similar, both the
downstream and upstream are opened to vacuum for ca 24 h to completely degas the
membrane and the mask. It is important to maintain the downstream pressure lower
than or equal to the upstream or the mask can be pushed away from the cell, leading
to the leak. After the membrane is degassed, the leak rate of the atmospheric gases
into the permeate reservoir is measured by closing valves B, C, E and G and I to iso-
late the cell. The leak rate is quantified for further analyses. To begin an experiment,
gas is first introduced into the feed side with the cell isolation valve closed. After
that the system is allowed to reach equilibrium. After the temperature is allowed to
equilibrate, the middle valve (E) and the downstream valves (B and C) are closed
and the cell isolation valve (G) is opened to allow the feed gas to contact the mem-
brane. The pressure rise of the permeate reservoir due to the permeation through the
membrane is initiated. After the first gas is tested, the system is again equilibrated
for at least ten time lags before testing the second gas. To make sure the permeation
results are repeatable, one of the gases is retested after all of the other gases.

After all the gases are tested, the permeation cell is opened and the mask re-
moved from the permeation cell. The digital image of the masked CMS is shown
in Fig. 5.14.

Fig. 5.14 CMSM image. [3]
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Chapter 6
Membrane Characterization

6.1 Permeability Measurement

6.1.1 Liquid Permeability

Gas permeation tests have been carried out for many carbon membranes. How-
ever, there is very limited data for the liquid permeation tests, especially for the
application of carbon membranes for ultrafiltration (UF) or microfiltration (MF).
Some studies [1, 2] demonstrated that carbon UF membranes could be made by
adding non-carbonizing polymers such as poly(ethylene glycol) (PEG) to the pre-
cursor solution. Encouraged by the findings of [3] and [4], Shah and co-workers
successfully made nanoporous carbon UF membranes suitable for bioprocessing
applications [5].

Carbon membranes were fabricated by pyrolysis of a mixture of poly(furfuryl
alcohol) (PFA) and poly(ethylene glycol) (PEG) that was spin-coated on a mac-
roporous stainless steel support. The stainless steel support was first modified by
physical deposition of sub-micron-sized silica particles within the micropores and
then PFA/PEG/acetone solution was spin-coated onto the silica-modified support.
Coated support was heated in a stream of Ar to 600°C for 4 h for pyrolysis. The
process was repeated. Hydraulic permeability was obtained under 40—-50 psig. UF
experiments with blue dextran as the solute was also conducted. Table 6.1 shows the
hydraulic permeability and blue dextran sieving data.

Dextran sieving curves were also evaluated by filtration of dextrans of different
average molecular weights in kDa, i.e. 2000, 167, 75, 40, and 10 kDa. Sieving coef-
ficient versus dextran average molecular weight is given in Fig. 6.1.

The pore size distribution of the nanoporous carbon (NPC) membrane was de-
termined by liquid—liquid porosimetry using isopropanol and a mixture of isopropa-
nol-water as the wetting and intrusion fluid, respectively. Figure 6.2 shows the flux
versus pressure data. The pore size distribution obtained from the data is shown in
Fig. 6.3. The carbon membrane has pores that lie primarily between 8 and 18 nm.
The mean pore radius is 12.3 nm with a standard deviation of 2.3 nm.

A. F. Ismail et al., Carbon-based Membranes for Separation Processes, 109
DOI 10.1007/978-0-387-78991-0_6, © Springer Science+Business Media, LLC 2011
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Table 6.1 Water permeability and sieving coefficient of blue dextran

Water permeability Sieving coefficient of
(Lm?2h!bar?) blue dextran

Stainless steel (SS) support 8550 1.0

Modified SS support 2550 1.0

First coat carbon membrane 1670 0.7

Second coat carbon membrane 240 0.2

Third coat carbon membrane 41 0.0076

Additional coat 21 0.003

100 kDa Biomax?® 396 0.0035

2 Shown for comparison
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Fig. 6.1 Dexran sieving curves for the nanoporous carbon membrane formed after deposition of
three carbon layers and for the Biomax 100 kDa membrane. (From [5])

6.2 Physical Characterization

Some examples of the physical characterizations of the membranes prepared in
Chap. 4 are given in the following sections.

6.2.1 Themogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a technique often used in CMSM research.
By TGA, weight loss of a substance as a function of increased temperature is mea-
sured. It is used to determine at which temperature(s) decomposition takes place.
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Fig. 6.2 Liquid-liquid porosimetry data for nanoporous carbon membrane formed after deposi-
tion of three carbon layers. The flux-pressure curves are shown for the fully intruded (solid curve)
and iso-propanol wet (dashed curve) membranes. (From [5])
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Fig. 6.3 Pore size distribution for the nanoporous carbon determined from liquid—liquid porosim-
etry. (From [5])
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Fig. 6.4 TGA thermograms of PI and PI/PVP precursors: (a) PI precursor without PVP blend
(PI-PO); (b) PI precursor with 5% PVP (PI-P5); (¢) PI precursor with 10% PVP (PI-P10). (From [6])

Figure 6.4 of Kim et al. [6] shows TGA thermograms of PI, PVP, PI/PVP blend
CMSM precursors. PI (PI-P0) is stable up to 550°C. With respect to the PI-PVP
blends, the earlier weight loss in the temperature range 370—420°C corresponds to
the decomposition of PVP resulting in lower residual weights.

Figure 6.5 demonstrated in David and Ismail’s work is another example of char-
acterization by TGA. TGA thermograms of the PAN hollow fiber are shown for
hollow fibers (a) stabilized in oxidative atmosphere, (b) stabilized under inert at-
mosphere and (c) pyrolyzed under oxygen atmosphere. Comparing (a) and (b), it
is clear that (a) is thermally more stable particularly in the 300-350°C range that
is near the PAN’s glass transition temperature (317°C). When pyrolysis is made
in oxygen atmosphere at 650°C, the membrane is totally lost. This means that the
oxidative stabilization and pyrolysis in an inert atmosphere is necessary. Figure 6.6
shows that two kinds of ladder polymers formed as intermediates during the inert
and oxidative stabilization.

Figure 6.7 illustrated by Centeno and Fuertes shows another example of TGA
thermograms. The figure shows initial 20 and 44% weight loss by the preoxidation
at 150 and 200°C, respectively. But the final weight loss after 600°C did not change
very much.
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Fig. 6.5 TGA result for the membrane (a) stabilized under oxidative atmosphere; (b) stabilized
under inert atmosphere; (c) pyrolyzed under oxygen atmosphere. (From [7])
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Fig. 6.6 Formation of ladder polymer in inert stabilization and oxidative stabilization. (From [7])

6.2.2 Wide Angle X-ray Diffraction (WAXD), Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy
(TEM), Atomic Force Microscopy (AFM)

It is an X-ray diffraction technique that is often used to determine the crystalline
structure of polymers. This technique specifically refers to the analysis of Bragg
Peaks scattered to wide angles, which (by Bragg’s law) implies that they are caused
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Fig. 6.7 Weight loss of PVDC-PVC materials (untreated and preoxidised) during pyrolysis. (From
(8D

by sub-nanometer sized structures. Electron microscopy (EM) is one of the tech-
niques that can be used for membrane characterization. Two basic techniques can
be distinguished: scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). In particular, some examples of SEM are given in this chapter.
The Atomic Force Microscopy (AFM) consists of a cantilever with a sharp tip at its
end. The tip is brought into close proximity of a sample surface. The tip scans over
the surface of the sample, its position and cantilever deflection are recorded, and a
surface image is produced.

Figure 6.8 of Xiao et al. shows the WAXD of the 6FDA-Durene-p-intA copoly-
mer with different p-intA contents. The figure indicates that the 26 value increases
and d-spacing decreases as the content of p-intA increases in the polymeric precur-
sor, because the p-intA is flat and has no bulky substituent group as in Durene.

Figure 6.9 of Kim et al. shows another WAXD pattern of CMSMs prepared from
PI/PVP blend precursors with different contents of PVP. The carbonization was
made at two temperatures (550 and 700°C). Table 6.2 shows the d-spacing obtained
from WAXD results. The d-spacing increases with the increase in PVP content and
decreases with the carbonization temperature.

Figure 6.10 of Centeno and Fuertes displays SEM pictures of (a) cross-section
of the PVDC-PVC precursor, (b) cross-section of the CMSM, and (c) top view of
the fractured CMCS. Figure 6.10b particularly shows that the thickness of the CMS
layer is ca 0.8 um.
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Fig. 6.8 WAXD of 6FDA-Durene-p-intA copolymer; D4A1 (Durene:p-intA=4:1); D3A2 (Durene:
p-intA=3:2). (From [9])

The SEM micrographs in Fig. 6.11 show the dense homogeneous structure of
the hollow fiber of trimethylsilyl (TMS) substituted PPO precursors and carbon
membranes.

Scanning electron microscope (SEM), atomic force microscopic (AFM) and
high resolution transmission electron microscope (HRTEM) were used to character-
ize the SNPCM-11 membrane (supported NPC membranes with the carbon mass of
11 mg on the support) prepared by Shiflett et al. [10]. The SEM picture (Fig. 6.12)
shows a defect-free homogeneous surface as evidenced by the high selectivity val-
ues. AFM (Fig. 6.13a) images show two regions of carbon. One is lighter (harder)
and the other is darker (softer). The darker areas arise from pores filled with water,
while the lighter areas are non-porous solid carbon. Lateral dimension of the darker
areas was from 2.5 to 4.0 nm. A 3 mm diameter sample of NPC layer was removed
from the surface of SNPCM-11 membrane with a sharp razor blade and the sam-
ple was subjected to HRTEM. Typically, these carbons are completely amorphous
(Fig. 6.14a). However, there were other regions that showed a high degree of order-
ing. The onion like fullerene features are also presented in Fig. 6.14b.

Asymmetric, flexible hollow fiber carbon membrane with high mechanical
strength was produced by thermooxidative stabilization and gradual carbonization
of PAN based precursor membrane [11]. SEM showed that the inner surface had
the pores of 3—10 um in diameter penetrating into the hollow fiber wall but not
reaching the outer surface. Three membranes A, B, C were produced, the differ-
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Fig. 6.9 WAXD patterns of the CMS membranes pyrolyzed at (a) 550°C and (b) 700°C as a func-
tion of PVP content. (From [6])
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Table 6.2 Average d-spacings of prepared CMS membranes from WAXD

Sample codes? d-spacing (nm) Sample codes d-spacing (nm)
CMS550-P0 0.40 CMS700-P0O 0.36
CMS550-P5 0.43 CMS700-P5 0.38
CMS550-P10 0.44 CMS700-P10 0.39

2 CMS carbonization temperature-PVP wt.%

ence being basically the molecular weight of PAN and its concentration in the spin-
ning dope. Membrane A was from a co-polymer of AN-MAC (methyl acrylate, 2%)
with intrinsic viscosity of 2.35. Membrane B was from commercial PAN of average
Mw=150,000. Membrane C was from the AN-MAC co-polymer of intrinsic vis-
cosity 3.21. The stabilization was at 260°C in air and carbonization was in nitrogen
at 800°C.

Figure 6.15 shows the Scanning Probe Microscopic (SPM) image of the outer
surface of membrane A spun from the dope of 10% polymer concentration. The
membrane has a relatively smooth surface with pores of average diameter 1 p. Fig-
ure 6.16 shows the SPM image of the membrane B. Membrane B does not contain
any pores visible at a nanometer resolution level. The high concentration of the
polymer in the spinning dope (20%) prevented the liquid—liquid phase separation
from extending to the outer surface of the membrane and the formation of the struc-
ture was caused by the gelation process. Figure 6.17 shows the image of membrane
C spun from dope with concentration of 8%. High viscosity and low concentration
of the dope resulted in a rough outer surface with pores of average diameter 0.4 um
and the maximum 0.65 pm.

6.2.3 Fourier Transform Infra-Red (FTIR)

Infrared spectroscopy (IR spectroscopy) is spectroscopy that deals with the infra-
red region of the electromagnetic spectrum. It covers a range of techniques, the
most common being a form of absorption spectroscopy. The modern instruments
are FTIR instruments. Fourier transform infrared (FTIR) spectroscopy is a power-
ful tool for identifying types of chemical bonds in a molecule by producing an IR
absorption spectrum that is like a molecular fingerprint. Thus, by FTIR technique
presence of functional groups in a membrane and/or interactions between compo-
nents of a membrane can be detected.

Figure 6.18 of Xiao et al. [9] shows the FTIR spectra of 6FDA-Durene-p-intA
copolymer. Three IR bands at 1780, 1720 and 1370 cm ™! characteristic to poly-
imides (PIs) are found in all polymer samples. The PIs containing p-intA revealed
the IR bands in 1430-1590 cm ™! region due to aromatic C=C stretching vibrations.
The intensity of these bands increases when aromatic rings are conjugated with
C=C or C=C.
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Fig. 6.10 SEM micrographs of membranes; (a) cross-section of PVDC-PVC film; (b) cross-sec-
tion of carbon membrane; (¢) top view of the fractured carbon membrane. (From [8])



6.2 Physical Characterization 119

200 pm

Fig. 6.11 SEM images of the cross-section for (a) P(PPO), (b, ¢) C(PPO), (d) P(TMS80), (e, f)
C(TMS80). Carbon samples pyrolyzed at 923 K. (From [12])

Figure 6.19 of Kim et al. [6] shows FTIR spectra of the PI/PVP blend precur-
sor and CMS membranes. The precursor PI-P10 shows the bands at 1800 cm™
(C=0 stretching) and 1380 cm™' (C-N stretching), indicating successful blending
of PI and PVP. Upon carbonization at 550°C, these bands largely disappeared and
at 700°C, no IR bands were observed.

Figure 6.20 of Yoshimune et al. [12] shows the FTIR spectra of trimethylsilyl
(TMS) substituted PPO precursors and carbon membranes. The spectra (a) corre-
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Fig. 6.12 SEM images of
(a) SNPCM surface,

(b) radial cross-section,

(¢) axial cross-section, and
(d) microcracks on SNPCM
surface. (From [10])

spond to polymeric PPO and show characteristic bands of PPO. The spectra (b) cor-
respond to PPO where 80% of the repeat unit is substituted by TMS (P(TMS80)).
A new band appeared at 1240 cm™! that was attributed to the Si—C stretching vibra-
tion of TMS substituent. The spectra (d) correspond to PPO carbonized at 923 K
(CPPO). All bands characteristic to PPO disappeared. Finally, spectra (e) are for
the carbonized TMS80 (C(TMS80)). A band characteristic to Si—O—Si appeared,
indicating that a silica-like species is present in the C(TMS80) membrane.

6.2.4 Adsorption and Sorption Experiments

Nitrogen adsorption is often a very powerful characterization for the pore structure
of particles and membranes. However, due to the distribution of ultra-micropores
with narrow pore size distribution, N, sorption at —196°C becomes unpractical be-
cause of extremely slow adsorption rate [13]. The adsorption of supercritical gases
seems to be more appropriate to characterize the CMSM pore structures for the fol-
lowing reasons. (1) Supercritical adsorption in micropores is faster than sub-critical
adsorption. (2) Supercritical adsorption takes place mostly in micropores while sub-
critical adsorption may occur even on the outer surface of the membrane.

A CMSM (referred to as KP800) was prepared by Nguyen et al. via the con-
trolled pyrolysis of Kapton® PI film under vacuum. The highest pyrolysis tempera-
ture was 800°C. The membrane showed reasonable sieving effect for gas molecules
with different kinetic diameters.

Adsorption desorption isotherms of nitrogen at three temperatures are shown in
Fig. 6.21. There is no hysteresis, indicating no capillary condensation due to the ab-
sence of mesopores, since the temperature is above supercritical temperature. Data
were analyzed by the model proposed by Nguyen and Do [14]. The fitted results
are presented in Fig. 6.22a—c, in which pressure is given in normal and logarithmic
scale. A narrow pore size distribution is shown in Fig. 6.22c. The majority of the
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Fig. 6.13 (a) AFM surface images (200 nm x 200 nm), (b) EDX analysis of SNPCM-11. (From [10])

pores are below 10 A without the presence of mesopores. This pore size distribu-
tion is in accordance with the gas permeation experiments, which showed that CF,
molecule with kinetic diameter of 4.7 A virtually could not penetrate the 125 pm
thickness CMSM. Adsorption of methane was also tested at 90°C. Fitted data,for
pore size and the pore size distribution are shown in Fig. 6.23a—c. The pore size dis-
tribution was shifted toward the smaller pore size. Difference between the pore size
distributions in Figs. 6.22 and 6.23 is due to the difference in the size (N, 3.64 A
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Fig. 6.14 HRTEM images (scale bar represents 12 nm) of SNPCM-11 showing (a) a typical amor-
phous region, and (b) a nanostructured region with EDX analysis (insert). (From [10])

Fig. 6.15 SPM micrograph
of the surface of the carbon
membrane A. (From [11])

and methane 3.80 A) and the shape (N, dump-bell shape and methane spherical) of
the adsorbent molecules.

Another example of using the adsorption of supercritical fluid for the charac-
terization of CMSM is the work done by Katsaros et al. [15]. It was attempted to
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Fig. 6.16 SPM micrograph
of the surface of the carbon
membrane B. (From [11])

Fig. 6.17 SPM micrograph
of the surface of the carbon B . ;
membrane C: (a) 20 um . i Carbon
3-D image reveals the 3 & -
roughness of the mem-
brane surface; (b) pore
structure is clear from this
3513 nmx 3513 nm image.
(From [11])
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Fig. 6.18 FTIR spectra of copolyimides, 6FDA-Durene-p-intA copolymers. (From [9])
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550 °C; (¢) PI-P10 carbonized at 700 °C. (From [6])
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Fig. 6.20 FTIR spectra of (a) P(PPO), (b) P(TMS80), (¢) preoxidized TMS80, (d) C(PPO), and
(e) C(TMS80). Carbon samples were pyrolyzed at 923 K. (From [12])

0.25
o 35°C
o 0.2
£
E 60°C
[
£ 015
g 90°C
w
3
~ 0.1
[
S
=
® 0.05
o]
<
0 1 1 1 1
0 1 2 3 4 5

Pressure (MPa)

Fig. 6.21 Nitrogen adsorption on KP 800 at different temperatures; filled symbols, adsorption;
hollow symbols, desorption. (From [13])
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Fig. 6.23 Fitting of methane adsorption isotherm at 90°C (a and b) and the derived pore size
distribution (¢); symbols, experimental data; lines, model fitting. (From [13])

use CO, as an adsorbent at 194.5 K and more commonly at 308 K, which is at the
supercritical conditions.

Carbon membranes were prepared by carbonization and activation of phenol—
formaldehyde resin (PFR) [15]. The membranes consist of a cylindrical, macropo-
rous Novolac based carbon substrate and a 40 um thick microporous Resol based
layer.

Commercial granular Novolac J1048 was initially heated at 423 K for the partial
cross-linking. Grains were mixed with water and hydroxyethyl cellulose to form
dough, which was extruded to form a cylinder of 6 mm outer diameter. Cylinder
was then heated at 403°C to complete the cross-linking. Surface layer was produced
by spraying with a thin layer of Resol (the same resin as Novolac with a different
grain size) mixed with 20% ethanol. After air drying the cylinder was heated in air
at 403 K. Carbonization was performed at 1073 K in N, atmosphere. The membrane
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Fig. 6.24 Nitrogen adsorption isotherms at 77 K. (From [15])

was further activated by heating in CO, stream at 1073 K. CO, stream was either
inside the tube (IN) or both sides (BS) of the tube.

Figure 6.24 shows the N, adsorption isotherm at 77 K. Adsorption isotherms are
shown for both IN and BS treatment and also for both substrate (Sub) and coated
layer (Layer). The adsorption isotherm is Type I according to the IUPAC classifica-
tion and reveals a pure micro-pore structure. The slight gain in uptake at the high
pressure end is due to slight condensation of N, liquid. One interesting feature of
the N, adsorption isotherms on both BS and IN layers is the low pressure hysteresis,
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Fig. 6.25 CO, adsorption isotherms at 195 K. (From [15])

which is, however, more pronounced in IN layer. This is attributed to kinetic rea-
sons, i.e. the possible existence of constrictions, which hinder the access of nitrogen
to certain pores.

CO, adsorption at 195 K is shown in Fig. 6.25. Some hysteresis is also found in
IN layer even though the temperature was as high as 195 K.

Based on the non local density functional theory (NLDFT) pore analysis, the pore
size distributions for slit shaped pores were deduced from the N, adsorption isotherms.

The results are given in Fig. 6.26. It is emphasized that for all the samples, the
majority of the pore volumes lie below 7.5 A, thus belonging to ultra-micropore
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range. Obtaining the distribution below this pore size was not possible. Beyond
8 A, the peak appeared at 10 A for the skins and at 11 A for the substrates. Probably,
N, adsorption at 77 K is not adequate to characterize the pore structure of the skin
samples due to the existence of constrictions, which render some volume inacces-
sible to N,

Table 6.3 displays the results obtained from the analysis of adsorption isotherms
for N, and CO, by the Dubinin-Radushkevic (DR) method. The pore volumes mea-
sured by the carbon dioxide isotherm are consistently higher than the pore volume
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Table 6.3 Pore structure characterizations derived from N, (77 K) and CO, (194.5 K) adsorption
isotherm. (Data taken from [15])

BS-substrate BS-layer In-substrate In-layer
Nitrogen isotherm (77 K)
Vore (cm’/g) 0.263 0.245 0.246 0.218
Aggr (m?/g) 639.9 579.5 545.8 444.1
Vpor (cm/g) 0.266 0.232 0.214 0.181
E, (kJ/mol) 25.8 27.6 26.2 27.8
Porosity, € (%) 354 335 33.7 30.9
Carbon dioxide isotherm (194.5 K)
Vg (cm’/g) 0.284 0.265 0.280 0.226
E, (k]/mol) 25.4 259 253 26.4

obtained from the nitrogen adsorption isotherm. This is because CO, (2.8 A) is
smaller than N, (3.0 A) and more accessible to the smaller pores. Hence, CO, is
more adequate than N, for the pore analysis. However, the hysteresis observed for
CO, adsorption isotherm at IN layer suggests an extremely constricted pore struc-
ture. Probably, the adsorption isotherm should be generated at even higher tempera-
ture than the super-critical temperature of CO, (308 K).

Shiflett and co-workers coated thin uniform layers of PFA (Dija laboratories)
to porous stainless steel tubes by ultrasonic deposition and carbonized at 723 K
to form crack-free supported nonporous carbon (NPC) membranes [10]. Methyl
chloride porometry was performed with variation in both pressure and temperature.
Figure 6.27 shows the results of the measurement and calculation. Applying Hor-
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dV/d log (1)

0.1F

A Ny R
0.0 '
1 10 102 10°

Pore size (A)

Fig. 6.27 Pore size distribution derived from the adsorption isotherm of methyl chloride for
SNPCM. (From [10])
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Fig. 6.28 Diffraction patterns of carbon membrane with adsorbed CO, at 308 K and 50 bar. (From
[16])

vath-Kawazoe model, the pore size distribution was calculated. A multimode pore
size distribution with peaks at 4.5, 5.0, 5.5, 6.0 and 6.5 A was obtained.

6.2.5 Other Methods

An ethanol solution of commercial phenol formaldehyde resin (PFR) was sprayed
on a stainless-steel plate [16]. The resin was cross-linked at 150°C and carbonized
at 800°C under N, environment and further activated at 800°C in CO, stream.
Figure 6.28 illustrates the neutron diffraction pattern of the CO, loaded and un-
loaded sample at 50 bar. The subtraction curve is also included. The neutron diffrac-
tion pattern of the unloaded sample shows a reflection at Q=16.4 nm™'. The sub-
traction curve is assigned to the adsorbed CO, molecules. The peak at Q=17.5 nm™!
corresponds to the most probable distance between nearest neighbor molecules.
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Chapter 7
Membrane Module Constructions

7.1 Honey Comb Membrane Module by Blue
Membranes GmbH

Membrane module construction is seldom refered to in the literature for CMSM.
To date, only the laboratory scale tubular or hollow fiber membranes have been
described in detail. Industrial scale applications of CMSMs were hampered by
the difficulty involved in the large scale membrane production, poor mechanical
stability of the membranes and the poor reproducibility of the membrane mod-
ules. The assembly of large scale modules were described only in the patents
by Soffer and co-workers [1-3]. The only commercial modules are now avail-
able from Carbon Membranes Ltd (Israel) with a hollow fiber configuration [4].
Lagorsse and co-workers reported on the development of the honey comb mem-
brane module configuration (HM) designed and developed by Blue Membranes
GmbH (Germany) [5].

The success of the membrane separation system depends not only on the devel-
opment of high performance membrane but also on the design and construction of
an efficient and economical membrane module. Currently there are two types of
membranes; one is based on flat sheet and the other tubular. Carbon Membrane Ltd.
makes use of hollow fiber (small tubular) configuration with the packing density of
2,000 m?/m>. The novel CMSM module of Blue Membranes GmbH is based on the
concept of “honey comb module” and has a high packing density of 2,500 m?/m?.
The flat supported membrane is produced first. The support consists of industrial
grade paper modified with ceramic fibers. The use of this support minimizes the
gap that occurs between the support and the coated polymeric precursor layer due
to the differential shrinking rate, thus avoiding the residual stresses from the mem-
brane. The support is coated with a precursor polymer solution using an imprinting
technique. As a precursor, blended phenolic resin (PR) (a commercially available
resol type-Phenodur PR 515) and an epoxy resin (Beckopox EP309) are used. The
PR-derived activated carbon was described by Tennison [6]. Resins were dissolved
in methyl ethyl ketone for the coating purposes. A picture of the membrane sheet
is given in Fig. 7.1. From the flat precursor coated sheet, a corrugated sheet is ob-

A. F. Ismail et al., Carbon-based Membranes for Separation Processes, 133
DOI 10.1007/978-0-387-78991-0_7, © Springer Science+Business Media, LLC 2011
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Fig. 7.1 Schematic of the
honeycomb CMSM module
preparation procedure;

(a) flat corrugated precur-
sor coated sheet, (b) pleated
precursor coated sheet,

(¢) membrane module.
(From [5])

Feed
Retentate

Permeate

tained using a stamping procedure (Fig. 7.1a). The wavy pattern is oriented diago-
nally. The sheet is further pleated (Fig. 7.1b). By overlapping the pleated corrugated
sheet, flow channels in the cross-flow direction is obtained without the need for the
turbulence promoter. The permeate and the feed sides become independent from
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each other by sealing, at the edges, those alternate sets of layers on which the poly-
meric film layers face each other (Fig. 7.1c).

This creates a pocket-like chambers which constitute the permeate side of the
module. During the subsequent pyrolysis the pore size is tailored by controlling
the temperature and the duration of the process. Typically, the membrane is heated
at a heating rate of 1 K/min up to 1,053 K. The membrane is held at the maximum
temperature for 3 h, before the membrane is cooled down to the room temperature.
Then, the fine tuning of the molecular sieving properties is done by CVD followed
by an activation step. The membrane is heated in a quartz tube furnace under inert
atmosphere of nitrogen up to 923 K at a rate of 10 K/min. At this temperature the
membrane is brought into contact with propylene for 1 min. After purging the sys-
tem with nitrogen the temperature is brought down to the room temperature. Then,
the pore opening by controlled oxidation will follow, by heating from 523 to 623 K
in air stream for a period of time ranging 1-3 h. This creates pore size distribution
that is narrower than the one before CVD. The CVD together with oxidation proce-
dure enables the performance enhancement of the membrane as well as the repair of
the defects. After the heat treatment the module is sealed into the housing. This en-
tire procedure is summarized in Fig. 7.2. Figure 7.3 shows the cross-sectional SEM
images of the membrane. Corrugated shape is shown in Fig. 7.3a. The presence of
two distinctive layers, one meso-/macro-porous support and the other the selective
dense layer is quite obvious. Total thickness of the membrane is 50—100 pm, where
as the carbon layer thickness is 10-30 pm.

Some of the experimental results from the single gas permeation test using the
membrane fabricated are given in Table 7.1.

Pyrolysis conditions are the same. For the final activation step, sample A was ac-
tivated for a time period two times longer than B. A1 and B1 were submitted to the
highest temperature whereas B3 and A2 were submitted to the lowest temperature
during the activation step.

Comparable literature data were also reported in [5]. The adsorption isotherms
data at 303 K are given in Fig. 7.4 for various gases. Figure 7.5 shows the adsorp-
tion isotherm for N, and CO, at three different temperatures. H,, O, and N, were
fitted to Langmuir equation and CO, to UNILAN equation. The parameters associ-
ated in each equation are given in Table 7.2.

It is interesting to note that no adsorption of SF, was detected up to 5 bar. It is
attributed to the size of SF which is larger than the pore size.

Nguyen and Do’s method [7] to evaluate micro-/meso-pore size distribution was
applied in this work. According to the method the Langmuir adsorption isotherm
is used to describe the behavior of the adsorbent molecules in the pores. Different
isotherms are considered for different pore sizes. Hence, the adsorption isotherm
parameters are the function of the pore radius. Thus, the fractional coverage, 0,
becomes [5].

_ q(r) _ bpoe(r)ppore(r)
qm(r) 1+ bpore(r)ppore(r)

0(r) (7.1)
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Fig. 7.2 Steps involved in

the production of Blue Mem- Porous Sprport POIY'T]er
branes’ honeycomb CMSM material solution
module. (From [5]) J *

Precursor preparation by thin film
casting onto support

v

Module shaping by stamping
and pleating

v

Sealing alternate pairs of folds
at edges

v

Pyrolysis in a controlled atmosphere
T=1053 K

v

Pore adjustment by CVD and
activation process

v

Housing

v

Honeycomb CMSM module

where parameters bpore(r) is estimated as a function of heat of adsorption inside the
pore and is a function of temperature; the pressure inside the pore is related to the
pressure outside the pore and the potential energy of the molecules of the gas phase
inside the pore. Slit shape is assumed for the pore. The potential in the pore is the
sum of the potential energy due to the two opposite pore walls. The potential of a
molecule relative to a flat surface is calculated by the Steele equation (or Steele
potential);

2 (0 \ " osr \* ot
_ 2 sf sf sf
H@) = Zm pseay 0”2 [5( z ) _( z ) - 3A(0.61A+z)3] 72
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Fig. 7.3 Cross-sectional
SEM pictures of the hon-
eycomb CMSM;

(a) corrugated membrane,
(b) selective layer on top
of the support layer.
(From [5])

Table 7.1 Experimental results from single gas permeation experiments

Membrane Permeance (X 1078 m3STP/m? kPas)  Ideal selectivity

sample  H, co, O, N, H/N, H/CO, O/N, CO,/N,
Al 162 365 647 078 208 42 8.3 40.5
A2 126 216 475 056 227 5.8 8.6 39.0
Bl 157 594 106 100 157 2.6 106 594
B2 142 398 730 061 233 3.6 120 65.1
B3 848 238 439 033 254 3.6 132 713

Feed pressure 2 bar, permeate pressure <1 bar, at 303 K

where z is the distance relative to the flat surface, p, density of graphite, A, distance
between two successive graphite layer, €5 interaction energy solid-fluid, and Oy
the geometrical parameter of interaction solid-fluid (collision diameter). The last
parameters are known to be Lennard-Jones potential parameters. Then the surface
coverage at pressure p becomes
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Fig. 7.4 Adsorption equilibrium isotherm on sample B2 at 303 K; (o) SF, (w) H,, (A) O,, (D) N,,
(®) CO,; the solid and dashed lines correspond to Langmuir and UNILAN equations, respectively.
(From [5])
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Fig. 7.5 Adsorption equilibrium isotherms on sample B2 at 273, 303 and 383 K for CO, () and at
283,303 and 383 K for N, (0); the solid and dashed lines correspond to Langmuir and UNILAN
equations, respectively. (From [5])
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Table 7.2 Parameters Gas Temperature (K)  Langmuir parameters
associated with adsorp-
1/k
tion isotherms (membrane b (bar) 4y, (molke)
o, 303 0.119 1.313
N, 283 0.285 1.058
303 0.29 0.937
338 0.057 1.219
UNILAN
b (bar) q,, (mol’kg) S
Co, 273 2.854 2.192 1.802
303 0.861 2.236 2.089
338 0.359 1.976 1.654
r max
eexp(p) = f Bcatc(P, r)f(r)dr (73)
r min
where f(r) is the pore size distribution function and is
n
d fey=1 (7.4)
1

Figure 7.6 gives the pore size distribution obtained by the above method. It shows
a bimodal distribution, 91.6% in the range of 0.60-0.68 nm and about 7.3% in the
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Fig. 7.6 Micropore size distribution for the sample B2. (From [5])
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Fig. 7.7 Overall pore size distribution for the sample B2. (From [5])

range of 0.36-0.44 nm. An effective average size is 0.62 nm. This value is slightly
higher than 0.51 nm obtained by the Stoeckli method. It should be noted that the
pore size was calculated from the center of the carbon atom at the wall on one side to
the center of the carbon atom at the wall on the other side. This binodal distribution
supports the pore system proposed for CMSM; i.e., an ultra-microporous network
comprised of “wide” segments (“cavities”) randomly interrupted by short constric-
tions [8]. The latter provides the molecular sieving performance (selectivity), but
since they constitute a small fraction of a spieces’ diffusional path across the mem-
brane, relatively high permeabilites are still obtainable. Adsorptions of SF, and Xe
were also examined. While there was no noticeable SF, adsorption up to 5 bars,
there was also very little Xe adsorption. Since the molecular sizes of SF, and Xe are
0.502 and 0.39 nm, respectively, these molecules are sieved by the 0.36-0.44 nm
pores. Mercury porosimetry provided the information on the pore size distribution
of the support material. Combining the ND method and the mercury porosimetry,
the pore size distribution in the entire range will be like Fig. 7.7.

7.2 Capillary Type CMSM Developed By Haraya et al.

A method of preparing a capillary type CMS membrane was described in detail by
Haraya et al. [9]. The schematic of the casting equipment is shown in Fig. 7.8. A
1.6 wt% solution of polyamic acid (PA) in dimethyl acetamide (DMAC) was used
for the casting dope. A polytetrafluoroethylene (PTFE) tube (e.d. 1.8 mm) traveled
through the polymer dope in a container at a speed of 3 cm/min, coming out through



7.2 Capillary Type CMSM Developed By Haraya et al. 141

Casting
solution

Guide

iz
." Casting
gate

Membrane

Membrane

Coagulation bath

Weight

Thermostat

Fig. 7.8 Schematic illustration of the apparatus used for the casting of tubular CMS membrane.
(From [9])

a gate at the bottom of the container. There was a gap of 500 um between the radius
of the PTFE tube and that of the circular gate, by which the thickness of the coated
layer was determined. The coated layer together with the PTFE tube went into the
gelation bath, water or ethanol, after a 2 s exposure to the air. The PA layer on the
PTFE capillary tube stayed in the gelation bath for 10 h before being washed by
water and dried for 1 day. Then, the PTFE tube was removed. The PA capillary so
obtained was further dried under vacuum before being imidized to Kapton type PI
by the following two heating steps; i.e. at 473 K for 30 min and at 673 K for 1 h
under vacuum. The PI membrane thus obtained was pyrolyzed under vacuum by
heating at 20 K/min to 1,223 K. The membrane was held at the latter temperature
for 1 h. The reaction taking place in this fabrication procedure is schematically
shown in Scheme 7.1. Figure 7.9 shows the asymmetric structure of the capillary
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Scheme 7.1 Chemical
reaction taking place at
each step of membrane
fabrication. (From [9])

7 Membrane Module Constructions

_HNG —Q— —Q-

Polyamic acid
OH —{lT“ ?I:—OH PA)

82?;;1‘3“‘?; F,’_fzgnofgg;”be Imidization at 473 K and 673 K
drying at 298 K {=H0}

0 O

-“\0)3( OO~

Polyimide membrane

—H
—Cd,

Pyrolysis at 1223 K

Cappillary membrane of
carbon molecular sieve

Fig. 7.9 Scanning electron microscopic images of the prepared CMT membrane; (a) ethanol
coagulation, and (b) water coagulation
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Table 7.3 Permeance and ideal separation factor of the asymmetric capillary CMS membranes

Coagulant, ethanol Coagulant, water

308 K® 373 K* 308 K® 373 K®
Py, (GPU)® 0.74 1.17 39.8 48.6
H,/N,¢ 1080 430 95.9 83.9
P, (GPU) 0.43 0.69 16.4 23.7
He/N,* 630 250 39.5 40.9
Pco, (GPU)® 0.046 0.065 8.50 8.13
CO,/Ny* 68 24 20.5 14.0
Po, (GPU)® 0.012 0.022 2.63 2.93
O,/N,f 17 8 6.34 5.06
Py, (GPU)® 0.00068 0.0027 0.415 0.579

2 Temperature at which gas permeation was measured
b Gas permeance
¢ Ideal separation factor

CMSM so obtained. The structure formed at the gelation step of PA is believed to
be maintained in the following steps of imidization and pyrolysis. Thus, when the
coagulation bath is water, instantaneous demixing of the polymer occurs, resulting
in a thin dense film and large pores in the support layer. Alternatively, when ethanol
is used as the coagulation media, the demixing is delayed leading to thicker dense
layer and smaller pores in the porous sublayer. This morphological change makes
a large difference in the performance of the capillary CMS membrane. The perfor-
mance data are given in Table 7.3.

On top of the macropores displayed by SEM the capillary of the CMS mem-
branes have ultra-micro-pores whose dimensions are nearly the same as the flat
sheet membrane.
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Chapter 8
Other Carbon-based Membranes

8.1 Carbon Nanotubes Membrane

Since lijima identified carbon nanotubes (CNTs) in 1991, CNTs have been investi-
gated in various fields and become extremely desirable for a wide range of applica-
tions. CNTs, with diameters in nanometer scale and a smooth surface may offer a
very unique molecular transport through their pores. In fact, several studies in re-
cent years suggest that the water transport through single-walled carbon nanotubes
(SWNT) would become much faster than the transport rate that the continuum hy-
drodynamic theory would predict. This was attributed by Molecular Dynamic (MD)
simulation to the smoothness of the nano-tube wall [1, 2].

Recently Holt et al. [3] developed CNT membranes whose pore sizes were
smaller than 2 nm by using a microelectro-mechanical system (MEMS)-compatible
fabrication process.

Dense, vertically aligned double-walled carbon nanotubes (DWNTs) were
grown on the surface of a silicon tip by catalytic chemical vapor deposition (Step
3 in Fig. 8.1a, b). It was followed by conformal encapsulation of the nanotubes by
a hard, low pressure chemical vapour deposited silicon nitride (Si;N,) matrix (Sep
4 in Fig. 8.1a, b). There is no gap between the nanotubes according to the SEM
image. Silicon tip is then etched to enlarge the support pore (Step 5 in Fig. 8.1a).
Silicone nitride is etched to expose carbon nanotubes and catalyst nano-particles
are also removed by Ar ion milling (Step 6 in Fig. 8.1a). Finally, the nanotubes are
uncapped by reactive ion etching (Step 7 in Fig. 8.1a). According to the TEM im-
age (Fig. 8.2c—e¢) silicon nitride coats the DWNTs conformally and there is no gap
between the nanotube and silicon-nitride.

Size exclusion experiments revealed that gold particles of the size less than
1.3 nm could pass the membrane pore freely while gold particles of the size more
than 2 nm was completely rejected by the pore. Therefore the pore size was esti-
mated to be between 1.3 and 2.0 nm. This is further supported by the TEM image
analysis given in Fig. 8.2b which shows the average value of the inner diameter
is 1.6 nm. The TEM image shown in Fig. 8.2c also reveals that the holes that go
through the entire cross-section of the membrane have the sizes of the inner diam-
eter of DWNTs. From these results, it was concluded that the transport through

A. F. Ismail et al., Carbon-based Membranes for Separation Processes, 145
DOI 10.1007/978-0-387-78991-0_8, © Springer Science+Business Media, LLC 2011
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Fig. 8.1 (a) Schematic of the fabrication process. Step I: microscale pit formation (by KOH etch-
ing). Step 2: catalyst deposition/annealing. Step 3: nanotube growth. Step 4: gas filling with low-
pressure chemical vapor-deposited Si,N,. Step 5: membrane area definition (by XeF, isotropic Si
etching). Step 6: silicon nitride etch to expose nanotubes and remove catalyst nano-particles (by Ar
ion milling); the membrane is still impermeable at this step. Step 7: nanotube uncapping (reactive
ion etching); the membrane begins to exhibit gas permeability at this step. (b) SEM cross-section
of the as-grown DWNT’s (CNTs). (¢) SEM cross-section of the membrane, illustrating the excel-
lent gap filling by silicon nitride. (d) Photograph of the open membrane areas: insert shows a
close-up of one membrane. (e) Photograph of the membrane chip that contains 89 open windows;
each window is 50 pm in diameter. (From [3])

the CNT membrane occurs only through the inner pores of the CNTs spanning the
membrane.

The results of the gas permeation experiments are as follows. Since the Knudsen
number, A/d, where 4 is the mean free path and d is the pore diameter, is 10-70 for
the membrane and for the tested gases, the gas flow through the membrane pore
should be in Knudsen flow regime. The flux through the membrane can then be
calculated from the pore size, pore length and the transmembrane pressure differ-
ence. Surprisingly, the experimental permeation data revealed that they are at least
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Fig. 8.2 (a) TEM images of as-grown nanotubes, prepared by removing them from the silicon
substrate and dispersing them in DMF. The majority of the CNTs are double-walled, as indicated
in the high resolution insert. (b) Pore size distribution, derived from TEM measurements of the
inner diameter of 391 individual CNTs, reveals an average pore size of 1.6 nm. The average outer
diameter of these DWNTs is estimated to be 2.3 nm. (c—e) Plan-view TEM images of CNT mem-
brane taken with the beam parallel to the nanotube axis. In ¢ the nanotube membrane shows con-
tinuous nitride coating on the scales examined in this image (ca. 0.2 by 0.2 um). No microcracks
or microvoids can be seen. The bright white spots (circled) are CNT pores, which can be identified
by the surrounding ring-shaped coating of silicone nitride. For clarity, not all visible nanotubes
were circled. The density of CNTs is measured to be ca 2.5x 10" cm™ from several similar TEM
images. In d and e, HRTEM images of selected areas from ¢ show conformal coating of silicon
nitride. The bright white spots in the images have the same inner diameter as the CNTs. (From [3])

one or two orders of magnitude higher than the calculated values. Table 8.1 shows
the range of the enhancement over the calculated value based on Knudsen model.
On the other hand, for the polycarbonate membrane the experimental and calcu-
lated values agreed in an order of magnitude. The observed enhancement over the

Table 8.1 The pore structure of the carbon nanotube membrane and the enhancement of flows
over the calculated values based on Knudsen and hydrodynamic flow model

Membrane Pore diam- Pore den- Thickness Enhancement Enhancement Minimum

eter (nm)  sity (cm™2) (um) over Knudsen  over hydrody- slip length
model namic model
DWNT1 1.3-2.0 0.25 %102 2.0 40-120 1500-8400 380-1400
DWNT2 1.3-2.0 0.25 %102 3.0 20-80 680-3800 170-600
DWNT3 1.3-2.0 0.25x 102 2.8 16-60 560-3100 140-500
Polycar- 15 6x108 6.0 2.1 3.7 5.1

bonate
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Fig. 8.3 Gas selectivity (indicated as permeability relative to He) data for sub 2 nm DWNT
(triangles) and MWNT (circles) membranes. Open symbols denote nonhydrocarbon gases (H,,
He, Ne, N,, O,, Ar, CO,, Xe); solid symbols denote hydrocarbon gases (CH,, C,H,, C,H,, C,H,
C,Hy). This solid line is a power-law fit of the nonhydrocarbon gas selectivity data, showing a
scaling predicted by the Knudsen diffusion model (exponent of —0.49+0.01). The dashed line is
power-law fit of hydrocarbon gas data, showing a deviation from the Knudsen model (exponent of
—0.3740.02). The insert shows the full mass range of the nonhydrocarbon gas data, again illustrat-
ing agreement with the Knudsen model scaling. (From [3])

Knudsen flow is most likely due to the smoothness of the nanotube surface. This
was predicted by the molecular dynamics simulation of the gas flow through SWNT
[4-7]. In atomically smooth pores, the gas-wall collision may change from dif-
fuse (Knudsen model) to a combination of specular and diffuse collisions, leading
to faster gas transport. Regarding the selectivity between gases, the experimental
data of the nonhydrocarbon gases (open symbols on Fig. 8.3) followed the inverse
square root of molecular weight rule applicable for the molecular flow regime, in-
cluding the diffusion flow regime. The selectivity of hydrocarbon over helium was
above the line corresponding to the inverse square root relationship, probably due to
the preferential interaction of hydrocarbons with the carbon nanotubes’ pore walls.
The hydrocarbon transport enhancement most likely occurs by the surface diffusion
or a solubility diffusivity mechanism.

Regarding the transport of the liquid water, the flow rate observed by the ex-
periment can not be explained by the continuum flow models. The experimental
permeation is more than three orders of magnitude faster than the value predicted
by the Poiseuille equation. In such a small pore whose diameter is about seven water
molecules, the velocity profile, inherent for the continuum theory, seems difficult
to apply. The experimentally observed water flux compares well with the value pre-
dicted by the molecular dynamic (MD) model [2]. The simulation predicts the flow
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of 12 water molecules per 1 nm? of cross-sectional area per ns. The experimental
data, when extrapolated to the pressure drop used in the simulation, correspond to
10-40 water molecules per nm? per ns. According to the simulation model, the high
water flow rate in the nanoscale pore is due to the formation of water-wires in the
confined space.

However, the small difference in the pore diameter may influence the mode of
water transport in a narrow pore channel considerably. Therefore, it is difficult to
conclude if the flow pattern proposed by the molecular dynamic simulation is re-
sponsible for the water flow enhancement or the flow enhancement is due to the
presence of frictionless surface.

Kim et al. presented a simple, fast and practical method to vertically align CNTs
on a porous support using a combination of self-assembly and filtration method.
The authors claimed that this method can be easily scaled up to large surface areas
that may allow the fabrication of membranes for practical applications [8].

CNTs were first amine-functionalized and dispersed in tetrahydrofuran (THF)
(Step 1 in Fig. 8.4a) and then the solution was filtered through a hydrophobic
polytetrafluoroethylene (PTFE) filter of 0.2 um pore size (Step 2 in Fig. 8.4a).
Then, the CNT/PTFE membrane was spin-coated with a dilute polysulfone (PS)
solution (Step 3 in Fig. 8.4a). Figure 8.4b shows the SEM picture of the CNT on top
of the PTFE support after the step 2. It is shown that most of the fibers are stand-
ing although some are not aligned fully to the vertical direction to the support filter
surface. The alignment is supposed to be caused by the shear force of the solvent
flowing through the pore of the PTFE support in combination with the long range
electrical repulsive forces working between the CNTs and between the CNT and
the support filter surface. Figure 8.4c shows that the dilute PS solution penetrates
into and fill the space between the vertically oriented carbon nanotubes. As well,
for most of the CNTs the upper end of the nanotubes are slightly above the surface
of the spin coated polymer. Thickness of the CNT/polymer layer is about 600 nm.
The composite PS/CNT/PTFE membrane was further coated in some cases with
polydimethylsiloxane (PDMS). The structure is shown in Fig. 8.4d. Cross-sectional
image of the CNTs embedded in the PS matrix was taken by HRTEM, as shown in
Fig. 8.5a. From the number of the bright spots, which represent the carbon nanofi-
ber membranes, the pore densities were evaluated to be (7.0+1.75)x 10'%cm?. In
Fig. 8.5b, a bundle of SWNTs (upper part) and an individual SWNT (lower part),
each encapsulated in the surrounding graphite sheet, are shown. The diameter of the
CNT bundle is 4 nm. Figure 8.5¢ shows the individual SWNT encapsulated by an
additional graphite layer. The diameter of the individual SWNT is ca 1.5 nm.

The gas permeation of the prepared composite membrane was tested using
He as the permeant. As shown in Fig. 8.6a, the He permeance was independent
of the pressure, which shows that the gas transport through the membrane pore is
governed by the Knudsen flow. This is an evidence that there is no viscous flow
occurring in the membrane pores and the membranes do not have any large pin-
holes through which viscous flow would occur. The results displayed in Fig. 8.6b
demonstrate that the permeance vs. gas molecular weight follow an inverse square
root rule, which is also the evidence that the gas transport in the pore is occurring
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Fig. 8.4 CNT nanocomposite membrane process. (a) Schematic membrane fabrication process.
Step 1: The functionalized CNTs are dispersed in THF solution. Step 2: The CNTs/THF solution
is filtered through 0.2 pm pore size hydrophobic polytetrafluoroethylene (PTFE) membrane filter.
Step 3: The CNTs/PTFE membrane is spin coated with a dilute PS solution. Some nanotube tips
are embedded in polymer matrix. (b) Side-view SEM image of CNTs standing vertically on a
membrane filter. (¢) Side—view SEM image of aligned nanotube/PS nanocomposite membrane
after spin-coating. Polymer coating is so thin that some CNT tips are exposed on top of the surface.
(d) Side-view SEM image of aligned nanotube/PS/PDMS composite membrane with a protective
PDMS coating of 4 pm. (From [8])

by the Knudsen diffusion mechanism. Looking at Fig. 8.5b, the solid line shows
the theoretical value of the Knudsen flow. The composite CNT/PS showed, while
maintaining the inverse square root of molecular weight rule, nearly an order of
magnitude higher permeability than the theoretical values. The enhancement of the
permeability is in accordance with the earlier work by Holt et al. [3]. On the other
hand, when the composite CNT/PS membrane is coated with PDMS, the perme-
ability data are below the theoretical Knudsen values. This is because a resistance
from the PDMS layer was added. Figure 8.6¢ shows the single gas selectivities for
gas/He gas pairs. Again, the data largely satisfy the inverse square root molecular
weight rule presented by the solid line. The exceptionally high values of selectivity
for CO,/He gas pair, particularly for the PDMS coated membrane is due to the high
solubility of CO, into the PDMS layer.
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Fig. 8.5 HRTEM images in plan-view orientation of CNTs in a polymer mixture. The TEM speci-
men has been coated with a thin amorphous carbon film prior to the TEM experiment to prevent
specimen from charging. In a, bright-white spots (indicated by arrows) represent open nanotube
pores. (b) and (¢) HRTEM images at higher magnification reveal the structure of these pores. In
b, an encapsulated SWNT bundle is shown in the upper part of the image, and an encapsulated
individual SWNT is in the lower part of the image. This SWNT bundle has an inner diameter of
4 nm. (¢) The individual SWNT with an inner diameter of ca 1.5 nm is clearly encapsulated by
additional graphite layers. The area density of SWNTs was measured to be ca (7.0+1.75x 1019/
cm?) from several HRTEM images. (From [8])
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Fig. 8.6 Gas transport properties of CNT nanocomposite membrane. Gas transport properties
of CNT/PS/PDMS membrane (triangle). CNTs/PS membranes (square), and Knudsen diffusion
model (solid line). (a) Effect of the pressure drop on the permeance of helium through CNTs/PS
membrane. (b) Single-gas permeability as a function of the inverse square root of the molecular
weight of the penetrant. (¢) Single gas selectivity with respect to He calculated from singe-gas per-
meability data. (d) Mixed-gas selectivity (CO,/CH,) of CNTs/PS membrane. The composition of
gas mixture was CO,:CH,=1:1. The feed pressure was 50 psi, and the pressure differential across
the membrane was maintained by drawing a vacuum on the permeate side. Operating temperature
was maintained at 308 K. (From [8])

The permeation of gas mixtures through porous membranes provides more strin-
gent test of the transport mechanism than the single gas permeation. If the transport
occurs by the Knudsen diffusion, the selectivity based on the single gas experiments
and that for the gas mixture should be equal.

Separation of binary gas mixtures (CO,/CH,) was then attempted both experi-
mentally and theoretically. In the theoretical calculation, atomistic simulations were
made for the transport of CO,/CH, mixtures in SWNTs. By separately computing
adsorption isotherms and loading-dependent transport diffusion coefficients, gas
transport was calculated. A broad range of feed pressures, compositions and trans-
membrane pressure drops were explored in the calculation and CO,/CH, selectivity
ranged from 2 to 10. The experimental and the theoretically calculated results are
compared in Fig. 8.7 for a feed pressure of 50 psig and the temperature of 308 K.
Vacuum condition was maintained on the permeate side. Obviously, the predicted
values were far greater than the experimental ones. However, both prediction and
experiment show selectivity values higher than those obtained from the Knudsen
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Fig. 8.7 Mixed gas selec- 10

tivity CO,/CH, of CNTs/ < [ Simulation

PS membrane at different o [ //
feed compositions. Both ‘8\' 1

experimental and simulation &) i

assumed a feed pressure of E.: L

50 psi and a temperature of > )| T

308 K. The pressure differ- 3] i 1 - A
ence across Ir)nembrane was % ! 1 Experiments
maintained by drawing a 9D Loy a4 a4 4
vacuum on the permeate side. 0.2 0.4 0.6 0.8

(From [8]) CO; fraction in feed

mechanism, since according to the latter mechanism the selectivity should be less
than unity. Molecular diffusion in SWTNs differs from the Knudsen diffusion be-
cause both CO, and CH, molecules adsorb on the CNT wall. Individual collisions
between molecules and the CNT wall do not completely theorize the molecular mo-
mentum. More specifically, CO, is more strongly adsorbed to the CNT wall, which
excludes the adsorption of CH, molecules. Furthermore, the slow diffusion of CO,
reduces the mobility of CH,.

The discrepancy between the experimental and theoretical values may have oc-
curred for the following reasons: (1) The calculation is based on (10, 10) CNTs. The
actual pore sizes may be larger than the assumed pore size. (2) The assumption was
made that the intrapore diffusion dominates the membrane transport. In reality, the
transport at the pore entrance and the pore exit may also contribute. Since the effect
of the transport at the pore entrance and the pore exit is stronger for more strongly
adsorbed molecules, this may be the reason why the experimental selectivity is
lower than the calculated values. (3) Functionalization of the pore entrance is not
considered in the calculation. In fact, the membrane used for the experiment has the
property of zwitter ion at the pore mouth.

Briefly, the authors of this paper claim that they have presented a method to
facilitate the orientation of CNTs on the porous support (PTFE) and the method can
easily be adopted to the large-scale membrane production. The PS/CNT/PTFE com-
posite membrane showed the same fast gas transport observed by Holt et al. Their
work also showed for the first time the transport of the binary gas mixtures through
the CNTs based membrane.

Another paper in which the potential of large scale application of CNT membranes
has been done by Mi et al. [9]. Unlike zeolite membrane it is impossible to synthesize
CNT membranes with the nanotubes intergrown together without inter-tube gaps due
to the structural features of SWNT and MWNT and their growth mechanism. Hence
a special device is necessary to fill the gap between the nanotubes.

The macroporous a-alumina support disks (20 mm in diameter and 2 mm in
thickness, with average pore diameter of 300 nm and porosity of 27%) were pre-
pared by pressing a-alumina powder (particle diameter>2 pum) at a pressure of
242 MPa, followed by sintering in air at 1280 °C for 2 h. The a-alumina disks were
polished on one surface with a sand paper and cleaned in an ultrasonic acetone bath
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for 30 min before being used for CNT growth. An atmospheric CVD reactor made
of a quartz tube with an alumina substrate and a catalyst precursor zone was heated
by a two—zone furnace. The substrate in the deposition zone was heated to a desired
CVD temperature, typically 800 °C, at a heating rate of 10 °C/min. About 0.1 g of
ferrocene was placed in the catalyst precursor zone (800 °C) ahead of the substrate.
Carrier gas at the flow rate of 100 cm?/min was passed to carry the catalyst precur-
sor to the substrate for about 2 min. Ferrocene vapor was decomposed and iron na-
no-particles were formed and deposited on the alumina support surface. A mixture
of acetylene and nitrogen (1:10) was introduced to the CVD reactor at a flow rate
of 10 cm?/min for about 10 min. Black carbon was formed on the alumina surface.
The reactor was cooled down to room temperature under nitrogen. The inter-tube
gaps of the CNT array on the alumina support was filled with 30 wt% solution of
polystyrene (PSt) in toluene by spin coating. After coating, the CNT membrane was
dried at 60 °C for 3 days. The PSt overlayer was removed by sanding with a 2,000
mesh sand paper. The sanding was continued until the black CNT appeared from
under the white PSt overlayer. The composite membrane (CNTs + support layer)
was immersed in a concentrated nitric acid (68%) and refluxed for about 1 day to
ensure complete removal of the catalyst particles on the bottom of CNT. Figure 8.8
shows the cross-sectional image of a porous alumina disk coated with CNT array.
From Fig. 8.8a CNTs are about 10 um in length grown vertically from the surface of
the a-alumina disk. Figure 8.8b is a magnified view of CNT. They are more or less
parallel to each other. Figure 8.8c shows the structure of a single CNT. The CNT is
of MWNT with a pore diameter of about 6.3 nm. Figure 8.9 shows the SEM image
after filling the iner-tube space with PSt. It shows that the CNT layer filled with PSt
is about 20 um in thickness (Fig. 8.9a). PSt layer did not penetrate into the support
alumina layer. CNTs are not visible from the top (Fig. 8.9b) because it is covered by
PSt overlayer. The cross-sectional and top view of the composite membrane after
sanding off the PSt over-layer is shown in Fig. 8.10a, b. The thickness of the CNT
layer filled with PSt is now reduced to 10 um. The top layer view clearly shows the
openings of the CNTs. Figure 8.10c shows the end section of a CNT removed from
the membrane after sanding and acid treatment.

Table 8.2 shows the permeance data obtained at various stages of CNT mem-
brane fabrication. It should be noted that the membrane after PSt filling is practical-
ly gas tight, meaning the inter-tubular space was filled completely without defect.
Helium permeance of the finally obtained CNT membrane (after acid treatment)
has permeance two orders of magnitude lower than the porous alumina support,
meaning 99% of resistance for the gas permeation comes from the CNT layer. The
area density of the CNTs was estimated from Fig. 8.8b to be 1.87x 10? CNTs/cm?.
Figure 8.10b gave a similar value of 1.94 x 10°. Tortuosity factor was also estimated
as 1.26. Membrane thickness is 10 um as already mentioned.

The permeation data for helium, hydrogen and nitrogen gas was analyzed by a
transport theory in which the Knudsen and viscous flow are linearly combined by
F=F+p P, . Fis the total permeance, F is the permeance due to the Knudsen flow
and g P is the permeance due to viscous flow, which increases linearly with the
mean transmembrane pressure P, . The permeance of the porous alumina support
showed a linear dependence on the mean transmembrane pressure due to the large
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Fig. 8.8 SEM cross-sectional
image of macroporous alu-
mina disk coated with aligned
CNT array; (a) enlarged view
of CNT array, (b) HRTEM
image of a CNT grown on
alumina, (¢) image of a
MWNT

pore size that allows the viscous flow. On the other hand, permeance for the CNT
composite membrane did not depend on the transmembrane mean pressure, mean-
ing that the Knudsen flow is the dominant mechanism for the gas transport. For the
Knudsen flow, the permeance can be written as

Fyx = (%) (i) <R1T> D. (8.1)

If the Knudsen mechanism truly governs the transport in the pore diffusivity D in
Eq. (8.1) should be replaced by Knudsen diffusivity

2 (8RT\'?
Dy = — . 8.2
K 3(77,’M> I ( )
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Fig. 8.9 SEM image of supported CNT membrane with inter-tube gaps filled by PSt; (a) cross-
section, (b) the top surface

The gas permeance data were analyzed by the above two equations and the results
are given in Table 8.3. As can be seen, the experimental diffusivity data is about 4
times as large as the calculated Knudsen diffusivity.

Finally, in Table 8.4, enhancement of diffusivity obtained by different research-
ers is summarized.

Clearly, the enhancement is observed as the pore diameter decreases. According
to the Knudsen mechanism, the gas transport in a pore is governed by the collision
between the gas molecule and the pore wall. For small CNT pores with atomically
smooth pore wall, the gas-wall interaction is governed by the combination of specu-
lar and diffuse collisions. This explains the larger enhancement of diffusivity over
the Knudsen diffusivity for the smaller pores.
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Fig. 8.10 SEM and field
emission SEM images of
supported CNT mem-
brane with inter-tube gaps
filled by PSt and after
excess PSt overlayer was
removed by mechanical
sanding; (a) cross-section,
(b) top surface,

(¢) HRTEM image of the
end of a CNT
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Table 8.2 Helium permeance  preparation stage Permeance (mol/m? s Pa)
(30 °C, and feed pressure P o - 362x 106
6% 10° Pa) for CNT mem- OToUS FUMina Suppo e
brane at various stages Support <foatedh with CNT arrays 3.11x10
After filling with PSt <1.11x 10712
After sanding 5.23x107°
After acid treatment 6.92x10°%

Table 8.3 Comparison of measured and theoretical Knudsen diffusivity in the CNT membrane
(at 30 °C)

Gas F, permeance D,? (cm?/s) DP (cm?/s) D/D,,
(% 10® mol/m? s Pa)

H, 12.2 0.0376 0.150 4.0

He 6.92 0.0266 0.085 3.1

N 3.21 0.0100 0.039 3.9

2

2 Calculated from Eq. (8.2) using the pore diameter of 6.3 nm
b Calculated assuming F'=F for the composite CNT membrane

Table 8.4 Enhancement in diffusivity over Knudsen diffusivity for CNT membranes of different
pore sizes

Hinds et al. [10] Mietal. [9] Holtetal. [3]

CNT ore diameter (nm) 7.5 6.5 1.6
Knudsen number ~1 1.2-2.2 10-70
Enhancement over Knudsen diffusivity — ~1 ~4 16-120

8.2 Molecular Dynamics Simulation

As shown in the foregoing section, the experimental results from CNT membranes
have revealed orders of magnitude higher flow rates as compared to the convention-
al Knudsen flow (gas) or viscous flow (liquid) mechanism in the pores of the CNT
membranes. Indeed, this high flow rate through the pore of the CNTs was antici-
pated by the theoretical calculation based on molecular dynamics (MD) even before
the experimental data were obtained. Hence, a brief introduction to MD simulation
is made in this section. A paper of Furukawa and Nitta is cited first to understand
the nonequilibrium molecular dynamics (NEMD) simulation semi-quantitatively,
since, even though the paper deals with various pore shapes, complicated simula-
tion procedure is described clearly. Furukawa and Nitta’s work is then followed by
Wau et al.’s work where they attempted to calculate the performance of nanoporous
carbon (NPC) membrane in the separation of H,/CO mixture based on an approach
similar to Furukawa and Nitta. Chen and Sholl also attempted to predict the selec-
tivity in CH,/H, separation by carbon nanotubes by equilibrium molecular dynam-
ics (EMD). Their calculation shows theoretically that the diffusivity of the CNT
membrane should be orders of magnitude higher than the zeolite membrane of a
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Fig. 8.11 Schematic diagram of a simulation cell for the 4 V7-NEMD method. (From [11])

similar structure. Finally, the work of Verweij et al. demonstrates that the unusually
high transport rate in the CNT membrane can be explained by their new conceptual
models.

Furukawa and Nitta [11] applied the MD simulations for the permeation of pure
and mixed gases across carbon membranes with three different pore shapes: the
diamond pore (DP), zigzag path (ZP) and straight path (SP), each composed of
micro-graphite crystalline. The gases, CH, and C,H,, were used for the simula-
tion. Even though the real carbon membrane may be composed of parallel stacked
carbon sheets (microcrystalline) and amorphous carbon domains, the study on the
gas permeation through non-slit shaped pores is very limited. This study includes
both slit and non-slit shaped pores. Figure 8.11 presents schematically the simu-
lation cells for the p/7-NEMD method used in their work. There are two boxes
placed in mirror image in x-direction. Each symmetric box has three regions. Two
are density control; H-region (high density) and L-region (low density) and one is
free of control M-region which is placed between the H- and L- region. For each
simulation, the density in the H-region, p,,, is maintained to be that of the feed gas
and the density in the L-region is maintained at zero, corresponding to the vacuum.
The difference in the gas density between the H- and L- region is the driving force
for the gas permeation through the M-region which represents the membrane. The
transition and rotational velocities are given to each inserted gas molecules ran-
domly based on the Gaussian distribution around an average velocity corresponding
to the specified temperature. Molecules spontaneously move from H- to L- region
via leap-frog algorithm and a non-equilibrium steady state is obtained at the M-
region. The MD time step was 2.0 fs. The first 1,000,000 steps were discarded and
the next 15,000,000 steps were collected for the ensemble averaging. The spherical
Lennard-Jones (LJ) interaction was used for CH, molecule while two interaction
sites, each representing one carbon atom, were considered for the C,H, molecule.
All interactions between the gas molecules and between the gas molecule and the
carbon atoms of the membrane were expressed by the 12—6 LJ potential function

¢ij(i’) = 48ij [(?)12 - (?)6} (8-3)
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Table 8.5 Lennard-Jones

) Site or atom o (nm) ¢ (kJ/mol)  Bond length (nm)
potential parameters

CH, 0.3730 1.230
CH, 0.3775 0.866
C (graphite) 0.3400 0.233
CH,-CH, 0.153

Where r is the distance between the two interaction sites i and j. ¢, and o, are the LJ
interaction parameters for the ij pair. All the parameters involved in the LJ potential
functions are listed in Table 8.5.

The cross-parameters for the pair ij are calculated by the Lorentz—Bertherot rule.
The cut-off distance for the intermolecular interaction was set at 3.5 ;.

The simulation cell is divided into subcells. The density of the component k&
(either methane or ethane) in the Lth subcell is calculated by

w _ (ND)
o) = , (Vs¢ =XLge x YL x ZL) (3.4)
VscNa

Where superscript (L) denotes subcell number L, N,i”is the number of the mol-
ecules of the component £ in the Lth subcell, V. is the volume of a subcell and
XL is the distance in the x-direction of a subcell. The permeation flux (JISL)) of the
component k in the Lth subcell is calculated by

Jk(L) — <pkﬁx’k>(l‘) (8.5)

Where p, is the instantaneous density of the component k and i, ; the instantaneous
average molecular velocity of the component £ in the x-direction. In addition to
the (non-equilibrium molecular dynamics) NEMD simulations, equilibrium simu-
lations were also conducted. Equilibrium (between H- and M-region) densities of
CH, and C,H, were obtained throughout the three membrane elements by setting
the densities of the L-region equal to that of the H-region.

Three different pore shapes were considered; i.e. diamond path (DP), a zigzag
path (ZP) and a straight path (SP). Figure 8.12a—c shows the cross-sectional view
of each pore shape.

DP (A) has two different pore mouths; one a large (pore a) and the other a small
mouth (pore b). ZP (B) has zigzag shaped pores whose sizes (diameters) are all the
same at the pore entry. SP (C) has straight pores which can be called slit-shaped
pores. The minimum pore width (Wp) is set equal to 0.5 nm for all three types of
pores. The membrane thickness, given in Fig. 8.12as XL was set equal t0 6.3, 4.6
and 5.2 nm for DP, ZP and SP membranes. These values are based on the arrange-
ment of micro-graphite crystallites (shown as a nodule in the figure) whose unit size
was fixed at 2.7x3.4x 1.3 nm for the DP and ZP membranes.

Figure 8.13a—c shows the potential surfaces for a CH, molecule for the three
types of pore shapes, where the darker the shade, the deeper is the potential energy.
In Fig. 8.13a, the potential energy near the pore wall is deeper than in the middle of
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Fig. 8.12 Three membrane pore shapes; (a) diamond path (DP), (b) zigzag path (ZP), (¢) straight
path (SP). (From [11])

the pore. As a result, when the CH, molecule moves toward the x-direction, the mol-
ecule should overcome a potential barrier. The deepest potential energy in the DP
cage is —15 kJ/mol while the deepest potential at the window is —6 kJ/mol. Hence
the largest potential barrier is 9 kJ/mol.

In Fig. 8.13b, the potential energy near the surface of micro-graphite edge (see
Fig. 8.12b) is shallower than the surface of the micro-graphite plane due to the
lower density of the carbon atoms, which causes the potential barrier. The largest
potential barrier is calculated to be 8 kJ/mol and slightly smaller than that of the DP
membrane. In Fig. 8.13c, the potential energy in the pore is uniform and —16 kJ/
mol. The potential barrier for the molecule to move from inside the pore to the out-
side (vacuum) of the pore is 16 kJ/mol.

The simulation was made under the following conditions. Either pure CH, gas, or
pure C,H, gas or equimolar mixture of CH, and C,H, was considered for the simula-
tion. Temperature was 300 K and pressure in H region was 0.5 MPa for pure gas.
For the gas mixture the partial pressure of each component was set equal to 0.5 MPa.

Figure 8.14a—c show the snapshots for the mixed gas permeation. Methane mol-
ecules are shown by gray circles while ethane molecules are shown by black circles.
One obvious thing is that more molecules are gathering at the micro-graphite planes
(along the gray lines) while less molecules are gathering at the surface made by the
micro-graphite edges (at the edges of the gray lines). It is also noted hat C,H, mol-
ecules are more enriched in the pore than CH, molecules.
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Fig. 8.13 Potential energy surfaces for CH, molecule; (a) DP, (b) ZP, (¢) SP. (From [11])

Figure 8.15a, b displays the density profiles in the M-region (region shadowed
gray) for (a) pure and (b) mixed gas permeation through the pore A of the DP carbon
membrane (see Fig. 8.12a). There are three peaks that correspond to the deepest po-
tential energy regions shown in Fig. 8.13a. The peaks for C,H, (broken line) is higher
than CH,, (solid line) due to the higher adsorption of C,H. The peak height decreases
toward the moving direction of the gas because of the resistance for the gas perme-
ation. In the case of the mix gas permeation, the peak height of CH, is much lower
than that of the pure gas permeation. The peak height of C,H, is almost unchanged.
This is due to the competitive adsorption between CH, and C,H, gases. Figure 8.16a,
b show the density profiles of pore b of DP carbon membrane. Since the permeation
resistance is greater in pore b, the peak heights decrease more quickly than in pore a.

Density profiles for ZP are depicted in Fig. 8.17a, b. The shape of the density
profiles is more complicated than DP. Two density valleys inside the membrane
(shadowed region) correspond to pore surfaces composed of the micrographite
edges. The density of both CH, and C,H, decreases suddenly in the last channel
connecting to the membrane exit. Hence, molecules move to the external surface of
the membrane with very little potential barrier.
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Fig. 8.14 Snapshots for the molar density of CH, (gray) and C,H, (black) in the pore; (a) DP,
(b) ZP, (c) SP (Feed gas composition CH,/C,H,=1/1). (From [11])

Figure 8.18a, b presents the density profile in SP. The most distinguishable fea-
ture of SP is that the density profile is very flat inside the membrane. This is be-
cause the potential surface in the pore is very flat and the potential barrier for the
gas permeation exists only at the membrane exit. In the mixed gas permeation, the
density of CH, decreases toward the membrane exit while that of C,H increases.
This observation can be explained by the two characteristics of the SP membrane,
i.e. different potential barriers for CH, and C,H, at the membrane exit and the high
mobility of the molecules inside the membrane.

The simulation value of the permeation flux of the component &, J,, is given by

averaging J{"’ which is calculated by Eq. (8.5), over the subcells in M-region.
The permeation flux of component k is usually given by

A

XLmem

Ji (P — Prr) (8.6)

Where p, , P, ,;and P, are the permeability, the pressure on the feed side and the
pressure on the permeate side, respectively.
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Fig. 8.15 Density profiles of CH, and C,H; in the DP with the pore mouth A; (a) pure gas sys-
tem, (b) mixed gas system (AP=0.5 MPa for pure gas, AP,=0.5 MPa for mixed gas, temperature

300 K). (From [11])
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Fig. 8.16 Density profiles of CH, and C,H, in the DP with the pore mouth B; (a) pure gas sys-
tem, (b) mixed gas system (AP=0.5 MPa for pure gas, AP, =0.5 MPa for mixed gas, temperature

300 K). (From [11])
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Fig. 8.17 Density profiles of CH, and C,H, in the ZP; (a) pure gas system, (b) mixed gas system
(AP=0.5 MPa for pure gas, AP,=0.5 MPa for mixed gas, temperature 300 K). (From [11])
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Fig. 8.18 Density profiles of CH, and C,H; in the SP; (a) pure gas system, (b) mixed gas system
(AP=0.5 MPa for pure gas, AP, =0.5 MPa for mixed gas, temperature 300 K). (From [117])
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An alternative expression for the permeation rate may be the permeation resis-
tance, R,, based on the difference of densities in the membrane g, ,,—¢, , as a driving
force, i.e.

1
Ji = F(Qk,H — qk,L) (8.7)
X

Where g, ,, and g, , are the molar densities of the component k inside the membrane
in equilibrium with the feed gas at P, and the permeate gas at P, , respectively. g,
is calculated by

_ Nk,mem/NA

v (Vinem = XLiyem X YL x ZL) (8.8)

qdk

Where N, ., 1s the number of molecules of component k inside the membrane,
N, the Avogadro number and V, , is the membrane volume. The resistance R, is
related to the permeability, p, , using adsorption equilibrium constant X, (q,/P,) as

Ry = Ky X Liem 8.9
B, (8.9)
Table 8.6 summarizes the simulation results for J, ¢, R and p for pure gas per-
meation along with the ideal separation factor (P, / Py). q for C,H, is larger than
CH, because of a stronger C,H, adsorption. They are however almost equal for SP
membrane. The order in g values is DP <ZP < SP since the potential energy becomes
deeper in the same order. R values are always larger for C,H, which is attributed to
the heavier mass and the larger potential barrier for C,H, than CH,. Interestingly,
the permeability ratio is more than unity for DP and ZP but it is less than unity for
SP membrane. This occurs as a result of the interplay of equilibrium constant K and
resistance R.
Table 8.7 shows J, g and R for the mixed gas permeation along with the separa-
tion factors. Two separation factors, a,, and aﬁezq) are given. The former is defined as

a = (8.10)

Table 8.6 Permeation flux, J, equilibrium density, ¢, resistance, R, permeability, p , and ideal
separation factor (P,/P;) for single gas permeation

Membrane  Gas J,kmol/m?s ¢, kmol/m® R,s/m P, 102 molm/m?sPa P,/ P

DP CH, 68 1.0 0.15 86 1.1
CH, 74 2.0 027 93

zpP CH, 7.0 1.8 026 65 13
CH, 90 3.0 033 83

SP CH, 16 32 021 160 0.63
CH, 10 3.5 035 100

AP=0.5 MPa and T=300 K
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Table 8.7 Permeation flux, J, equilibrium density, g, resistance, R, separation factor and the ratio
of resistances for mixed gas (CH,/C,H, 50/50) permeation

Membrane Gas J,kmol/  ¢,kmol/ R,s/m 0, A, @ R/R,
m?s m’

DP CH, 4.4 0.62 0.14 1.5 3.2 2.1
C,H, 6.6 1.9 0.29

zp CH, 3.7 0.56 0.15 24 4.3 2.0
C,H¢ 8.8 2.6 0.30

Sp CH, 4.5 0.39 0.087 2.2 8.3 3.8
C,H 10 33 0.33

AP=0.5 MPa and 7=300 K

The latter separation factor is defined as

2/ Ko
olen = 2l _ K (8.11)

n/y K

Therefore, the latter corresponds to the sorption selectivity.

From Table 8.7, it is found that for each membrane the g value for CH, is much
smaller than C,H,. This is due to the competitive adsorption of C,H,. To consider
the change in the R value of CH, from the pure gas (Table 8.6) to the mixed gas (Ta-
ble 8.7), it is affected by two factors, i.e. one is the increase in R due to the increase
in the total density in the pore (total density effect) and the other is the decrease in
R due to the decrease in the effective potential barrier for CH, (effective potential
barrier effect), since the strong adsorption regions are occupied by C,H, molecules.

Comparing Tables 8.6 and 8.7, R values for CH, are almost the same for DP
membrane. This means the two factors are compensating each other for this mem-
brane. On the other hand, for the ZP and SP membranes, the R values for CH, in
Table 8.7 are considerably lower than those in Table 8.6. This means that the second
effect is dominant for the latter two membranes.

In all three membranes the separation factor a,, is always smaller than ozéel‘” .
This is because the relationship between o, and o\ is

_ay? (8.12)

" Ry/Ry

(0%

and R,/R, is more than unity as shown in Table 8.7. a,, is however larger than ideal

separation factor p, /P, shown in Table 8.6.

Recently, Wu et al. used a similar NEMD method to simulate the permeation and
separation of H,/CO in nanoporous carbon membrane [12]. The schematic diagram
of the simulation cell adopted by Wu et al. is given in Fig. 8.19. The difference
between Wu et al. [12] and Furukawa and Nitta [11] is that there are buffer zones
between the H and M and M and L zones. The schematic representation of the slit
pore is as shown in Fig. 8.20. It corresponds to Furukawa and Nitta’s SP membrane.
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Fig. 8.19 Schematic diagram of the simulation cell. The length of the cell in the x-, y- and z- direc-
tions are 40.8, 15.6 and 1.34+ w, (see Fig. 8.20) nm. The lengths of the H-, B-, M- and L- regions
are 7.6, 2, 5.2 and 3.6 nm, respectlvely (From [12])
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Fig. 8.20 Schematic representation of a slit pore w, is the pore width. (From [12])

Table 8.8 Lenard-Jones

i i o (nm) e/k,y (K)
interaction parameters used
by Wu et al. Carbon 0.340 58.0
H, 0.2960 342
co 0.3763 1002

The pore width, W, was changed in a range of 0.50-2.01 nm. The Lennard-Jones
interaction parameter for this system is given in Table 8.8.

The simulation results are as follows.

When the gas pressure and the temperature are 0.5 MPa and 300 K, respec-
tively, and the pore width is 1.01 nm, the density profile of H, and CO is given in
Fig. 8.21a. In Fig. 8.21b indicates the buffer zone. It is found that the density of CO
inside the membrane is kept almost constant at a value of 840 mol/m? while the den-
sity of hydrogen decreases from 47.3 to 25.4 mol/m? from the pore inlet (left) to the
pore outlet (right). This gradient indicates that there is a resistance to the permeation
inside the membrane. It is interpreted that the resistance for CO molecules to exit
the pore mouth is much greater than that for the H, molecules. There are two peaks
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Fig. 8.21 Density profile of H, and CO corresponding to the H, mole fraction in the feed, temper-
ature and feed pressure 0.5, 300 K and 0.5 MPa, respectively; (a) Density profile in the x-direction.
W is 1.01 nm. B represents the buffer zone. (b) Density profile in th z-direction for three W val-
ues, i.c. (m, 0) 0.67, (8, 0) 1.01 and (A, A) 1.51 nm, respectively. Solid lines and filled symbols for
H,, dotted lines and open symbols for CO. (From [12])

near the entrance and exit of the pore for both CO and H,, which correspond to the
adsorbed layers. The density peak values 3,500 and 750 mol/m?, at the entrance and
exit, respectively, for CO are much greater than those for H,, i.e. 115 and 10 mol/m°.
This is due to the much stronger adsorption of CO, at the pore entrance and exit,
than H,. In Fig. 8.21b density profiles of CO and H, are given for the z-direction
for different pore widths (0.67, 1.01 and 1.51 nm). The density peak heights of CO
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are generally two orders of magnitude higher than those of H,, reflecting the much
stronger adsorption of CO than H,. When the pore width is 0.67 nm, only one peak
appears both for CO and H,. However, when the pore width is 1.01 or 1.51 nm two
peaks are formed, which means that the molecules are adsorbed near the two inner
surfaces of the slit-like pores. The peaks of CO are much broader than H,, mean-
ing that the CO molecules occupy most of the adsorption sites, while the hydrogen
molecules appear mostly in the center of the pores.

In Fig. 8.22 the flux and the separation factor are plotted versus pore width.
Because of the size of the CO molecule (radius=0.34 nm) CO can hardly permeate

16

—o0— H,

= =A== CO

J (kmol / m2 .s)

'__g-_.ﬂ..—-ﬁ—"ﬁ
A=
P
-

0.4 0.8 1.2 1.6 2.0
Pore width (nm)

53.0

526 |

0 1 ! ! !
0.8 1.2 1.6 2.0

b Pore width (nm)

Fig. 8.22 Effect of pore width, W, on the flux (a) and separation factor (b); The mole fraction of
H, in the feed, temperature and feed pressure are 0.5, 300 K and 0.5 MPa, respectively. (From [12])
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through the pore whose size is smaller than 0.64 nm, while hydrogen molecules can.
Hence, the separation factor shows a maximum of 52.88 at the pore size of 0.64 nm.
When the pore size becomes larger than 0.64 nm both the flux and the separation
factor increase with the pore width. The separation factor increases since the flux
increase of H, is faster than that of CO.

In the pore size range of 0.64-0.84 nm, H, flux decreases first and then slowly
increases. This is because in this pore size range the adsorbed CO molecules are
tightly packed. H, molecules have difficulty to enter the pore, and when they enter,
they move very slowly, even though the speed of the movement is faster than CO
molecules. When the pore size is more than 0.84 nm, H, molecules begin to move
faster than before in the center of the pore where CO adsorption is less.

The effects of temperature on the flux and the separation factor were studied at the
H, mole fraction, the pore width and the gas pressure of 0.5, 1.01 nm and 1.0 MPa.
The results are shown in Fig. 8.23. From the figure, H, flux and the separation factor
increase while the flux of CO decreases slightly. This is due to the interplay of the
faster molecular movement and weaker molecular adsorption at the higher tempera-
ture. As a result more H, molecules enter the pore and the H, flux increases. It is
interesting to note that both the H, flux and separation factor reach a plateau, because
of the competition between the adsorption and permeation of H, and CO molecules.

Figure 8.24 shows the effect of the feed gas pressure. The fluxes of both gases in-
crease due to an increase in the driving force for the gas permeation. The separation
factor decreases with the increase in the pressure because more CO is adsorbed at
higher gas pressures. Subsequently, the entry of H, molecules into the pore becomes
more difficult. (From [12]).
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Fig. 8.23 Effect of temperature on the flux and the separation factor; The mole fraction of H, in
the feed, the pore width, Wp, and the feed pressure are 0.5, 1.01 nm and 1.0 MPa, respectively.
(From [12])
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Fig. 8.24 Effect of feed gas pressure on the flux and the separation factor; The mole fraction of
H, in the feed, the pore width, Wp, and the temperature are 0.5, 1.01 nm and 300 K, respectively.
(From [12])

Figure 8.25 depicts the effect of the membrane thickness, ranging from 2.4 to
5.2 nm, on the fluxes and the separation factor of the membrane. The simulation
was made for the two different pore resumes, i.e. 0.64 and 1.01 nm. Interestingly,
the separation factor increases for the slit size of 0.64 nm, since for the slit size of
0.64 nm the sieving effect dominates and CO hardly can enter the pore. Hence, the
separation factor increases as the membrane thickness increases. On the other hand,
for the slit size of 1.01 nm, H, mainly permeates through the space between the two
density peaks of CO. The resistance for this flow of H, increases as the membrane
thickness increases.

Chen and Sholl presented a detailed model for the permeation of CH,/H, mix-
tures through membranes constructed from closely packed bundles of single walled
carbon nanotubes [13]. Combination of atomically detailed and continuum models
that has proven effective in previous treatments of mixture permeation through zeo-
lite membranes was applied.

The gas transport is assumed to occur by adsorption and diffusion through the in-
terior of (10, 10) SWNTs, which have a diameter of 1.356 nm and are representative
in many preparation procedures. CH, and H, are considered to be spherical species
that interact with each C atom in a nanotube according to the Lennard-Jones poten-
tial function. These potentials are assumed to be applicable for the planar graphite
surface. CH,-CH, and H,-H, interactions are also represented by Lennard-Jones
function with standard values for Lennard-Jones parameters for pure species. For
the CH,-H, interaction the parameters were evaluated by the Lorentz—Berthelot
mixing rule.

All adsorption and diffusion were computed for defect-free nanotubes with infi-
nite extent to the axial direction. Another important assumption made is the mole-
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Fig. 8.25 Effect of membrane thickness on the flux (a) and the separation factor (b); The mole
fraction in the feed, temperature and the feed gas presser are 0.5, 300 K and 0.5 MPa, respectively.
(From [12])

cule-nanotube wall collision. It was assumed that the CNT wall remained rigid and
momentum was not transferred to/from the colliding molecule from the nanotube
wall. For the computation of adsorption isotherm, the Grand Canonical Monte Car-
lo (GCMC) method was adopted. The simulation was performed for the combina-
tion of CH, and H, fugacities given as state points in Fig. 8.26.

The GCMC data was fitted by the following equations for the binary system of
1 (CH,) and 2 (H,).

_ aipi + aspi
ap1rt+aspr+as  agpr +ajpr +ag

n (8.13)



174 8 Other Carbon-based Membranes

1000

-y
RS
o]
D0 o
800 HO O o)
FOO O
— DOO O
§ RS S8 S
‘5600- 8 (g) O OO
2 30 §
()]
T 400
o
I
200
0

CHj, Fugacity (bar)

Fig. 8.26 Partial pressures of bulk phase for which GCMC simulations were performed of binary
CH,/H, adsorption at room temperature in (10, 10) SWNTs. (From [13])

h bipa bsp>
=
byp1 +b3pr +bs  bspr + bipr + by

(8.14)

Where p; denotes the partial pressure of species i and a and b are fitting parameters
for which the numerical values are given in Table 8.9. The » has the unit of mol-
ecules/nm axial length of nanotube.

Figure 8.27 shows the agreement of the adsorption isotherm calculated from
Egs. (8.13) and (8.14) with the GCMC simulation results for the equi-molar CH,/H,
mixtures.

The flux, J, computed by the molecular dynamic model was also applied to cal-
culate the Fickian diffusion coefficients, D, and the Onsager coefficient, L, by using
the matrices

Table 8.9 The numerical Parameter Value Parameter Value

parametrs in fitting the

binary adsorption of a 15.19 b, 0.228

CH,/H, mixtures in (10, 10) @, 3.098 b, 0.206

SWNTs a, 0.064 b, 0.014
a, 7.455 b, 14.33
as 1.896 b 0.680
a, 0.340 b 13.94
a, 0.029 b, 0.061
ag 5.252 by 9.255

a, a5 b, b, have dimensions of molecules/nm, a, ag b, by have
dimensions of bar. The rest of the parameters are dimensionless
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Fig. 8.27 The adsorption isotherm at room temperature for an equimolar mixture of CH,/H,. Sym-
bols are from GCMC simulation while curves are for the fitting equations

Ji B Dy D Ve (8.15)
Ja - Dy Dy Ve

Where c is the concentration of the gas
Ji B Ly L Vi (8.16)
J Ly Lyn Vs

Where u is the chemical potential.

It should be noted that the both Fickian diffusivity and the Onsager coefficient
are the functions of the concentration of each gaseous component, 1 and 2. Further-
more, D ,#D, while L,=L,

For this calculation equilibrium molecular dynamics (EMD) was used. EMD
calculation was done for the state points given in Fig. 8.28 as adsorption phase
composition of each gaseous species. Results are given in Figs. 8.29 and 8.30 by the
solid symbols together with the bars indicating the uncertainties. One thing imme-
diately obvious from Fig. 8.30 is that the Fickian diffusivity values are in a range of
0.1-1.0 cm?/s which is extremely large compared to the values obtained for zeolites
(107* cm?/s). Diffusivities in the polymeric materials are even lower than in zeolite.
This anomalous behaviour of molecular diffusion in CNTs was already mentioned
in the foregoing section. The origin of these rapid transport rates is the smoothness
of the potential energy surface defined by CNTs. It should be noted that this argu-
ment applies only for the Fickian diffusion coefficient defined by Eq. (8.15), that is
associated with the net mass transport. The motions of individual tagged molecules
are not necessarily very high.
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Fig. 8.28 Adsorbed phase concentrations for which EMD simulations were performed to compute
binary Onsager transport coefficients in (10, 10) SWNTs at room temperature. (From [13])
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Fig. 8.29 The Onsager coefficients for adsorbed mixtures with a ratio of CH,:H,=2:1. Filled sym-
bols and solid lines show the results of EMD, while the open symbols and dashed lines correspond
to the fitting equations. (From [13])

The diagonal Onsager coefficients were further fitted by the following empirical
expressions

Ly = dlal(bl7n1)2/€|a2(b27n2)2/€2n] (8.17)

Ly = d2a3(bz—n1)2/63a4(b4—'12)2/e4n2 (8.18)
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Fig. 8.30 The Fickian diffusivities for adsorbed mixtures with a ratio of CH,:H,=2:1. Filled sym-
bols and solid lines show the results of EMD, while the open symbols and dashed lines correspond
to the fitting equations. (From [13])

Furthermore, the off-diagonal Onsager coefficients were obtained by
Lip =1Ly =+LiLx» (8.19)

The numerical values for the parameters involved in Eqgs. (8.17) and (8.18) are sum-
marized in Table 8.10.

By using the parameters listed in Tables 8.9 and 8.10, simulation of the mem-
brane performance was conducted. A bundle of (10, 10) SWNTs with the packing
density observed experimentally was considered for the simulation. Transmem-

Table 8.10 Numerical

: Parameter Value Parameter Value

values used in calcula-
tion of Onsager transport 4 0.651 a3 0.816
coefficients a, 1.104 A, 0.841
b, 79.20 B, 20.99
b, —1.206 B, 9.571
e 999.7 E, 15.85
e, 3.296 E, 22.32
d 557.3 D 18.56

o

b, b, b, b, have dimension of molecules/nm, e, e; e, e, have dimen-
sion of nm? /molecules?, d, d, have dimension of 10> mol"'K™!
ps~!. The rest of parameters are dimensionless
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Fig. 8.31 Comparison of the binary selectivity and the ideal selectivity for a (10, 10) SWNT with
a equi-molar feed as a function of % pressure drop when the feed pressure is fixed to 296 kPa.
Selectivity means CH, over H,

brane transport was assumed to occur only through the CNTs, not in the interstitial
region between the CNTs. The adsorption isotherm was assumed to be established
instantly at the both ends of the CNTs. This assumption is valid for a sufficiently
thick membrane.

The gas mixtures on the feed and permeate side were assumed to be well mixed.
The thickness of the membrane was taken to be 10 pm. Figure 8.31 shows the re-
sults of the simulation for the equi-molar CH,-H, mixture when the feed pressure
is kept constant at 296 kPa, while the permeate pressure is changed. Figure 8.31
also shows the ideal selectivity for the same membrane determined from the ratio
of single component fluxes when each single component has a feed pressure of
148 kPa.

The selectivity of the binary mixture is significantly lower than the single com-
ponent system particularly at the higher percentage of pressure drop. This is primar-
ily due to the contribution of the off-diagonal component of the gas transport. For
example, when the pressure drop is 240 kPa across the membrane, about 90% of
CH, transport is caused by the CH, concentration gradient across the membrane
while only about 20% of H, transport is caused by its concentration gradient. In
other words, a large amount of H, is dragged by the faster transport of CH,.

Figure 8.32 shows the calculated results for selectivity and CH, flux as a func-
tion of CH, mole fraction in feed. Pressure drop was maintained at 138 kPa while
feed pressure was changed. Selectivity decreases with an increase in the CH, mole
fraction but is quite insensitive to the feed pressure. The CH, flux increases as the
CH, mole fraction in the feed increases. Let us compare with a similar simulation
data for 100 pm silicate at the feed pressure of 292 kPa and permeate pressure of
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Fig. 8.32 Calculated results for the selectivity and CH, flux as functions of CH, mole fraction
in feed. The transmembrane pressure drop was fixed to 138 kPa. The feed pressure was changed.

(From [14])

138 kPa for 50/50 CH,/H, feed mixture. Simulated CH, flux for the silicate mem-
brane is ca 107> mol/s cm?. Corresponding simulation value for SWNT membrane
for 10 um thickness is from Fig. 8.32 ca. 0.06 mol/s cm?. Even for the thickness
of 100 pm, the CH, flux is orders of magnitude higher than the comparable zeolite
membrane. This is the direct consequence of the rapid diffusion of molecules inside
the CNTs. The effect of the transmembrane pressure drop is given in Fig. 8.33. Feed
pressure was kept constant at 296 kPa. Observed tendency is very similar to those

discussed in Fig. 8.32.
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Fig. 8.33 Calculated results for the selectivity and CH, flux as functions of CH, mole fraction
in feed. The feed pressure was fixed to 296 kPa while the tranasmembrane pressure drop was
changed. (From [14])

When the flux of CH, (1) and H, (2) are split into the diagonal contribution and
nondiagonal contribution such as

Ji=Ju +Jpand J; = Jp + Jo (8.20)

Where J|, and J,, are diagonal contributions and J,, and J,, are the nondiagonal
contribution, respectively, J,,/J;, and J,,/J,, offer, respectively, importance of non-
diagonal contribution relative to diagonal contribution in CH, and H, transport.

Figure 8.34 represents such ratios as functions of CH, mole fraction. As CH,
mole fraction increases, the contribution of nondiagonal contribution increases for
H, (2) while it decreases for CH, (1).
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Fig. 8.34 The ratios J|,/J,, and J, /J,, as functions of CH, mole fraction in feed. The feed pressure

and tansmembrane pressure drop are 296 and 138 kPa, respectively. (From [14])

Table 8.11 Classification

e Membrane Gas transport Liquid transport
of gas and liquid perme- pores
ation through the membrane - - - -
pore Micropore Constrained molecu- Constrained molecular dif-
lar diffusion fusion, surface transfer
Mesopore Knudsen diffusion  Viscous flow
Macropore Viscous flow Viscous flow

According to Verweij et al. [14], the transport through the membrane pore de-
pends on the pore radius ?, and the interaction of the permeant and the membrane
material. According to the IUPAC terminology and the gas sorption analysis the
pores are classified as follows. Micorpore ¢ <2 nm; mesopore 2<¢p<50 nm; and
macropore ¢p>50 nm. Verweij et al. also classified the membrane pore transport,
depending on the pore size, as shown in Table 8.11.

8.2.1 Micropore Transport

Pore diameters are in the molecular size range, where the distinction between whether
the molecules are gas or liquid ceases to exist. The molecules are under the effect of the
interaction potential from the pore wall and their transport is according to the hopping
diffusion like a solid-state vacancy mechanism. This mechanism can be applied well
for amorphous structures and molecules that fit tightly in the pore. Membrane pore
system is then considered as a Langmuir lattice of the sites that can be either vacant
or occupied by the molecules. In such a case the flux of species /; can be written by

i = = fu, b, " RT[(1 — 6,,)1V6;, + 6, V6, (8.21)
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In which b° is the mechanical mobility for a molecule on an otherwise empty lat-
tice, ¢’ the concentration of available sites, R the universal gas constant, 7 abso-
lute temperature, and 0 <8< 1 is the average site occupation. Equilibrium between
the site occupation and feed concentration on both sides of the membrane can be
used as the boundary condition to solve the above equation. Non-equilibrium cor-
rection factor 0<f,, <1 is often very close to unity but can be very small for the
molecule of low occupancy (low #) when the other molecule occupies the sites
strongly and hinders the movement of the former molecule. The above generic
expression leads to the following two types of microporous and surface diffusion
separation:

Type 1: For both molecules & is very small and nearly equal to zero. This type of
behavior is often found for small gas molecules, low pressures and high temperatures.

Type 1 behavior leads to a very simple expression for the diffusion flux for indi-
vidual gas species / which represents both species 1 and 2.

Jji = —b"c""RTVY = —D V¢ (8.22)

Which is a simple Fick’s first law for a single species with the chemical diffu-
sion coefficient D; = bYRT, which is independent of 6. In type 1 mechanism, the
Henry’s isotherm 9, = K, p;/p° is applicable so that the diffusion permeance can
be written as

_ bIOCmtRTVOZ o le DIKIH

_ (8.23)
Pir — Pip p°X

ﬁl

Where p° is the standard pressure and X is the apparent membrane thickness. The
above equation shows that f;! that represents the permeance in the micropore is in-
dependent of P, (gas pressure of individual species at either feed or permeate side).

Furthermore, the significant modification of Eq. (8.23) leads to 1, = 04,13,
which means the selectivity becomes the ideal selectivity.

Type 2: One of the molecules has a high affinity to the pore wall and low mobility.
It may occupy more than 50% of the site and form a percolative network, nearly
impermeable for the other gas.

8.2.2 Knudsen Transport

The transport of gases in mesopores generally occurs by the Knudsen diffusion
mechanism if the mean free path of the molecule is larger than the pore diameter (I)p.
For this flow resume, the permeance can be written as

kn _ 9rPp 8
S Ny 24
fi 3tX \| 7RTM, (8.24)
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In which ?, is the volume fraction of porosity, 7 is the tortuosity of the pore and the
M is the molecular weight of the species / (either 1 or 2). The separation factor can

be given as afl’: =,/ M 12/ M;,- Due to the low selectivity, this mechanism is gener-

ally not very interesting for membrane separation. A typical micropore mechanism is
much more interesting. Correlation effects can be particularly strong when §— 1 and
in single-file diffusion where larger molecules cannot pass each other inside the pore.

8.2.3 Viscous Flow Transport

The viscous transport in membrane pores is generally calculated from the Hagen-
Poiseuille equation for stationary Newtonian flow in a cylindrical capillary. This
leads to the following equations for calculating permeance.

flvisc — (pP(DP (825)

Viscous flow is nonselective for molecules. However, the flow field around par-
ticles, smaller than @ near the pore entrance may lead to a certain level of size ex-
clusion. Mesoporous membranes that have a charged pore surface in salt solutions
may exhibit significant ion retention by a space charge effect if CDP is smaller than
the Debye length of the solution.

8.2.4 Discussion on the Gas Transport in the Carbon Nanotubes

Holt and et al. [3] showed that their DWNT membranes are virtually gas and liquid
dense until the caps of the pores are etched open. This means that there are no ma-
jor processing defects introduced in the early processing stages. They also demon-
strated the size exclusion effect by showing the permeation of 1.3 nm [Ru(bpy)3]**
complexes while Au particles with >2 nm diameter were completely blocked by the
pore. Therefore, it can be assumed that

1. The pore diameter is 1.6 nm as observed by TEM.
2. Many of the pores are open on both sides.
3. There are no defects with diameters >>2 nm.

The unique gas permeation properties of the DWNT membranes stem from the
very weak interaction between the gas molecules and the tube wall when the
molecule flows to the axial (z) direction. Skoulidas et al. [4] demonstrated that
the potential energy barrier, *, for axial translation of CH, inside a (10, 10)
SWNT is only 6x10™* eV=0.02 kT, while in zeolite ZSM-12 micropores,
w=0.045eV=1.7 k,T . This has a profound impact on the dynamics of gas mol-
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ecules. To the first approximation, CNTs can be thought of presenting a smooth at-
tractive surface (binding energy # on the order of 107! €V) to the gas molecules,
whereas zeolite microchannels present a rough, attractive surface.

In pure, non-hydrocarbon gas permeation experiments (H,, He, Ne, N,, O,, Ar,
CO,, Xe), Holt et al. found an M""* dependence in permeability. That is, light gases
diffuse faster, in proportion to the molecule’s thermal velocity voc (kg7 /M)'/2.
The above relationship is usually associated with Knudsen diffusion for the fol-
lowing reasons: The self diffusion coefficient, D*, of a gas molecules is simply vA,
where A is its mean free path. Thus the M "2 permeability could be explained if one
assumes:

1. The true mean free path of the gas molecule is in the Knudsen resume, A=® ,
where o, is the characteristics of the membrane and independent of th