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Introduction 
Here we will attempt a brief overview 

of recent synthetic efforts for micropore 
and lower-end mesopore membranes. 
We will not address the very important 
classes of nonporous membranes, such 
as dense metals and solid electrolytes 
with applications in H2 and O2 separa-
tions, or meso- and macroporous mem
branes, which find applications in food 
processing and water treatment. Micro
porous materials provide high permse-
lectivities for molecules encountered in 
the chemical-processing industry but 
suffer from low intrinsic permeabilities. 
Therefore, in order to bring microporous 
membrane materials to commercial ap
plications, functional composites with 
small effective thicknesses (in the mi-
cron or submicron ränge) must be devel-
oped. For example, to achieve economical 
membrane-reactorsizes, fluxes as high as 
0.1 mol/(m2 s) are desirable.1 Approaches 
to microporous membranes include modi-
fication of mesoporous membranes by 
sol-gel and chemical-vapor-deposition 
(CVD) techniques, carbonization of poly-
mers to form molecular-sieve carbon, 
and polycrystalline-film growth of zeo-
lites and other molecular sieves. 

Carbon Membranes 
Microporous carbon is widely used for 

liquid or gas purification because of its 
strong adsorptive properties and high 
surface area. It is also used for air Separa
tion by pressure swing adsorption (PSA), 
relying on its adsorptive and molecular-
sieving properties. From the Standpoint 
of applications, microporous carbons are 
classified into activated carbons with 
pore size 0.8-2 nm, and ultramicropo-
rous carbons or carbon molecular sieves 
with pores 0.3-0.6 nm. Activated car
bons are used because of their strong 
adsorption properties, while carbon mo
lecular sieves are useful on account of 

their molecular-sieving as well as ad
sorption properties. 

Microporous carbons are often classi
fied into graphitizing and nongraphitiz
ing.2"4 Graphitizing carbons are produced 
from precursors that melt dur ing heat 
treatment, forming a mesophase structure. 
This partially ordered structure is main-
tained upon solidification and turns into 
graphite at temperatures above 1400°C.2 

Graphitizing carbons are produced from 
materials such as petroleum pitch, and 
from polymers such as poly(vinyl Chlo
ride) (PVC) and polyimides (PIs). 

Nongraphitizing carbons, also known 
as glassy carbons, result from heating 
polymeric precursors, which are initially 
crosslinked or become crosslinked be-
fore the onset of decomposition. The 
crosslinked solid lacks the mobility to 
attain long-range order and, upon heat 
treatment, turns into a network of ran-
domly oriented platelets or ribbons. Heat
ing above 2000°C can cause development 
of long-range order by coalescence of the 
ribbonlike elements. Precursors of such 
carbons include low-rank coals, cellulose, 
and synthetic polymers such as poly(fur-
furyl alcohol) (PFA), phenolic resins, and 
poly(vinylidene Chloride) (PVDC). Car
bons formed by decomposition on Fe, Ni, 
or Co of gas mixtures containing CO, 
CHj, and other small hydrocarbons have 
intermediate structure between graphi
tizing and nongraphitizing.5 

The carbon literature contains numer-
ous reports dealing with the character-
ization of porous carbons by adsorption 
of probe molecules and the effect of the 
heating protocol on total pore volume 
and pore size. There is little Information, 
however, about the relationship between 
precursor structure and pore structure 
of carbon. 

Porous structure aside, the mechanical 
properties of carbon membranes are of 

critical importance in applications. Con-
siderable Information is available about 
the effect of processing conditions on the 
mechanical properties of carbon fibers 
from coal-tar pitch, polyacrylonitrile 
(PAN), and PI precursors. Carbonization 
studies of these polymers have shown 
that flow-induced orientation generated 
during fiber spinning and drawing per-
sists in subsequent carbonization and is 
conducive to high tensile and flexural 
strength.6"9 Alignment of poly mer chains 
or liquid crystals is expected to favor 
dense bonding normal to the fiber axis, 
imparting high tensile strength to the 
carbon fibers. In nongraphitizing car
bons, the spatial pattern of bonding is 
more random and less dense on account 
of the more random orientation of the 
microscopic platelets referred to earlier. 
Nongraphitizing carbons obviously have 
lower tensile and flexural strength. 

Hollow-Fiber (Unsupported) 
Membranes 

To obtain hollow-fiber membranes of 
high permeance, it is necessary to Start 
from an asymmetr ic (skinned) poly
meric hollow fiber having a thin, non
porous skin (0.05-1 /xm), providing the 
Separation properties, and a porous sub-
structure serving as a support, with an 
intermediate layer of increasing pore 
size. This layered structure is generated 
either by exploiting the spatial gradients 
developing dur ing polymer gelation 
(phase inversion) or in a separate coating 
step. If the asymmetric structure could 
be preserved during the carbonization 
process, it would be possible to make 
membranes of very high permeance. Us-
ing, for example, a permeability of 103 

Barrer for H2 or 02
10 yields a permeance 

of 3.4 X 10"6 mol/(m2 s Pa) for a 0.1-jum 
skin, assuming negligible resistance out-
side the skin. If, on the other hand, the 
porosity collapsed during carbonization, 
rendering the whole fiber microporous, 
it would reduce the permeance by a fac-
tor of 500, assuming a 50-/üm wall thick-
ness. It transpires that one of the critical 
issues in carbon-membrane preparation 
is the preservation of the pores of the 
substructure and transition layer during 
carbonization. 

Hollow-fiber carbon membranes were 
first reported by Koresh and Soffer,10 

who articulated the main advantages of 
carbon membranes relative to polymeric 
membranes. These first membranes were 
made from cellulosic-fiber precursors. In 
later work, PI precursors were employed 
because of two exceptionally favorable 
properties: high glass-transition tempera-
ture, preventing melting or softening 
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during carbonization; and a high degree 
of orientation attained by the flat and 
rigid polymer chains during fiber spin-
ning and drawing. The chains are strongly 
held in alignment by secondary bonds/ - 9 

and this alignment is preserved during 
carbonization, despite the about 40% 
mass loss. Asymmetrie PI hollow-fiber 
membranes are made commercially by 
two companies for application to hydro-
gen Separation from refinery streams. 

Jones and Koros" studied the prepara-
tion and permeation properties of carbon 
membranes using Medal PI fiber precur-
sors. A key trend, found in other mem
branes as well, is the higher Separation 
ratio and lower permeance obtained by 
increasing the carbonization tempera-
ture . Noteworthy is the value of the 
02:N2 Separation ratio obtained for air, 
between 11 and 13, which is about twice 
the ratio afforded by commercial Poly
merie membranes of comparable oxygen 
permeance [5 X 10~9 mol/ (m2 s Pa)]. 
Likewise, the Separation ratio for the 
C0 2 -CH 4 mixture was about two or 
three times that of polymeric membranes 
possess ing s imilar C 0 2 pe rmeance 
[1.8 x 10"8 mol/(m2 s Pa)]. 

An important advance in the technol-
ogy of hollow-fiber carbon membranes 
was recently reported by Kusuki et al. of 
Übe Industries.12 Using hollow fibers 
made of a different PI, these researchers 
developed a continuous carbonization 
process in which the fiber is passed 
through the furnace in 3.6 min and col-
lected around a bobbin. The short heat-
ing t ime was possible by using high 
furnace temperatures, 700-850°C. With 
the exception of ethylene, the order of 
permeances is in inverse relation to the 
order of their Lennard-Jones molecular 
diameters, indicating Separation primar-
ily by molecular sieving. H2 permeance 
of 7.5 X KT8 mol/(m2 s Pa) was obtained 
with H2/CH4 permselectivity of —200. 
Contrary to conventional wisdom, the 
work of the Übe group shows that a very 
slow heating rate is not necessary for 
making selective carbon membranes. 
Short heat-treatment time of only a few 
minutes, versus several hours employed 
in other work, translates into lower mem-
brane produetion cost. 

Supported Carbon Membranes 
In the case of hollow-fiber membranes, 

strength and handling requirements dic-
tate that the fiber wall must have a thick-
ness of at least some tens of microns. 
These membranes must consequently 
have asymmetric strueture; otherwise, 
the thick uniform layer of microporous 
carbon would have very low permeance. 

Supported membranes are not subjeet to 
this limitation, for they can be made as 
thin as 1 /um using sufficiently smooth 
Supports (Figure 1). A series of studies 
by Morooka, Kusakabe, and collabora-
tors at Kyushu University13'14 employed a 
PI precursor. Despite the different pre-
cursors and carbonization protocols, the 
CO2 and CH4 permeance of the supported 
membrane from Kyushu University was 
very similar to that of the hollow-fiber 
membrane from Übe. 

In addition to PIs, PFA and phenolic 
resins have also been used as precursors 
of supported carbon membranes. Kita 
et al.15 carbonized phenolic resin coated 
on macroporous a - A l 2 0 3 or on meso
porous silica. An intermediate silicone-
rubber coating was used in some cases 
to smooth out the ceramic support sur-
face and prevent penetration of the phe
nolic polymer in the pores. Despite the 
repeated coating and carbonization cy-
cles, these membranes had higher per
meance and lower selectivities than the 
Pl-derived membranes, signifying the 
critical role of the precursor polymer. 

Researchers at Air Products and Chem
icals (AP) prepared a different type of 
carbon membrane by coating porous 
graphite disks (0.7-/um mean pore diame-
terl with a PVDC latex, heating them to 
1000°C at l°C/min, and maintaining that 
temperature for 3 h.16 Among the several 
distinet trends of the data, we note the 
very high permeance of hydrocarbon 
gases, compared with those for the other 
membranes. Under these conditions, the 
Separation factor of butane to hydrogen 
was over 100. These results underline the 
dominant effect of adsorption over mo
lecular sieving for the AP membranes. In 
addition to using a different polymer, the 
AP membranes were prepared using 
carbonization at 1000°C, essentially elim-
inating all heteroatoms and thus modify-

ing the surface properties. The question, 
of course, remains as to which of the 
structural features of the PVDC polymer 
allows heating for 3 hours at a tempera
ture as high as 1000°C without exces-
sively narrowing the pores.17 

The preparation protocols discussed in 
this section for supported membranes in-
cluded repeated coating and carboniza
tion cycles, each of these coatings adding 
0.5-1 /im of carbon. A total thickness of 
2-5 / im seems tobe required toeliminate 
pinholes, given the about l-/am rough-
ness of the macroporous Supports. Fur
ther research into alternative polymers 
and coating procedures is required to 
eliminate the need for multiple process-
ing cycles and reduce the membrane 
thickness. 

Sol-Gel Membranes 
Sol-gel preparation of mesoporous and 

microporous membranes involves coat
ing a porous support with a suitable col-
loidal Solution (sol), followed by drying 
and thermal treatment. During drying, 
the sol undergoes gelation and further 
crosslinking, which is completed during 
thermal treatment.18"21 The colloidal par-
ticles in the coating sol may be dense or 
polymeric in nature. A sol of dense boeh-
mite particles is widely used to form 
mesoporous 7-AI2O3 layers on top of 
macroporous a- A1203 Supports.21"24 These 
layers show selectivities, aecording to the 
Knudsen diffusion mechanism, too low 
for gas separations but commercially us-
able as ultrafiltration membranes. They 
also serve as Supports for further coating 
with sols of branched Silicate polymers 
formed by aeid-catalyzed hydrolysis-
condensation of Silicon alkoxides. The 
resulting ultramicroporous layers have 
high selectivity for a variety of gas sepa
rations.25"28 The degree of branching of 
the precursor sols, along with the com-

Figure 1. (a) Al203 Substrate and (b) supported carbon membrane. '3 
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Figure 2. (a) Top view transmission electron microscopy (TEM) of mesoporous 
membrane with directly accessible Channels prepared by coating from a Surfactant 
Silicate Solution.39 (b) TEM cross section of multilayer membrane prepared by dip 
coating.31 On top of the 200 nm y-AI203 layer, a 30-nm Si02 microporous layer has 
been deposited. 

petition between polymerization kinetics 
and drying rates, determines the deposit 
pore size, porosity, and defect den
sity.23'29'30 De Vos and Verweij,31 by using 
processing in a class-1000 clean room, 
prepared amorphous silica coatings of 
~30-nm thickness on top of y-alumina 
Supports (Figure 2b). Excellent flux, se
lectivities, and reproducibility have been 
achieved. For example, the H2 perme-
ance was 2 X 10~6 mol/(m2 s Pa), and the 
H2/CH4 permselectivity was more than 
500 at 200°C. The reduction in concentra-
tion of airborne particles, which intro-
duce defects in the membrane, was found 
to be necessary for the reproducible pro-
duction of these membranes. Despite the 
excellent Performance of these mem
branes, scale-up for module production 
and stability, especially in the presence 
of water,32 need to be addressed. 

Introduction of Surfactants during silica 
and other oxide formation can lead to pe
riodic inorganic-organic mesostructures 
which upon removal of the Surfactant tem-
plate form well-ordered arrangements of 
pores (hexagonal, cubic, etc.).33-34 Although 
considerable effort has been devoted to 
demonstrating the ability to form oriented, 
surfactant-templated materials by using 
magnetic35 and flow-induced36 orientation, 
as well as Substrate-37 or confinement-
induced38 ordering, until recently no mi-
crostructure appropriate for membrane 
applications has been achieved using these 
approaches. This is mainly due to the ten-
dency of these materials to grow with 
their Channels oriented parallel to the 
solution-substrate interface and to form 
grains rather than smooth continuous 
films. A recent promising approach that 
involves continuous formation of sup-
ported cubic and hexagonal mesoporous 
films by sol-gel dip coating was demon-
strated by workers at Sandia National 
Laboratories, the University of New Mex
ico, and the University of California— 
Los Angeles.39 Using this process, they 
were able to form cubic mesophases in 
which the pores can be directly accessed 
from the film surface (Figure 2a). How-
ever, a similarly accessible arrangement 
of the hexagonal mesophase, with pores 
perpendicular to the Substrate, has not 
been achieved. The method offers fast 
processing of very smooth and continu
ous films. Due to their smoothness and 
continuity, these mesoporous silica films 
can be used as intermediate layers be
tween the Substrate and the final mi-
cropo'Dus layer prepared by the sol-gel 
process (e.g., in place of the y-alumina 
layer of de Vos and Verweij31). In addition 
to the surfactant-templated mesoporous 
oxides, where the structure direction is 

achieved through noncovalent bonding, 
other synthetic strategies involve use of 
organic ligands covalently bonded to the 
siloxane network.40 Membranes prepared 
using this strategy on Substrates modi-
fied with the mesoporous smooth and 
continuous overlayers39 show selectivities 
and fluxes for permanent gases similar 
to those reported by de Vos and Verweij,31 

but in addition provide the potential for 
zeolitelike selectivities by offering the 
choice of the imprinting organic ligand.41,42 

Zeolite Membranes 
Zeolites and other microporous mo-

lecular sieves have unique properties due 
to their crystalline structure, which con-
sists of a network of well-defined pores 
and/or cages. Each of the about 100 avail-
able structure types has its own distinct 
pore size, shape, and interConnectivity 
(the structure types and codes are listed 
and described in Reference 43). Zeolite 
pore openings ränge from 0.3 nm (small-
pore zeolites) to 1 nm (extra-large-pore 
zeolites), and their framework Constitu
tion can provide for hydrophobic, hy-
drophilic, acidic, or basic properties. This 
combination of properties gives the abil
ity to adsorb, interact, and discriminate 
molecules based on size, shape, and 
chemical Constitution, often with preci-
sions at the 1-Ä scale. Zeolites in powder 
form are currently used extensively.as 
size/shape-selective heterogeneous cata-
lysts and in gas Separation and purifica-
tion processes, as well as ion exchange, 
desiccation, and Sorption. The fabrication 
of zeolite films has attracted interest in 

the last decade due to the potential use 
of these films as selective membranes, 
electrodes, sensors, and optoelectronic 
devices.4445 

Zeolites are synthesized hydrother-
mally from precursor Silicate or alumi-
nosilicate gels or colloidal suspensions in 
the presence of organic and inorganic 
bases or acids, which catalyze hydrolysis 
and condensation reactions and at the 
same time act as s t ruc ture-d i rec t ing 
agents (SDAs), stabilizing the open frame
work structures.46'47 The lack of quanti
tative Information on the interplay of 
chemistry and transport in zeolite syn
thesis makes it difficult to devise appro
priate schemes for film formation. 
Moreover, the mechanical properties of 
these materials are not well understood. 
It is known that zeolite unit cell dimen-
sions and symmetry can change under 
heating, during SDA removal, or upon 
adsorption, especially of molecules with 
dimensions close to the Channel dimen-
sions.48 To what extent these structural 
changes may affect the long-term Perfor
mance of zeolite membranes remains to 
be addressed. 

Early studies report on membranes 
prepared by embedding zeolite MFI in 
silicone rubber49 and their use in perva-
poration to separate alcohols from aque-
ous Solutions. In a similar approach, 
zeolite composite films were prepared in 
a glassy silica matrix.50 The nature of the 
interface of the zeolite deposit obviously 
plays a dominant role in these strategies 
and remains an issue still to be addressed 
in sufficient detail. 
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Zeolite membranes prepared using an 
in situ crystallization method have been 
reported for zeolite UTA,51"53 MFI,54"67 and 
other types.68-70 A variety of Substrates 
was used to support the zeolite mem
branes, including porous alumina and 
stainless steel, and permeation results for 
such membranes demonstrate their po-
tential for gas separations. Although 
in situ growth has been shown to work 
for several molecular sieves, it gives little 
flexibility for control over the micro-
structure of the final films, since syn-
thetic conditions have to be optimized 
for nucleation and growth in a Single- or 
repeated-batch preparation. 

Zeolite-film synthesis using microwave 
heating has been reported for several zeo
lite types.71"74 Reports demonstrate that 
microwave synthesis allows for shorter 
crystallization times due to the increased 
heating rate. For synthesis of AlP04-5 
(structure type AFI) films on anodized 
alumina, microwave heating showedsup-
pression of nucleation outside of the Sub
strate pores. It has also been claimed75 

that convective flow in the Substrate pores 
due to microwave heating aligns particles 
within the Substrates. Although highly 
selective membranes prepared by micro
wave treatment have not been demon-
strated, the high growth rates hold 
promise for the fast processing of zeolite 
films, if production rates will become an 
issue for commercial application. 

Zeolite membranes have also been pre
pared using the vapor-phase-transport 
method (VPT).76'77 The membrane Sup
port is first coated with a compact, dry, 
amorphous gel using conventional dip 
coating. Then the coated support is treated 
in the vapors of triethylamine, ethylene-
d iamine , and water. Films of ANA-, 
MOR-, FER-, and MFI-type zeolite ma-
terials were prepared, and applications to 
both pervaporation and gas permeation 
were reported, indicating high selectivi-
ties but relatively low fluxes. The pro-
posed growth mechanism states that 
crystallization Starts in a gel layer on the 
surface of the support and continues into 
the support pores until a compact layer 
of zeolite is formed. The selective layer 
seems to be the one in the interior of the 
support, although scattered crystals are 
also formed on the top surface of the 
support. Usually a one-week treatment is 
needed for a selective compact layer to be 
established. The amount of water used 
during the hydrothermal treatment and 
the composition and uniformity of the 
precursor coating are critical parameters 
that have to be optimized for successful 
preparations. 

In conjunction with the in situ prepa

rations, postsynthetic treatments using a 
nonzeolitic material to block any nonze-
olitic pores in the membrane, increasing 
the membrane's selectivity,7879 have been 
proposed. A postsynthetic coking treat
ment of a ZSM-5 (structure type MFI) 
membrane was shown to block only the 
nonzeolitic pores of the membrane, while 
increasing the n-butane/i-butane selec-
tivity from 45 to 320 at 180°C.78 Chemical 
vapor deposition has also been reported 
as a pore blocking method.79 Despite 
their beneficial effect on permselectivity, 
postsynthetic deposition treatments lead 
to reduced permeance. 

Tsapatsis and co-workers proposed the 
secondary growth technique for the 
preparation of molecular-sieve films (Fig-
ure 3).80 This processing scheme uses a 
colloidal zeolite Suspension to form a seed 

layer on a Substrate. The seed layer is 
then hydrothermally grown to eliminate 
intercrystalline porosity. MFI,81-83 LTA,84 

LTL,85 and UTD-186 films have been 
grown using variations of this approach, 
which, by decoupling nucleation and 
growth, allows for greater flexibility in 
choosing hydrothermal synthesis condi
tions to achieve the desired microstruc-
ture. Permselectivity for MFI membranes 
prepared by secondary growth has been 
demonstrated.81"83,87 This approach allows 
for preparation of preferentially oriented 
films based on anisotropic growth rates 
of the seed particles (Figure 4) or by de
position of oriented seeds. Zeolite-crystal 
growth rates along different crystallo-
graphic directions cannot be predicted; 
however, observations from growth in So
lution can be used in order to achieve de-

0.5 pm 0.5 pm 

MFI Membrane 

5pm 10pm 

Figure 3. Molecular-sieve films grown by the secondary growth technique, which 
uses a colloidal zeolite Suspension to form a seed layer on a Substrate, (a) a-AI203 
Substrate (support), (b) top view of MFI silicalite seed layer coated on the a-/W203 
Substrate, (c) top view and (d) cross section of membrane prepared after secondary 
growth (hydrothermal growth of the seeds). 
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Figure 4. A MFI coffin-shaped crystal grown in Solution, illustrating the 
interconnected straight and "sinusoidal" Channel networks of approximately 0.55 nm. 
In the c-direction, transport pathways exist and involve passing through the Channel 
intersections. Due fo faster growth along the c-direction, the membrane shown in 
Figure 3 has a preferred c-out-of-plane orientation. 

sired gra in orientation in the membrane . 8 8 

A l t h o u g h it is still early to judge the 
c o m m e r c i a l p o t e n t i a l of zeo l i t e m e m 
b r a n e s , t he cons ide rab le p r o g r e s s tha t 
has been achieved since the first patent 
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Figure 5. Permeation of butane 
isomers through MFI membranes 
prepared using secondary growth. 
Similar behavior is observed for 
membranes grown by direct 
(unseeded) crystallization. (a) Effect 
of temperature. (b) Effect of feed 
partial pressure. 

by Suzuki 8 9 in 1987 a n d the recent com-
merc ia l i za t ion of zeoli te A m e m b r a n e s 
for pervaporat ion9 0 al lows for o p t i m i s m 
regarding the future of zeolite membranes 
for more d e m a n d i n g separations. A typ i -
cal m i x t u r e u s e d to judge the quali ty of 
M F I - t y p e f i lms is n - b u t a n e / i - b u t a n e . 
Mix tu re selectivities above 50 a n d fluxes 
of n -bu tane ~ 1 0 " 3 mol / (m 2 s) have been 
achieved by bo th seeded a n d direct hy
d ro the rma l g r o w t h (Figure 5). However, 
s imilar consistency in other more impor-
tant m i x t u r e s h a s not yet b e e n d e m o n -
strated,91"93 i l lustrat ing that in addit ion to 
t h e zeo l i t e s t r u c t u r e t y p e , t h e exac t 
m e m b r a n e mic ros t ruc tu re (grain or ien
ta t ion , g r a i n - b o u n d a r y s t r u c t u r e , etc.) 
can play a d o m i n a n t role in de te rmin ing 
permselect ivi ty. 
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