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1. Introduction

The increasing demand for “clean” and efficient energy
has resulted in an increased global willingness to embrace
the proposed “hydrogen economy” as a potential long term
solution to the growing energy crisis. With global energy
consumption predicted to nearly double by 2050 and our
present fossil fuel reserves under increasingly urgent envi-
ronmental, political, and economic pressures, we must
unambiguously overcome the many scientific and techno-
logical hurdles that exist between the present state of
hydrogen production, utilization, and storage capabilities and
those required for a competitive sustainable hydrogen
economyt Although many multifaceted technological bar-
riers exist, before we can completely realize the full potential
of a hydrogen economy two economic barriers, namely the
cost of fuel cells and the cost of hydrogen production, must
be reduced by factors of 10 and 4, respectielp. an
extensive effort to address these goals, the $1.2B Hydrogen
Fuel Initiative was announced in January of 2003 as a
presidential directive. Since then tremendous cooperative
efforts have been brought to bear on the safe economic
production and storage,H

Nearly 2% or~6 Exajoules (1 E& 10! joules) of the
world’s primary energy is stored in the 41 MM tons of H
which is produced industrially on a yearly basis. Over 90%
of this 0.85 trillion n¥/year is generated from fossil fuel
sources (mainly steam reforming of natural gas) while the
remaining fraction £8%) is produced through electrolysis
of water. Much of this His used for large-scale processes
in the metallurgical, chemical, petrochemical, pharmaceutical,
and textile industries to manufacture a diverse range of
products from semiconductors and steel alloys to vitamins
and raw chemical materials such as ammonia, methanol, and
hydrogen peroxidé However, large-scale production ofH
for these industries often requires an almost prohibitively
large capital investment for the separation and purification
processes which significantly drives up the cost of H
Regardless of which method is used to produggtht need

* To whom correspondence should be addressed. Telephone: 505-844-0340Will always exist for a cost effective and efficient means to
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can be purified through one (or a combination) of three major
processes: (1) pressure swing adsorption (PSA2)
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Many H, membrane separation technologies are based on
the most widely used method of hydrogen production, that
is, the steam reforming of light hydrocarbons, mainly
methané. This process, called steam-methane reforming
(SMR), consists of two basic steps. In the initial reforming
step, methane (Chland excess steam £8) react to form
carbon monoxide (CO) and hydrogen  jHat ~820 °C
(reaction 1). Additional K is obtained by the subsequent

Initial reforming reaction:

CH,+H,0—CO+3H, (reaction 1)

Water-gas shift (WGS) reaction:

CO+H,O0—CO,+H, (reaction2)

Steam-methane reforming (SMR) reaction:
CH, + 2H,0— CO, + 4H, (reaction 3)

reaction of CO with HO in the water-gas shift (WGS)
reaction (reaction 2). For each mole of £ébnsumed, the
overall SMR process (reaction 3) theoretically yields 4 mol
of H, and 1 mol of CQ, although in practice this is seldom
achieved. The Eproduct composition prior to purification
depends on the exact nature of the shift process used.
Typically, in a high-temperature shift reactor operating at
350°C, a product stream composition is 73.9% H7.7%
CO,, 6.9% CH, and 1.0% CG?° However, a second shift
process involving a lower temperature (39010 °C) shift
reaction is often used with a resulting product composition
of 74.1% H, 18.5% CQ, 6.9% CH, and 0.1% CG°
Regardless of the method; Hurification ultimately equates
to a CQ removal process.

Within the arena of gaseous,teparations, membrane
compositions span the entire periodic table and range from
metallic alloys and organic polymers to inorganic oxides and
composites (i.e., cermets, metarganic frameworks, and
composites}! The diversity of structures synthesized for gas
separation applications cannot possibly be encompassed in
a single review. However, some generalized principles can
be extracted if we categorize them in a deliberate way to
highlight their compositions and distinct performance char-
acteristics. This article is intended to provide a critical and
comprehensive review of the diverse membrane materials
which are under investigation for,t4eparation and purifica-
tion technologies. We have chosen to put limits on the scope
of materials presented herein. In particular, we have chosen
to report on recent research into membrane categories that
encompass broad and thematic trends of structure/property
relationships between membrane class andséparation
ability. Older technology, individual phases, and less devel-
oped categories of membranes, such as mixed +onic
electronic proton conductors for,l$eparation, remain vital

fractional/cryogenic distillation, or (3) membrane separa- to the research field and are covered in detail elsewttére.
tion®” While PSA and fractional/cryogenic distillation Classification by composition is perhaps the simplest way
systems are in commercial operation, they are generally notof categorizing membrane materials, and they are delineated
cost effective and are quite energetically demanding for the as follows: metallic (pure metals or alloys), inorganics
separation and purification ofHin addition, neither of these  (including oxides, zeolites, glasses, and ceramics), porous
methods provides sufficient purity for the targeted applica- carbons, purely organic polymers, and hybrids or composites.
tions in the hydrogen economy. The third method, membrane Beyond composition, the properties (mechanical, thermal,
separation, is currently considered to be the most promisingand chemical stabilities) and performance characteristics
because of low energy consumption, possibility for continu- (processability, maximum flux, permeability, selectivity,
ous operation, dramatically lower investment cost, its ease transport mechanism, lifetime) of a given membrane material
of operation, and ultimately cost effectivenéss. are the most critical issues for any given application. The
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Table 1. Current Status and Future H, Membrane Property
Targetst214

property 2003 2007 2010 2015
cost (USD/ft) 178 150 100 <100
operatingT (°C) 300-600 406-700 300-600 2506-500
operatingAP (MPa) 0.69 1.38 <2.75 2.75-6.90
H, recovery 60 70 80 90

(% gas processed)
Hz purity (% of dry gas) >99.9 >99.9 >99.95 99.99
durability (years) <1 1 3 >5

combined result of these composition and performance issueg
ultimately determines the cost and viability of a given
material for application in commercial;+$eparation tech-
nologies. The five performance targets for $¢paration set
forth by the U.S. Department of Energy reflect the present
capabilities and highlight the distinct research and develop- Figure 1. lllustration of five H separation mechanisms: (i)
ment opportunities which are necessary components to fully Knudson diffusion; (i) surface diffusion; (iii) capillary condensa-
realize the hydrogen econoriyThe specific targets are as ~ tion; (iv) molecular sieving; (v) solution diffusion.

follows: (1) higher H flux rates; (2) lower material costs;

(3) improved durability; (4) lower parasitic power require- (or more) of five separation mechanisms (Figuré®ey:(i)
ments; and (5) lower membrane production/fabrication costs n,dson diffusior?® (ii) surface diffusion, (iii) capillary

14 : . " . .
(see Table 1 f(_)r_ target values): . - condensation, (iv) molecular sieving, and (v) solution dif-
Although efficient and cost effective fuel cells utilizing  gjon21.22y timately, the contribution of these mechanisms

Ha havehtaken thg:. cerl;tetrh?;age 0; glgbal er:jergt]y mterefstHs,m a specific material culminates in its overall performance
research surrounding both the production and storage:of H 5y ciriciency characteristics.

is gaining international attention. This is because the
purification and separation stages of nearly all large-scale  The most commonly reported and compared performance
manufacturing processes are often the most technologicalcharacteristics of gas separation membranes are permeance
challenging and economically limiting factors. Hydrogen has (or flux) and selectivity: the fluxy, is the amount (mass or
been reported as “A Clean and Secure Energy Futtudeie  moles) of gas which permeates through the membrane (i.e.,
to its nat_ural abundance and the nonpo!luu_n_g nature of its figw or flux) per unit time and unit surface area; the
combustion products (D). However, significantly less  permeability coefficientp, is the quantitative expression of

attention has been drawn to the fact that other forms of a specific measure of gas moving through a membrane; and
energy (nuclear, fossil, solar, ef€.must be consumed t0 {he selectivity, a, is the separating ability of a given
manufacture and purify Hfor various fuel and energy  hembrané?

applications. Virtually all naturally occurring hydrogen is a
substituent of a more complex molecule (i.e;0Hor CHy), Diffusion through dense membranes is driven by an
and as such, a specific amount of energy is required tounderlying chemical potential or concentration gradient
liberate the hydrogen from these compounds, plus the energyacross the membrane and is well described by Ficks’ first
necessary for its purification, compression, and/or liquefac- law (eq 1)
tion. In addition, many of these processes are known to
produce undesirable greenhouse gases as a byproduct and
therefore must be combined with (carbon) sequestration - _ _-0C_ 9C  ~9C
. o > N Dy VCuys VCiuyy=T- Ttk 1)

technologies to significantly reduce the level of emissions. 2 2 X ay 0z
This complex set of criteria culminates into a very energeti-
be embraced at local, national, and global levels. Despite VECIOr OPeratoryCey,, is the three-dimensional equilibrium
these challenges and regardless of the advances,in H concentration in Cartesian coordinates. However, since we
production methods, the need will always exist for cheaper &€ Primarily interested in the steady-state flux across the
and more efficient ways to purify and separate it from other Membrane itself, this equation is simplified to a single
gased’ Currently, the most promising of these separation d|menS|on..Permeab|I|ty becomes important when the surface
technologies are based on membranes which are capable gfoncentrations of the gas are not known. In these cases,
operating under a wide variety of conditions while maintain- Henry’s law G = CgadPyad is used, wher@, is a constant
ing their efficiency. However, each class of membranes offers relating the vapor pressure of a nondissociative gas to its
its own unique advantages and disadvantages &eparation dilute concentration in a liquid or solid (i.e., the solution
and purification which are primarily governed by their Phase).CgasandPgssare the concentration and pressure of
inherent chemical, thermal, and mechanical stabilities. the gas, respectively. Since inlet and outlet pressures are

In the broadest sense, a membrane is simply a barriereasily measured, pressure is substituted into Fick’s first law.
which selectively allows certain molecules to permeate acrossIn the case of diatomic molecules such as, khich
it. In terms of gaseous Hpurification and separation, this  dissociate prior to dissolution (i.e., in metals), a modification
means that either Hmolecules or impurities selectively  of Henry’s law is needed; this is called Sieverts’ a8 &
interact with or permeate the membrane. Either of these veryCqadPgad’?). This is then used to convert Fick's law into a
simplistic H, separation processes can be attributed to oneusable form (eq 2):
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where Jy, is the hydrogen fluxDy, is the concentration
independent diffusion coefficient (not universally trug),
is the Sieverts’ law constant or solubilityis the membrane
thickness, angy, is Du,S4,, the hydrogen permeability, while
Ph,o and Py, are the measured pressures of ¢h the
feedstock and product sides of the membrane, respectively.
If the individual permeabilitiesg() of a given gas pair are
known, the ratio of these values is defined as itheal
selectivity of the membrane, symbolized @{%. The sepa-
ration factor (u;) is given by the mole fractions of both
components on the feed stoc,gf or Xjf) and product sides
(xf or ) and is related to thileal selectivity through the
follow expression (eq 3 and Table 2):

AP. AP.
= X{F’i—x?P? )ﬁ: -2 i -2 ] i
1P =Pl \ef(AR) \Bi\S)[AR
Pl P
3)

The permeation and selectivity values associated with any
and all membranes can be related to each other for direct
comparison on performance. However, much of the similarity
ends there. The fundamental science of each membrane typi
is unique and has its own set of questions to address in ordel
to make membranes specifically selective fordt related
gases found in the production processes. Furthermore, the
ability to take the laboratory bench-scale research to produc-
tion scale with defect-free, highly selective membranes for
large-scale applications is an involved and detailed endeavor.
The ability to take concept to commercialization is the route
necessary for success in any new membrane technology.

2. Metallic Membranes

This section of our review focuses specifically on metallic
membranes for the separation of.HVetallic membranes
are typically dense sheets or films which, idermeates

Chemical Reviews, 2007, Vol. 107, No. 10 4081
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3

7

Figure 2. Seven-step diffusion mechanism in dense metal
phases: (1) movement of the raw gas (mixture phkd undesired)

to the feed stream surface of the membrane; (2) dissociation of
chemisorbed Hinto hydrogen ions (H) and electrons (€); (3)
adsorption of H ions into the membrane bulk; (4) diffusion of the
H* ions and electrons through the membrane; (5) desorption of
H* ions from the membrane bulk to the product stream surface of
the membrane; (6) reassociation of the idns and the electrons
into discrete molecules of #and, finally, (7) diffusion of the K
from the product surface of the membrane.

through as its component protons and electrons. The funda-Table 2. Engineering Strategies for Hydrogen Separation

mental mechanism of action in these dense metallic mem-
branes requires the conduction of free electrons and the
presence of specific catalytic surfaces to dissociatei

the raw feed stream side and reassociate the protons and

electrons on the product side (Figure 2). Hydrogen selectivity
is typically very high in these systems, since the dense
structure prevents the passage of large atoms and molecule
such as CO, C&O;, Ny, etc.). This high selectivity translates

to very high purity H and the increased thermal stabilities
allow higher operating temperatures. These are the primary
advantages that metallic membranes offer over other materi-
als. The metals which are most suitable for $¢paration
membranes typically have high,Hbermeabilities® high
diffusivities or solubilities?® and good thermal stability at
elevated temperaturésThese include but are not limited
exclusively to tantalum, niobium, and vanadium, and unlike
platinum and palladium, they are abundant and comparatively

Membranes
selectivity general biselective H rejective
D >>>1 >>>>1 >>1
Dgas
§|:l2 <<1 <1 <<<1
s Sgas
Py >1 >>>1 <1
P

gas

cheap. Historically, kiseparations were performed with Pd-
based membranes, since they naturally catalyze the surface
dissociation/reassociation processes and are highly permeable
to Hy,. There is extensive information in the literature
regarding many years of research into Pd membranes. For a
review of recent advances in these membranes, see refs 28
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30. In particular, Ma’s research into Pd-based membranes The fundamental concepts, mechanisms, and equations
has been at the forefront for ye&ts®* From an economic  governing the performance of dense metallic membranes
perspective, Pd-based membranes are generally consideredave been the subject of numerous revié¥%.%° In a dense
prohibitively expensive for finding global integration for metallic membrane, Foermeates through the solid material
hydrogen production through large-scale industrial pro- via the solution diffusion mechanism outlined in the first
cesses?® though a recent economic study has shown section (type v} The solution diffusion mechanism involves
economic competitiveness for steam reforming using Pd- a total of seven steps, which are illustrated in Figure 2: (1)
based membranes versus a conventional gfdpd- and Pt- movement of the raw gas (mixture ot ldnd undesired) to
based membranes are plagued by a very high sensitivity tothe feed stream surface of the membrane; (2) dissociation
surface contamination from a wide variety of impurities$H of chemisorbed Kinto hydrogen ions (H) and electrons
CO, thiophene, chlorine, and iodine), which severely reduce (e71); (3) adsorption of H ions into the membrane bulk;
their performancé’ This dramatic reduction in performance (4) diffusion of the H ions and electrons through the
is primarily due to the more favorable interaction energies membrane; (5) desorption of‘Hons from the membrane
between the membrane and the contaminant tharorH  pulk to the product stream surface of the membrane; (6)
irreversible chemisorptive reactions. For example, palladium reassociation of the Hions and the electrons into discrete
membranes and catalysts have a well documented historymolecules of H; and, finally, (7) diffusion of the kifrom

of poisoning in the presence of sulfur containing spe¥e8.  the product surface of the membrane. The most commonly
Additionally, while Pd membranes still out-perform many compared performance characteristic ofdglective mem-
other prospective materials, the Pid phase transition at  pranes is the steady-state flu¥)%6¢ of hydrogen atoms
~300 °C often leads to membrane degradation in the through a membrane. This steady-state flux is simply the
presence of kdue to a significant difference in their lattice  quantity (typically given in moles) of fpermeating through
constants!** This problem of hydrogen embrittlement can 3 certain area (cf over a given period of time (s) at a
be minimized in Pd membranes by alloying them with Ag, specified temperature and applied pressure differentia) (

Cu, or Au or controlling the operating conditions to avoid @ and it is typically expressed in units of mobktn¥ s) for
two-phase regioff: A more detailed description of alloys is  H, permeation through metal membranes. Repaitealues
given below, and recent advances in Pd-based membranegH, flux) through metallic membranes commonly range from
are readily available in a variety of revie@&®30454¢ 15-4 15101 mol Hy/(c? s) and are closely dependent on
Recently, several efforts have made significant advances inthe elemental composition, the underlying chemical structure,

non-Pd metallic membranes, and this review will Iargely and the fabrication method(s) used to produce the mem-
focus on these systeris? Membranes made from metals  prgne37.54.55.64.67.68

with high diffusivity or solubility are more prone to degrada-

; : 9
tion by hydrogen embrittlemefit*®and are consequently less flux of hydrogen through a homogeneous metal phase as a

durable. Of course, each,eparation/production process function of the concentration gradients and a diffusion

has its own unigue performance characteristics and require- e N . :
ments which must be met by the membrane employed. Forcoeff|C|ent,DH2 (cn?/s), which is the concentration gradient

example, the mildest thermal requirements (3600 °C) resulting fromAP across the ‘T‘embraf‘?- Sieverts’ Iayv (eq
are present in processes based on the water-gas shift (WGS§) M@y be used under certain conditions to describe the
reaction2%5? Significantly higher thermal conditions are elationship betweelr) the concentrati@/) and the square
required for the reformation of natural gas (850 °C),>? root qf pressureRy;,"™). This model assumes th".ﬂ the bulk
while the gasification of coal often requires temperatures diffusion of H, (step 4) occurs very quickly and it does not
exceeding 1000C.5® However, these operating conditions adversely affect the overall rate of membrane permeation.

are continually changing with improvements of these pro- It should be noted however that Sieverts’ law is limited to
cesses. For a detailed example, see the reports by Atfadeo systems wh_ere_ th(_agl-d:oncentratlons i\re low and the-\H

and AndreeVv# of the low-temperature and -pressure (380 interaction is significantly less than 1 Although beyond
230 °C and 101.325 kPa) WGS reactions. One further the scope of this review, there are several modifications to
consideration which should not be overlooked is performance 1S rrgg)del which can a?cr?u?t fc(;jr grain bounotljane_s comp!:ca—
effects and possible interactions between the WGS catalyst§'?1ns' CO”téaSTg‘g“%” ofthe feed stream, an fvarlouhs suLace
and undesired products with the specific metal membrane.Phénomena. orrections to account tor other

. . ) diffusion modes can also be implementéd In addition,

Following the taxonomy used by Wipf et &.a metallic  \yar+ proposed an elaborate model which attempts to
membrane material can be classified as (1) pure (single 5ccount for all individual steps in the “solution diffusion”
element), (2) crystalline, or (3) amorphous. This allows for mechanism
the direct comparison of Hperformance characteristics in ’ ) ) ) )
terms of both underlying chemical structure and basic For the purposes of this review, any crystalline, single-
elemental compositioff. The characteristic Hflux of a  €lementmetal is defined as a “pure” metal. The permeability
metallic membrane is measured directly using a standard ga®f Hz through these types of membranes is a function of the
permeation cell%657which places a gas pressure differential underlying lattice structure and various types of lattice defects
(AP) on the membrane with a variety of gas mixtures and (i.-e., vacancies, contaminant atoms, or dislocations) and
under various operating conditions (typically temperature, reactivity toward H or other feed stream gases. Body
pressure, and cycling to determine lifetime). The analysis is centered cubic (bcc) forms of Fe, V, Nb, and Ta commonly
typically coupled to a gas chromatograph (GC), a mass exhibit exceptionally high KHpermeabilities>2° Face cen-
spectrometer (MS), or both (GC-MS) to determine exact gas tered cubic (fcc) metals such as Ni and Pd also exhibit
compositions, to detect membrane leaks, and, most impor-favorable H permeabilities, with Pd possessing significantly
tantly, to quantify the permeability under a given set of higher H permeability than Ni® Because Ni is far cheaper,
conditiong?5:58.59.60 its alloys are being actively investigated in a range of

Ficks’ first law (eq 1) describes the atomic permeation
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Table 3. Interaction Properties of H, for Pure Metals?*6:107:469.470 Table 4. Select Crystalline Single-Phase Body-Centered Cubic
H solubility hydrideAH H, permeability Fhlﬂnary a'\;'lld ,\‘;(’alr?se}ry Alloy Compositions of V, Zr, Nb, and Ta
hydride (HM @  formation @ 500°C LropV oV A
packing metalcomposition  27°C) (kd/mol)  (mol/ms P&?)2 M’ a-max M’ B-max
fcc Ni NioH ~7.6x 10°° -6 7.8x 10711 Al 0.35 Fe 0.40
Cu ~8 x 1077 49x 10712 0.40 Ge 0.03
Pd PdH 0.03 +20 1.9x 108 0.40 Cu 0.05
Pt PtH ~1x10° +26 2.0x 10712 0.40 Zr 0.05
Fe FeH 3x 1078 +14 1.8x 10710 0.40 Ga 0.12
Nb  NbH,  0.05 —60 1.6x 1076 0.40 Mn 053
Ta  TaH 0.20 -78 1.3x 107 0.40 Mo 1
hcp i y-TiH,  o~0.0014 —126 0.40 Nb 1
zr zH /ig o ~165 0.40 Ta 1
2 ' 0.50 Ti 0.90
Hf HfH a~0.01 —133 : i
B~10 Co 0.10 Fe 0.30
0.12 Si 0.07
aFor unit conversions, please see p 19 of ref 46. 0.12 Ni 0.10
0.12 Ga 0.12
N . Cr 1 Hf 0.02
compositions for more favorable ;Hseparation proper- 1 zr 0.04
ties30.72.77.78 1 Ni 0.09
1 Ta 0.10
1 Fe 0.25
2.1. Pure Metals 1 Ti 0.80
The fundamental properties of pure metals critical to H i mg i
separation membranes are summarized in Table 3. Higher 1 W 1
permeation rates result from higher, Kolubilities _and Ga 0.10 Ge 0.04
lowered activation energies; decreased permeation rates 0.10 Si 0.04
originate with increased hydride formation enthalpies, result- 0.10 Ni 0.08
ing in the formation of stable hydrides and consequently 818 mg 2'50
increasing the risk of hydrogen embrittleméhirhis em- 0.15 Ln 0.15
brittlement is primarily a result of changes in chemical Mo 1 Si 0.04
structure and unit cell dimensions which introduce stress 1 Ni 0.22
through abrupt changes in lattice constants. The slow 1 Ti 0.25
dissociation and reassociation of tar group 1V or V metal i ¥2 i

surfaces such as V, Nb, and Ta precludes reasonably high
flux rates® Decreased permeation in metals also results from
the formation of very stable passive oxides on the surface
which consequently hinder Hmnolecule dissociation, dis-
solution, and H absorption by the b8 Without sub-
stantially removing or modifying these metallic surfaces,
separation membranes based on these particular metals ar
severely limited.

pies®8 Alloying with Cu, Ni, Ag, or Fe is one of the
methods employed to reduce surface susceptibility to gaseous
impurities (e.g., HS, CO, HO) and subsequent surface
H contaminatiorf® There are many examples of such alloys
in the journal and patent literatuf@’®9%.91

Another area of intense research is directed toward
understanding the effects of microcrystalline or polycrystal-
2.2. Alloys line grain size (typically 0.520 um) on the H permeation

o rates. Since alloy grain size directly correlates to the volume

Group IV (Zr, Ti, Hf) and V (V, Nb, Ta) metallic crystal-  and morphology of its grain boundaries, it is predicted to
line alloys are known to exhibit high Apermeabilitie$?-82 directly influence the specific Hpermeation rates and
Alloying is primarily employed to improve a pure metal's embrittlement resistance. The production and processing
physical characteristics (e.g., strength, durability, degradationmethods employed to synthesize a specific metallic alloy
resistance) while maintaining a single-phase bcc structuredirectly affect both the nucleation and size of the individual
that is required for high kHpermeation. Alloying is a very  grains. These processes include, but are not limited to,
well established process and commonly includes a vastchemical vapor deposition (CVD), plating, sputtering, and
variety of elements: Fe, Mn, Mo, Cu, Ni, Ga, Ge, Sn, Si, melt cooling, all of which typically increase the grain size
W, La, and B€?® However, Co, Cr, and Al are the most of an alloy. Cold working methods such as rolling, drawing,
commonly used for binary and ternary systef®. The pressing, spinning, extruding, and heading can actually
atomic percentages of second or third elements in binary andreduce an alloy’s specific grain size.
ternary systems to form bcc single-phase alloys with V, Nb,  Since alloys with very small grains have a higher volume
Ta, or Zr are easily established from the binary and ternary percentage of boundaries and more significant defects, they
alloy phase diagrams (Table #2384 Certain alloys of the  are expected to exhibit atypical diffusion mechanists.
highly permeable group IV and V metals have been con- These alloys have the potential of producing diffusion rates
sidered, because of their ability to reduce the susceptibility which exceed those of traditional lattice diffusitn?® One
to hydride formation and increase their resistance ted- such example, nanostructured -Hee supported mem-
brittlement caused through hydride formation pathw&§s8 branes’9%% exhibit higher H fluxes (attributed to grain
In particular, small percentages of metals such as Zr, Mo, boundary diffusion) than their coarse-grained countergarts.
Ru, and Rh have been shown to suppress the embrittlementConversely, the PdAg membranes reported by Ying and
mechanism caused by increased hydride formation enthal-co-workerg”%-% and Lin et aPf®1®°showed an increase in



4084 Chemical Reviews, 2007, Vol. 107, No. 10

Ockwig and Nenoff

the H; permeation flux with increasing grain size. However, Table 5. Permeability Data for Some Recent Alloys Reported in

in this particular case, the elevated permeation was also

the Literature 46

accompanied by an increase in He permeation and gaps in

H> permeability

the grain boundarie¥.Unfortunately, direct comparison of alloy (mol/mrs-Pa’?)2 temp (C)
these two studies is not meaningful because of the differences vcr,Ti, 472 1x105t01.3x10®  500-650
in manner of preparation and associated sample thicknesses.NizAl—6Fe’® 4 x 10712 375
However, the difference in diffusion behaviors is tentatively ~ NisAl=2Zr 4 1x10 %2 375
: - : 99.08A 0,0o116 0.7-1.8x 10°° 250-400
attributed to the differing nanostructures and grain boundary Vg Al o116 07-1.8x 10-° 250-400
regions. In yet another set of studies of the-2d alloys, Vg7 1Al 116 0.7-1.8x 10°° 250—-400
McCool and Lirf° describe the preparation of dense thin- Voo Algg® 2—-3x 10°° 250-400
film Pd—Ag membranes via dc magnetron sputtering. Heinze V813°‘: 18,70 3.7-6x10° 250-400
and co-worker® investigated the effect of grain size on H ¥;;§|A1§?i% ‘f-g:%-ij&? 328:388
diffusion in commercially available PdAg foils (Agx3Pdy7, VAl 30115 0.7-1.8x 109 250-400
23% Ag) and found that grain size had no significant effect VasNisg:Alog9'!* 3-45x 1077 250-400
on the overall H diffusion rates despite observing different  VesNia Moo % 3-4.5x 107 250-400
operating mechanisms with different sized grains. ngm:isi‘ljgm g:?i %g7 228:388
There are at least two other factors within crystalline alloys  Nb,Zr,sNig473 ~2.5 % 10°8 350
which directly affect the diffusivity and permeation obH NbgsZrs 474 ~1.3x 1077 300
These are (1) specific Hinteractions with chemical or ~ NbesVos ™™ ~1.3x 1077 300
structural defects and (2) quasi-crystallinity. Theikterac- NEEESEE““ :igi %g7 388
tions ultimately lead to K trapping within or around the FeyAl 475 0.6-1.01x 10-10 25
specific chemical and/or structural defects in the aly. NbzgTiziNiz 70477 1.5-7x 10 250-400
This factor becomes increasingly significant when H mgﬂgﬂmuums é-%gixslgl 0 328:288
concentrations decrease due to reducedllkes through Nb;gTiszi;‘2477,478 032 % 108 250400
immobilization of hydrogen or by FHdegradation of the alloy NbogTiaoNizo477478 0.3-1 x 108 250-400
itself. The effect of quasi-crystallinit§?>~1°4 on the behavior Nbg1TisgNizg 477478 0.09-2 x 10°8 250-400
of Hz in alloys remains completely unaddressed in the open VsoTizo® 2.7x 1077 400
literature. Quasi-crystals possess forbidden symmetry of five- 8sllis 81 36x 1({ 435
. . . . . V85N|15 3x 10 400
fold or greater than six-fold rotational symmetry in a periodic  v,Co,, 1.2% 107 400
systemt% Further work is needed to understand the effects VgsAli5% 6 x 10°8 435
of processing and preparatory methods on the viability of ZrsNi™* =~ 1.2x10° 350
both noble metal- and non-noble metal-based alloys for H g:zzm:g&:zg:z%:zg:68 8%;_3'35'\:,*)(1({09 388:288
separation. Zr3e_xHfNig,5 0.6-3 x 10°° 200-400
Niesszszrlollo ~5x107° 400
2.3. Amorphous Metals NiasNbgsZrr1 110 ~3x10°° 400
NisoNbso 110 ~2x 10°° 400

H, separation membranes based on amorphous metals are
generally more attractive than their crystalline equivalents
because they typically exhibit improved mechanical and
structural properties without concern for defect-free film
growth. This is primarily a result of the fact that these have been made and this area is still an entirely open field
structured materials are readily stabilized in alloy form. (Table 5). The variety of amorphous alloys available to
Amorphous metals are commonly reported to exhibit in- explore for H separation membranes is limited only by the
creased strength, ductility, corrosion resistance, and, morejmagination, and there remains many unexplored composi-
importantly, b solubility!° than their crystalline analogues.  tions to consider. To date, most alloys examined for H
Furthermore, they usually contain a more open I&ttiadich separations have been V, Nb, Ta, or Zr based because of
decreases 4t7he embrittiement dangers associated with Hyqir relatively high pure metal Hhermeabilities®” A range
ngﬂac?)t;?/\r/]i.th é?g:\%riﬁgorfpg?é?jlIfygi%emgmgsmggaﬁ;es of other Zr—Ni alloys have been investigated and shown to

. . ’ ' have relatively good mechanical and thermal stabifity%°
and high pressures, all of which are common operating The ternary )l/\}ng—Zr alloys have also been st?;ied

conditions for industrial scale +keparations. This class of . . NG
membrane material offers the additional advantage of including the effects of additional elements (e.g., quaternary

outstanding compositional flexibility and homogeneity and Phases including Al, Co, Cu, P, Pd, Si, Sn, Ta, and Ti), and
high catalytic surface activities for enhanced—surface  they have been shown to be reasonably successful for H
interactions’® This can be highly composition dependent, Separation$’**°Amorphous Fe-based alloys have also been
as is the case for the amorphous nickel-based a”oys:explored, although the surface behaviors of these parthUlar
(ZraeNigs)1—a(TizoNis1)a and (Z&eNiss)1—a(HfaeNigs)a, Where alloys severely inhibited the adsorption/desorption gaHd
0 < a < 1 and which required catalytic surface coatings to dramatically reduced permeatiét:'*2 Another heavily
lower the surface activation energies. It is important to note researched group of alloys is based on V because of its high
that the durability of the surface coating needs further H, permeability and solubility. However, the severe H
research, as intermetallic diffusion of coating metals into bulk embrittlement characteristics of V require the addition of
metals is commonly observed at high temperatures. In other elements, which can dramatically change the perme-
contrast, (ZgNiss) did not require surface coatings andgfi  ability, mechanical, and thermal propertiés:117
Nig; was far too brittle for use in Hseparation applica-
tions 456466 To efficiently optimize amorphous alloys forldeparation
While measured Hpermeabilities for amorphous alloys membranes, multiple physical and chemical characteristics
have yet to equal or exceed that of Pd, considerable advancesnust be known and ideally understood. These characteristics

a For unit conversions, please see p 19 of ref 46.
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Scheme 1. Namboodhiri’45® Taxonomy of H, Damage in Solids
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| | I
Solid Solution Hydride H, .
[ Hardening ][ Embrittlement ][ Embrittlement ] Defect Formation
[ | |
| | [ I I 1
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I 1 1 1
H, Environment . o Degradation of
[ Embrittlement ] [ H, Stress Cracking } [ Loss of Ductility } [ Mechanical Properties ]

span a wide variety of properties, from, Hliffusivity, example, amorphous alloys exhibit higheg permeation
solubility, and adsorption/desorption, to alloying and H rates, but this may be significantly offset by their slower
exposure effects on thermal and mechanical stability, anddiffusivities. Conversely, crystalline alloys have loweg H
mechanisms of Hdamage (Scheme 1). The transport and permeation rates, but this is offset by their faster diffusion
separation of K is governed purely by the absorption, rates.
diffusion, and desorption energfésnd by the enthalpy of Hydrogen diffusivity in amorphous metals and alloys
hydride formation for a given alloy. Theoretical models increases with the absorption of increasing amounts of
which account for variations in the amorphous structure are hydrogen. According to Wu et dP3this is due to weakening
useful for describing Hoccupancies and distributions in an  of metal-metal bonds. However, this also corresponded with
amorphous alloy3°1-11811Djrect measurements of hydrogen an increasing population of low-energy sites and increased
vibrations within an alloy lattice have demonstrated that hydrogen mobility, which ultimately translates to higher
topological changes are insignificant in amorphous alloys diffusivities. Generally, greater mobilities and smaller aver-
and that specific polyhedral sites are preferentially occupied age activation energies have been observed for hydrogen in
by hydrogen atom¥° This direct observation is further amorphous metals and allo}/§:117:124127.12fn contrast to this
supported by models using Ferairac statistics which ~ work, Dos Santos et &f?1%6 have argued that hydrogen
successfully describe the hydrogen distribution throughout diffusivities decrease in amorphous metals and alloys as
a predefined energy landscape or density of site ener-compared to the crystalline structure. This is due to a higher
gies”121 According to Dos Santos and co-workétsat density of defects, which is heavily dependent on the method
lower concentrations, the hydrogen atoms occupying high- of preparation. Although highly dependent on composition
energy sites have restricted mobility, but as the concentrationand structure, the hydrogen diffusivities of an amorphous
increases, the low-energy sites become increasingly popu-or crystalline metal can easily be distinguished from the
lated, which increases mobility and diffusivity, thus raising standard Arrhenius behavior in amorphous metals, which is
permeability and flux values. This provides a realistic model linked to the temperature dependence of hydrogen diffusion
which can be used to evaluate potential membrane candidatesn the short-range ordét®
from a variety of alloys. Hydrogen trapping, short range  Optimal structures for maximum diffusivity in amorphous
ordering, and structural and chemical defects are additionalmetals remain to be established, and modeling the hydrogen
factors which affect hydrogen diffusivity in amorphous distribution and diffusion in amorphous alloys has proved
alloys1?® to be more complicated than for crystalline alld§sRecent

H, permeability through a metallic membrane (crystalline Monte Carlo simulations have provided a useful model which
or amorphous) is fundamentally governed by the solubility can predict hydrogen diffusion in amorphous metals based
of hydrogen within that particular metal or alloy. This on the dispersion of interstitial sites and a distribution of
solubility depends on both the solution activation energy and their sizes° Since they are thermodynamically metastdble,
the operating temperatu#&?’ Hydrogen absorption capacities amorphous alloys have the distinct disadvantage that they
are the major method by whichyidolubilities are quantified.  have a tendency to crystallize when heated to temperatures
Typically, larger values (for example amorphous;Xiss > 500°C (dependent on time, temperature, and composition).
has a H/M solubility of 0.4 H/M) are reported for amorphous This limits the operating conditions (low temperature) and
alloys than for their crystalline counterpaffs16:120.124.125126 g hsequent applications where this class of membrane can
and this is commonly attributed to the “matrix of defects” be used. Unfortunately, since hydrogen permeation is slower
within a specific amorphous alloy. This provides a consider- at lower temperatures, the fluxes are not sufficient to be
able density of defects (a distribution of high energy sorptive industrially attractive.
sites) which can be occupied by the hydrogen over a wide Other factors influence permeation in amorphous metals.
range of potential energy levels. However, depending on the First, amorphous metals exhibit exothermic enthalpies,of H
mechanism by kldissolution, the hydrogen solubilities can absorption, which has the potential to generate sufficient
vary considerably. Although there is a definitive dependence energy to crystallize, decompose, or change the local
of H, permeability on solubility, it is also heavily dependent structure near the absorption sité¢The physical differences
upon the hydrogen diffusivity, which is directly correlated between amorphous and crystalline metals of similar chemi-
to the membrane’s crystalline or amorphous nature. For cal composition for application as;ldeparation membranes
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Table 6. Distinctions between Crystalline and Amorphous
Metallic Membranes with Comparable Compositions

crystalline amorphous

plateau inPy, vs [Hy] isotherm

Sieverts’ law obeyed at
elevated [H]

Arrhenius H diffusion behavior  ne-Arrhenius H diffusion behavior

H, embrittlement from dislocation Fembrittlement from free volume

no plateau iRy, vs [Hz] isotherm
positive deviation from Sieverts’ law

filling
constant diffusivity with no constant diffusivity with dissolved
dissolved [H] [H2]
stable at high temperatures potential crystallization at high
temperatures

mechanically weak mechanically strong

Ockwig and Nenoff

by atomic diffusiont*® The applied cooling rate should
remain not only high enough to prevent bulk grain growth
but also lower than that required to form a glass in order to
retain a nanocrystalline state.

An important aspect of the formation of nanocrystalline
metals is the role of minor alloying additions. It has been
demonstrated that adding a small amount of elements with
nearly zero or positive heat of mixing to alloy components
based on Zr and Hf (e.g. Ag, Pd, Au, Pt, Ir, Re, Zn, Mo, V,
Nb, Ta, and Cr) causes the precipitation of a primary
nanoscale icosahedral phdée'*éresulting in the formation
of homogeneously distributed nano-quasi-crystalline (nq)
particles within the bulk glassy alloy. However, the addition

are summarized in Table 6. Second is the presence (crystal©f an element with an extremely negative heat of mixing to

line) or absence (amorphous) of a plateau in the pressure
concentration isotherm. This lack of a plateau in the

a Zr-based amorphous alloy may result in the production of
a nanocrystalline alloy where the nanocrystalline particles

amorphous isotherm suggests that no plastic deformationare dispersed throughout the glassy pHése.

accompanies hydride formatié#?.However, hydrogenation

of amorphous and crystalline metals and alloys usually leads2.5. Modeling/Simulation and Characterization

to a significant volume expansion of similar magnituéfe.

Somewhat paradoxically, there are no differences in the
enthalpies of solution as hydrogen concentrations are in-

Modeling is becoming an acceptable method for identify-
ing candidates for metal membranes. In particular, many
recent efforts have focused on predictive modeling of

creased in either the crystalline or amorphous materials. .5ngidate metallic alloys from first principles. Ideally,

While H, embrittiement is observed for both types of metallic - gpeific performance features such as hydrogen permeability,
membrane, it is less substantial in amorphous than crystalllnehydrogen embrittlement, and possibly thermal and chemical

metals because the mechanisms which cause the embrittleg

ment are slightly different®® That is, dislocation transport
is thought to be the major Hembrittlement pathway in
crystalline membranes while filling of free volumes is the
mechanism believed to cause émbrittlement in amorphous
membranes!’

2.4. Membrane Fabrication and Processing

New and novel alloys are being produced by sputtering,

thermal evaporation, arc-meltif§die-casting techniquésg?

and electrodeposition. However, the most commonly em-

ployed methods for preparing novel alloys of variable
structure and diverse composition are from melt-spintiing
and arc-melting? Ni-based alloyg96.124.13513¢6Tj_hased al-

loys,'®” Zr-based alloy$3® and, to a lesser extent, Cu-based

Stabilities are modeled as a function of metal composition
or structure. A recent strategy to predict the hydrogen flux
through various metal alloys was based on density functional
theory (DFT) ab initio calculations and coarse grain
modeling!4”1% An alternative method for predicting metal
candidates may be based on the enthalpy of solution of
hydrogen within a material such as disordered transition-
metal alloys. For these metals, the enthalpy of solution has
been predicted using a semiempirical embedded-cluster
model and is based on the local band structure model, which
incorporates a coupling between local-site volumes and the
average site volume in the alld$:

In combination with predictive structural models, it is
useful to have experimental techniques to characterize or
confirm their structure. For instance, energy selective electron

alloys!3®14%have all been developed as bulk metallic glasses diffraction can provide diffraction data of amorphous metals

(BMGs) and BMG matrix composité$* To enhance the
utility of grain boundaries, biphasic or multiphase alloys

subsequently used to refine models based on molecular
dynamics simulation®? One recently developed experi-

could be developed (where the presence of a bcc structurgmental technique, fluctuation electron microscopy (FEM),
may or may not be required) to promote specific types of can verify the medium-range order of amorphous alloys

grain boundary conditions. Such alloys may include nanoc-

rystalline alloys or those designed with mixed crystallites

predicted by mathematical models such as that proposed by
Miracle et al*®>® The “medium-range order” of amorphous

of variable sizes and structure. Nanocrystalline alloys are alloys is not easily determined through traditional scattering

particularly attractive because of their high resilience to
degradatioff and their preparation through a variety of

techniques, such as melt-quenchifigdevitrification 142143

or, more traditionally, high-energy ball milling, electrodepo-
sition?” and laser ablation. The range of nanocrystalline
alloys formed following the devitrification pathway is less

studied than bulk metallic glasses (BMGS).

methods because its pair correlations have a relatively small
contribution!® The advantage of FEM is that it is quite
sensitive to spatial variations in the scattered intensity which
are caused by the “medium-range ord®F’As a conse-
qguence, it is receptive to higher-order correlations such as
the more common triple (three atom) and pagair (four
atom) correlations which have been observed in amorphous

To date, no established methodology has been formulatedmetals.

for the formation of a nanocrystalline structure. However,

Numerous other general material design strategies exist

the methods generally include (1) a multistage crystallization which have not yet been extended to the design of novel

process, (2) high nucleation frequency, (3) slow growth rate,

metallic membranes for Hseparation. These include the

and (4) thermal stabilization of the remaining amorphous utilization of trained neural network models which have led
phase by the solute element redistributing along the nanoc-to optimization of Ni-based polycrystalline superalloys by

rystal/amorphous interfacé? Other authors have cited the

using composition iterations to predict tensile properties as

need for high rates of homogeneous nucleation, normally a function of temperatur®®5’However, the use of neural
associated with stoichiometric compositions and governed networks to predict Kl permeability or durability as a
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function of composition has not yet been reported in the opento increase Hflux while maintaining mechanical strength,
literature. Alternatively, recent application of combinatorial thermal stability, and reliability. The current deposition
materials screening and synthetic methods for acceleratingmethods used are electroless plafifigelectrodeposition,

the process of technology discovery and application could spray pyrolysis, setgel dip coating, physical and chemical
play a significant role in the rapid development ot H vapor deposition (PVD/CVD), or sputteria¢?:3’While CVD
separation membrané&¥:161 Notably, combinatorial materi-  offers a thin layer with more efficient hydrogen permeation
als preparation has already been used to produce continuousompared to that prepared by electroless plating, this
phase diagrams useful for describing structiypeoperty technique is less industrially attractiV®. Reports in the
relationships of well established NjFe, alloys62163The literature show CVD layers having higher, idermeability
challenge of using the combinatorial method lies in deter- because hydrogen transported through the membrane via a
mining the H permeabilities and operating durabilities of surface diffusion mechanism rather than the traditional
the metals on such small scales. This is an essentialsolution diffusion (i.e., bulk diffusion) mechanism of dense
component of screening the candidates as a function ofmetals, as observed for Pt electroless lajeidowever,
composition, structure, and,Hnteraction characteristics. researchers have reported that electroless coated amorphous
Significant advances have been made in utilizing thin-film Ni—B alloys exhibit a Knudsen diffusion mechanism (i.e.,
deposition and masking techniques, such as molecular beanthe mean free path of the diffusing, Hnolecule is much
epitaxy (MBE), to incorporate spatially variable or selective larger than the pore size) for hydrogen and speculate that a
deposition, needed in making combinatorial databases andsurface diffusion mechanism may also be operating here
wide composition candidaté$164 rather than a solution diffusion mechanisfh.

Compositional libraries can also be created from “diffusion  Thin layer metallic coatings have been classified into four
multiples”, an assembly of three or more metal blocks, which types?® (1) a thin metal layer (dense or porous) is formed
undergo high temperature interdiffusion to generate completeon the surface and extraneous to the support; (2) a thin metal
phase diagrams, as has been done for Ni-based &fdys. layer is formed on the walls within a porous support; (3) a
Compositional databases are generated by solution-basegnicroporous ceramic layer is formed on the supporting layer
combinatorial synthetic methods using simple and cost by finely distributing metal particles within the pores of the
effective multicomponent inkjet delivery systems, which have support; and (4) a microporous ceramic layer is formed on
many obvious advantages over the thermal interdiffusion the supporting layer by sintering metal-coated particles onto
methods'®® Property characterization of samples generated the surface. For thin metal membranes, the permeability
by the combinatorial approach requires highly sensitive, behavior may differ significantly from that of bulk metals
sophisticated, and typically nondestructive equipment. For of similar composition. This is due to the increase in the
example, scanning microwave microscopy (SMM) can dominance of surface phenomena, defects, grain boundaries,
characterize and map conducting and electromagnetic materithermal dilatation, and lattice defects on the permeability
als*51¢7while electron probe microanalysis (EPM) can be behavior (for instance, have been observed in’P@his
used for compositional mappiéf Electron backscatter  divergence emphasizes how critical it is to characterize the
diffraction (EBD) can provide crystal structure analyses, permeability behavior for thin metal structures as opposed
while nanoindentation determines some of the mechanicalto mere inference from bulk metal behavior.
properties. As the amount of information describing novel
bulk metallic glasses, crystalline metals, and nanocrystalline 2 7. Catalytic Surface Coatings
metals increases, new databases are developed to allow more o
systematic comparisons to inform future alloy design direc-  Aside from Pd-based supported thin films, electroless and
tions and eventually develop methods for rational alloy €lectrolytically deposited films of alternative compositions,
designi®® Although currently in its infancy, rational alloy ~ such as Ni-based alloy films, have been repottédt is
design is now starting to be achieved through prediction of €xpected that Ni-based films will be useful for catalyzing
bulk composition ranges using a range of thermodynamic the dissociation and reassociation reactions gfkhce they _
sichemical models, or kinetic models (e.g., phase field reactioni® Typically, amorphous alloys have the premier
model)151.170171 catalytic activity. In particular, high catalytic activity has been

Having established a list of useful candidates with high found for Ni with S, P, and B existing as amorphous alloys
performance characteristics, methods for large-scale processWith some pure Ni nanocrystal$.Initial results indicate that

ing, production, and fabrication of industrial membranes can Ni—P alloys are also very efficient for separating diie to
then be addressed. Alloy compositions are selected andPermeation via both surface diffusion and Knudsen diffusion

designed such that they can be manufactured from moreMechanisms. Both mechanisms are available because of the

conventional casting or high-pressure die casting techniquesNiP_“cluster” structure and the amount of interstitial space
to ease large-scale membrane production. However, if thesevailable for diffusio’> While Ni—P films, particularly
fabrication and production methods are underdeveloped or€lectroless deposited films, are relatively easy to synthesize
unavailable for utilization, this will further delay the process and do not require special equipment for preparation or
and ultimately make complete assessments unavailable fofPretreatment for surface catalytic activity, they do have a
commercially promising membranes. Furthermadresitu few drawbacks. Namely, Hseparation must be performed
membrane repair and regeneration costs must also beatlow temperatures{10°C); otherwise, the structures may
considered during membrane development before imple-crystallize. In addition, the surface area of the alloys can be

menting large-scale fabrication methods. quite small, and the storage of the amorphous alloys can be
o difficult, since certain compositions are sensitive to oxida-
2.6. Membrane Fabrication tion 178

Metals are being deposited as thin layers on various Catalytic thin-film layers (e.g., Pd) can be applied by vapor
supports (e.g., glasses, ceramics, or other metals), in an effortlepositiort®"#by electro- and electroless-platipfpr by roll
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Table 7. Table 8.
M—H bond energy ~ M—CO bond energy metal (indices) specific site binding energy (eV)
metal (indices) (kJ/mol) (kd/mol) V(110) 3-fold —309
Ag(111) 218 25 Ta(110) 3-fold —3.24
Pt(100) 247 134 W(110) 3-fold -3.15
Pt(111) 247 126 Mo(110) 3-fold —-3.05
Co(0001) 251 105 Fe(110) 3-fold —2.99
Co(1010) 251 Ru(0001) fcc —2.97
Cu(111) 251 70 Ni(111) fcc —2.89
Ni(110) 259 Co(0001) fcc —2.89
Ni(100) 263 109 Pd(111) fcc —2.88
Ni(111) 263 109 Rh(111) fcc —2.81
Pd(111) 259 142 Ir(111) fcc —2.74
Pd(100) 268 151 Pt(111) fcc —2.72
Pd(110) 268
Fe(100) 265 105 ) i
Fe(110) 273 Table 7), while Ag and Pt have the lowest adsorption
Nb(100) 273 energies. In addition, a substantial amount of work has
Mo(110) 273 investigated and modeled surface segregation in multicom-
Mo(100) 277

ponent systems for the purpose of designing catalytic layers
) ) ) i with seemingly contradictory properties but that are optimal
cladding. This has been effective for bcc materials such asggr 5 specific applicatiod?%-181

V, Nb, and Ta"**and for Ni-Zr-based amorphous allo§s. Near surface alloys (i.e., alloys that have a different surface
The addition of surface layers or treatment of the metal sojyte metal concentration from that of the bulk) have
_membrane surface_ is b_e(;omlng |ncrea_5'f_19|y common 10 presented themselves useful for providing a surface that
improve the catalytic activity (for dissociation and reasso- sjmyltaneously allows both weak hydrogen binding and low
membrane in use. Dissociation and reassociation 06 metals with high binding energies such as V¥3(29 eV)

the metal membrane surface can be accomplished by severajng T4 3.24 eV) can be alloyed with Pt, for example, to
means, including the inherent catalytic nature of the metal yje|q surfaces with low bl dissociative transition state
itself, the addition of a catalytic layer, or electrochemical energies, calculated to be around about 0.5 and 0.6 eV,
reactions. This process is directly controlled by the atomic- respectively:83 However, under certain conditions, such as
of impurity species, and any one of these steps can begepending on the relative affinities of the alloy components
kinetically controlled. A single material can be effective at g gaseous oxygeH Oxide layer formation on the alloy

catalyzing the dissociation/reassociation processes in additiong;rface may inhibit the catalytic advantages of the surface.
to having high bulk diffusivity, as is the case for Pd and Pd

alloys such as PdCu and Pd-Ag and Ni~P.? Other e
candidate membrane alloys, for example amorphous Ni 3. Silica Membranes
Zr, could be activated by exposure to, kit elevated Due to some of the inherent limitations of metal mem-
temperature$! Alloys containing one of the following branes, research is underway for alternative membrane
elements, Fe, Ru, Rh, W, Mo, Pt, Co, or Ni, can also be materials for H-based applications. Silica membranes are
sufficient to act as a catalyst to dissociate the hydrd§en. one of the candidates for hydrogen separation due to their
Alternatively, catalytic layers could be applied to the surfaces ease of fabrication, low cost of production, and scalability.
of metals which readily diffuses hydrogen ions but have Because of their porosity and composition, silica membranes
inadequate catalytic properties. are also less expensive than metals (due to the lack of
There is considerable room for developing non-Pd alterna- precious elements) and not susceptible tahhbrittlement.
tives for catalytic layers, with numerous transition-metal- They are inorganic membranes that have a network of
based catalysts having already been tried, e.g., Pt, Ir, Co,connected micropores of approximately 0.5 nm diameter and
Co—Mo, Fe, magnetite (R®,), La—Sr—Co—0, WS, or can accommodate the separations of small molecules such
MoS,.”® The main requirements for such catalytic surface as H, He, CQ, CO, N,, and Q. In fact, these membranes
coatings are that reactive surface sites should be sufficientlyhave yielded exceptional $electivities, with reported #
close and concentrated to assist the dissociative adsorptioN, values exceeding 10,008 18719 Summaries of the
of hydrogen and are not readily blocked by the adsorption preparation of inorganic membranes have been presented by
of contaminants such as S, CO, or other adsorbates. Whermrmany research groups, including those of Morooka and
hydrogen reassociates to leave the surface of the metal havingKusakabé?® Tsapatsis and Gavalé®,Omayat*®® and Ver-
passed through the membrane, the surface of a metal withweij.’°* Contrary to dense metal, alloy, and ceramic mem-
the lowest possible desorption energy will favor the process. branes, microporous silica membranes are not 100% selective
Table 7 provides a list of the adsorption/desorption energiesfor one component. Their separation of molecular mixtures
for H, and CO onto the crystal face of a pure metal. Despite is based on a competitive process in which individual
the fact that the energies depend on the crystal surfacemolecules move by site-hopping diffusion in the connected
indices, if the metal is alloyed with Ag or Pt, then, Mill micropore network. A full description is found in ref 191.
more readily desorb than the pure metal, particularly if Ag  Silica membranes are generally comprised of three lay-
segregates to the surface. On the other hand, if a contaminanérs: (3.1) a membrane layer, (3.2) an intermediate layer, and
such as CO has a high binding energy, it will most likely (3.3) a support. Much research has focused on each
persist and interfere with Hsurface dissociation. Thus, Pd component to determine the structure/property relationship
and Pt are the most susceptible to CO contamination (seebetween material and light gas permeation ability. Each of




Membranes for Hydrogen Separation Chemical Reviews, 2007, Vol. 107, No. 10 4089

the three layers that comprise a silica membrane will be more(a) low branched
fully explained below.

cluster

3.1. Membrane Layer Synthesis “E”"”‘;:::f”ro”‘“ ’_\

Silica membranes are synthesized primarily through two :
different methods: setgel modificatiort®? 1% and chemical COATING / :
vapor deposition (CVD)88199210 Sol-gel modification ' // / / / / / / / A
provides good selectivity and permeability, as opposed to
CVD methods, where there is an attendant loss of perme- porous
ability, though the selectivity is enhanced. The -sgél substrate
method, however, suffers from a lack of reproducibility. CVD ) stable sol
methods usually require substantial capital investment and  _ f layer with a
controlled conditions of deposition. More detailed descrip- /_' low porosity
tions of each method are given below. .S @

3.1.1. Sol-Gel Processing of a Membrane Layer

Sol—gel processing can be done via three different synthe-
tic methods: thesilica polymers particulate-so} andtem-
plate methods?! Thesilica polymergoute involves the hy-
drolysis and condensation of alkoxysilane precursors, such \_r

— Vm////////?/,

porous substrate

. h strongly charged
as tetraethyloxosilane (TEOS), under controlled condi- b el

tions?11214 Furthermore, de Lange showed ultrathin 60 nm ks

microporous membranes with pores of 667 nm. Gas  ©

transport was activated for HEa = 21.7 kJ/mol) and 2 4 ¥R tailor-made |
molecular sieve-like separation factors of 200 for mixtures template agents | Rorpusiayer-]. |
of Ha/C3Hs at 260°C.19 The particulate-solroute is based inscrted in the | \
on the packing of nanoparticles to make a highly porous gel layer | }T/' 6

2\

fstructure2.1Hl7Silica particles of different sizes are packeo_l m&ﬂ .f AT [
into the support substrate to process membranes with| B 2R 2

different pores sizes. Added binder material or hierarchical
size packing aids in packing the particles to avoid defects.

The templateroute uses organic molecules as templates in Figure 3. Schematic of the three important sgjel routes used
the sol matrix that are burned out upon calcination. The fOf Preparation of microporous membrarfés™(Reprinted with

- | le's si h . . in th permission from ref 246. Copyright 2002 Taylor & Francis Group,
organic molecule’s size and shape can be imprinted in the || ¢ "http:/aww.taylorandfrancis.com.)

sol for a tuned porosity. Surfactants, organic ligands, and

polymers have been reported as templates (Figut®3f*  configuration of the precursot&’:1% In the first type, the
Silica membranes by seljel deposition are made by dip-  precursors are provided from one side of the subsfiag
coating an aqueous silica polymer sol on a mesoporouswhile the other side of the substrate is usually vacuumed to
support surface, followed by drying and calcination at 400 gptain a pinhole-free membra@®.Prabhu and Oyam#1%°
< T < 800°C???The silica polymers are formed by acid-  reported that a stable silica membrane was prepared by CVD
catalyzed hydrolysis and polymerizationpat< 7 of TEOS  treatment at 606C. However, hydrogen permeance was less
and MTESZ" Reaction parameters such as time, temperature,than 1.8x 108 mol/(n? s Pa).
pH, and mixing must be closely controlled in all stages of  The second method is counterdiffusion CVD, where two
the proces$?® However, the effect of these parameters on kinds of reactants are supplied from the opposite sides of
the final microporous structure is limited. The micropores the substratel7:208-202206pgre sizes and effective membrane
in sol—gel silica are likely formed around original solvent thickness can be controlled by changing reactants and
molecules such as A and GHsOH. Examples of prede-  reaction conditions. One of the first gas-phase methods to
signed templating have been reported with other alcoibls,  be developed was generation of a silica-modified membrane
HTEAB,?2°> and methacryl oxypropyl trimethoxy silaf®. by a high temperature atmospheric CVD process on Vycor
Amorphous silica contains many “nonbridging™SD bonds glass!®24’ The new membrane (Nanosil) showed unprec-
that surround the micropores. These are normally terminatededented selectivity to hydrogen (100%), without loss of
with protons to form SiOH, but introduction of MTES permeability compared to the porous Vycor precursor. The
before hydrolysis results in the formation of Si-&H  membrane also showed high stability under hydrothermal
terminated group®’ The latter makes the structure more conditions over prolonged times. Contrary to various other
stable and more open. The terminal groups gradually silica membranes, this Vycor membrane showed high stabil-
disappear upon heating by condensation and carbonizatiority under hydrothermal conditions over prolonged times. In
below 600°C, and a “dense” silica structure is formed at particular, the membrane was used in a catalytic reactor with
800 °C. In ref 228 an alternative to the segel method is 1% Rh/ALO; for the dry reforming of methane. Conversions
reported, where polysilazane was spin coated, cross-linkedwere higher than those in the bulk packed-bed reactor. The

in N, at 270°C, and pyrolyzed in air at 608C. incorporation of the inorganic membrane into the catalytic
. . process resulted in the circumventing of thermodynamic

3.1.2. Chemical Vapor Deposition (CVD) of a Membrane limitations normally found in the bulk process.

Layer Other CVD methods use simple thermal decompositfon

CVD methods to prepare a membrane on a porous or oxidation of the precursor with oxygen or ozone within
substrate are classified into two types, based on the supplyingsimilar temperature rangé%.
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Figure 4. Steam stability for a silica membrane prepared at 808 (Reprinted from ref 199, copyright 2005, with permission from
Elsevier.)

Nakao et al. reported silica membranes having an excellentlayer thickness and delamination. The silica membranes are
H,/N, permeance ratio (about 1008}.They were obtained  repaired by impregnation with TEOS ethanol, followed by
on porousy-alumina substrates by the counterdiffusion CVD thermolysis?®*® CVD methods have also been proposed to
method using a TMOS/$system at 600C. This membrane  repair residual connected defects in wet-chemical la&férs.
was stable under 76 kPa of steam vapor at 8D@or 21 h
without any reduction in the #N, permeance ratio. This 3.3, Intermediate Layers
membrane can be applied fop Hroduction from the steam ] ] ]
reforming of methane, because 76 kPa of steam vapor at Intermediate layers are prepared by dip coating of nano-
500°C is one of the target conditions for the H permselective Particle dispersions, followed by drying and calcination.
membrane reactors of the reaction (Figure 4) The reactionTyplca| compositions include transition aluminas, silica, and
species at 500C of the counterdiffusion CVD method was ~ Zirconia. Precursor particles are made by precipitation from
confirmed as TMOS/@by comparing the permeation results  Simple salt solutions or hydrolysis of organo-metal reagents.
of thermal decomposition of TMOS, the TMOS/6ystem, To obtain homogeneously packed layers with little shrinkage,

and the TMOS/@system. The activation energy of Mias it is important to control particle agglomeration during
~20 kJ/mol through the membrane. The permeance of ~ Synthesis and to remove any agglomeration after synthesis.
the 600°C permeation test was 1:5 10~ mol/(n¥? s kPa). A well-known synthesis ofy-alumina layers starts with

The H/N, permeance ratio was kept for 21 h under the hydrolysis of ATSB at 90C, followed by HNQ addition,
typical steam-reforming conditions of methane for a mem- resulting in the partial dissolution of the Boehmite precipitate
brane reactor (76 kPa of steam at 500). The silica  and redispersion of agglomeraté$The HNG; addition also
membrane was damaged by the heat treatment at higher thagnsures colloidal charge stabilization by preferential proton
the deposition temperature. The membrane should be presorption. The hydrolysis/peptization method has a favorable
pared at higher temperature than the application temperatureyield but suffers from the presence of residual agglomerates.
The agglomerates can be removed by higbentrifuga-
3.2. Preparation tion,232 which leads to stable and homogeneous layers.
) ) Sonochemical and modified emulsion precipitation methods
There are a variety of coating methods commonly used help avoid formation of the agglomerates. More recently,
and CO”UnUOUSly Optlmlzeq for mak|ng thin films Of silica methods were deve'oped in which agg'omeration is com-
membranes. For an overview, see ref 6.dip-coating a  pletely avoided up-front, such as sonochemical and modified
support is contacted briefly with a sol or dispersion. Film emulsion precipitatioR3*23 Intermediate layer formation
formation occurs by two mechanisms: slip-casting and film- from a nanoparticle dispersion is often assisted by additions
casting. Inslip-casting the dispersion liquid penetrates into  of Jinear chain polymers such as PVA to the dispersion or
the support under the action of capillary forces. The dispersedpy pretreatment of the support with polymers to minimize
particles (polymers) form a dense-packed film on the surface penetration. An example includes the repair of a commercial
while dissolved additives disappear into the supporfilhm- supported y-alumina membrane by dip-coating with a

coating a dispersion layer is formed on the slip cast layer Boehmite precursor nanoparticle dispersigh.
and maintained by surface tension. To avoid the frequently

present defects idip-coating researchers need to avoid air- 3.4. Support

borne contamination, agglomeration, and particulate con-

taminationduring synthesis, and microbubbles by controlling A variety of methods for fabricating support layers have
shear, ultrasonic treatment, and additives. Finally, particulate been employed. One common method is the dip-coating of
contamination needs to be removed after synthesis byagglomerate-free submicron particle dispersions, made from
screening or centrifugation. commercially availablex-Al,O; powers. Colloidal stabiliza-

The effect of connected coating defects is often diminished tion can be adjusted such that coherent dense-packed layers
by application of two or more coatings. This approach, are formed with 25 nm surface roughness after slight
however, does not work for surface defects in the support, sintering at temperatures around 10@»?? Other methods
and it may affect the operational lifetime due to excessive result in thicker support layers and include colloidal filtra-
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tion??? and centrifugal castingf® resulting in high strength, . ;
excellent surface properties, and roundness of the tubes ol _—— Surface
These structures can also be considered for applications’ -

wheref Eg,, < 1078 mol/(n? s kPa) is acceptable.

Carrier structures are generally made with conventional
ceramic forming methods using commercially available,
coarsen-Al,03 powders Dry-pressings used to make small
disks for research purposdsxtrusionis used for tubes and
multichannel honeycomb structuré&$23® These forming
methods are very suitable for fairly cheap mass-scale
production but have limited near-net-shape capabilities.
Nonroundness and other dimensional limitations may result
in sealing and construction problems in high-temperature
membrane reactors. It is for this reason that gel-casting
method$* are also considered. Such methods allow for a
higher initial solid load, better control of overall homogeneity
during forming, and, hence, better dimensional specifications.
The large pore diameter requires very high sintering tem-
peratures and may result in poor mechanical strength and
reliability. This problem might be addressed by application
of wet-chemical techniques such as phosphate boriding,
which provides thermochemical stability up to 9%0.

g Separation layer(0.3um)
' o-glumina particle layer

Porous alumina layer

Permeance ratio of H/H,0 [ -]

3.5. Maodification

An extension of the silica membranes work is the metal- 2 ' 3 ' 4 ' 5
coated silica systent& Al-coated SiQ permselective mem- Permeance ratio of HefH, [-

branes have been studied and repotté@hey are prepared  Figyre 5. (a) Cross section of a Ni-doped silica membrane (Si/Ni
by chemical vapor deposition of a thin Sifayer on a porous  =7/1). (b) Observed permeance ratio ofH,0 vs the permeance
alumina substrate, resulting in a noncontinuous network of ratio of He/H; for nine membranes (Si/Ni 0—1/1) at 500°C.
solubility sites. The submicron thick silica-on-alumina (Reprinted from ref 244, copyright 2006, Elsevier.)

composite membranes utilize size gradation in their layering,
allowing for enhanced permeability for hydrogen over£O
N,, CO, and CH. However, silica modified membranes
developed by several researchers suffer from loss of perme- PreP

Table 9. Reported Values of High-temperature Hydrogen
Permeation and Separation through Silica Membrane®’

measurement H, permeation

S . . method  temp (C mol/m?-s-kPa separation ref
ability (as much as 50% or greater in the first 12 h) on p(C) I — ) P —
exposure to moisture. This has been attributed to the removal gxg 32(7) gz igm EZ;EB’_E égoo :'gg

: . : ; SN, =

of Sl—OH_ groups leading to the forr_nat|on of &)—Sl_ CVD 600 1.8x 1010 H,/CH,= 4200 187
bonds which close pore.channé‘}é.Thls phenomenon is  sol-gel 300 1.3x 109 Ho/CH,= 150 217
termed densification. Moisture catalyzes this reaction, par- sol—gel 350 2.2x 10°° Ho/CH, = 35 481
ticularly at higher temperaturé® Densification not only sol—gel 600 2.5x lOFi0 Ho/CiHg =75 482
leads to lower permeability but also causes embrittlement é‘i'/;ge' 5588 12-§’X igm :2m2f %oo ‘1%%
of the silica film that compromises selectivity. =X r2
3.5.1. Silica Membrane Modlification permeance for He and forhvith a high selectivity of 1450

_ . . _ (He/Ny) and 400 (H/Ny) even after being kept in steam

In order to improve the stability of silica membranes in (steam: 90 kPa) at 50T for about 6 days. The permeance
steam, inorganic oxides, such as 3i@rO,, F&Os, Al2Os, ratio of H/H,O was found to be dependent not only on the
NiO, etc., were added to silic&>>*>**/Aseada et al. have  permeance ratio of He/H(Figure 5) but also on the Ni
shown the Ni-doped silica membranes exhibited relatively content, while the maximum permeance ratio observed at
high H-permeance and high stability against water vapor at 37 for a Ni-doped silica membrane (Si/Ni 1/1).
35—300 °C,2*2 suggesting the effectiveness of the addition  The silica membranes shown in TabR™have excellent
of nickel OX!deS to silica for the membrf‘.lne Stab|l|ty against Separation performance for hydrogen and helium in dry
steam at higher temperatures. The Ni-doped silica mem-conditions in a wide temperature range ~8D0 °C. Their

brane$*> were fabricated in this work by the segel  stability against water or water vapor, however, is rather
techniques under various conditions of Ni contents and firing poor at high temperatures or even at room tempera-

temperatures. Thetelective permeation characteristics and  ture 188.221.226,241245.248 e parate measurements have shown that
hydrothermal stability of the membranes were tested in steamH, gas permeation available with the present silica membrane
at 500. The hydrothermal treatments of the membranes beforesystem has a maximum value ofs510-° mol/(m? s kPa).
exposure to Hwere quite effective to prevent the further This value was around 50% of the; permeation of the
densification of Ni-doped amorphous silica networks. This y-alumina membrane layer under the same measurement
is due to reduction in FHand sintering in steam (50, 70 conditions. The permeation through the support substrate was
kPa). Ni-doped silica membranes (Si/Ni2/1) fired in the therefore considered as the major resistance for gas perme-
steamed atmosphere (partial pressure: 90 kPa) at@50 ation. An increase in gas permeation of the substrate by
for example, were found to show an asymptotic steady increasing the porosity or by reducing the thickness of the
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substrate should not be difficult. Yet, retaining the strength adhesion. In refs 249 and 252, the stability is reported on
of the support substrate is important for membrane reactorsol—gel silica membranes in synthetic reformate;OH,:
applications, where a thermal gradient exists between theN,:CO,:CO = 34:28:24:8:6 at 200C and a total pressure

inlet and other parts of the reformer. of 200 kPa. These fairly mild conditions likely did not lead
o to any significant intermediate layer degradation. It was

3.5.2. Membrane Structure Modification found that membranes made with HTEAB (hexyl triethy-
The most popular configuration of these membrane l@mmonium bromide) templating were more stable than
systems is a three-layer asymmetrical struéfireith an conventional setgel membranes. They exhibited a gradual

a-alumina-based substrate ang-alumina-based intermedi- ~ decline of total flux for H, but that effect could be undone
ate layer as supports for the top coated silica microporousPY regeneration at 50T in air. The conventional seigel
layer. Though the structure is simple, the smaller particle Membranes showed a similar decline but could not be
size ofy-alumina mostly limits the pore size of the alumina regenerated.
substrate. The resultant permeation of the system is limited Amorphous silica is emerging as a valuable material for
due to the large resistance of the support substrate. H, production membranes as long as the operational stability
Nair in ref 237 recently reported a four-layer membrane; can be optimized. The thermochemical stability of the
the thickness of thes-alumina membrane could also be membrane and the intermediate layers is probably best if
reduced because of the better surface smoothness of the digheir thickness remains well belown. This limits the build
coateda-alumina intermediate layer compared to the ex- up of stresses due to (dynamic) thermal expansion differ-
truded substrate, which normally supportstheglumina layer ences. The current cost price of lab prototypes indicates that
in the three-layer configuration. In this configuration, the dramatic cost reductions are needed to realize viable
intermediate support layer was made frealumina par- membrane designs. These reductions might be realized by
ticles of average size 300 nm. These alumina particles werereplacing conventional synthesis and ceramic firing by rapid
made into a water-based slurry. Alumina tubular substratesprocessing methods, instead of sintering for support and
were dip-coated with this slurry and sintered at 10C7to carrier structures. Wet-chemical deposition of films provides
make intermediate layers. The slurry was also dried (and in favorable cycle times but requires supports with excellent
some cases powdered and pressed into pellet form) and heatsurface quality. The occurrence of structural defects remains
treated to make samples for characterization of pore size,a major source of irreproducibility and poor performance.
porosity, and thermal expansion properties. They conclude Further defect minimization requires characterization of the
that the pore size of the membrane is probably the easiestoverallandlocal defect population by any of the application
and most trouble-free way of improving the gas permeation methods.

of the substrate while retaining its strength, stability, and Amorphous silica shows primarily a structural densifica-

durability. tion that is determined by the presence of terminating groups
. . and temperature, as discussed before. There is little evidence
3.6. Operational Stability that this process is influenced by modest steam pressures.

The microporous silicas are very promising due to their Optimization of the industrial processes to lower pressures,
low cost, high stability, and high permearf@éSystematic ~ Plus taking into account the chemical stability of the
studies of the operational stability of supported membranes@morphous silica, will enable widespread industrial use of
with good zero hour properties are scarce. The micro- and these materials as membranes.
mesoporous structures used for the membranes and inter-
mediate layers have a very high surface area, which means{, Zeolite Membranes
that further densification, phase transformations, and struc-
tural disintegration may occur at elevated temperatures and Much effort has recently been devoted to the synthesis
steam pressures. Rapid pressure fluctuations may lead t@and potential application of inorganic membranes in the
disruptive tensile stresses in the interfaces between thedomains of gas separation, pervaporation, and reverse
layers?4” osmosis or in the development of chemical sensors and

In a recent review by Verweij et a%/ different studies catalytic membranes. Inorganic membranes, which have good
were described regarding optimization of silica membranes thermal stability and chemical inertness, have advantages
for enhanced operational stabilf$# Supported silica mem-  over polymer membranes for many industrial applications.
branes are affected by the delamination and structural Improved membrane integrity and manufacturing costs are
instability of the intermediate layer. As described in ref 252, constant factors which are the focus of many research efforts.
the formation of macrodefects in thealumina layer was  Zeolite membranes, in particular, combine pore size and
found after 23 h at 478C and a partial pressure of,8 of shape selectivity with the inherent mechanical, thermal, and
40 kPa. Further studies showed partial delamination of chemical stability necessary for continuous long-term separa-
y-alumina after a 100 h steam reforming treatnf@hhe tion processes. The effective pore size distribution of the
instability of the y-alumina layers is ascribed to poor zeolite membrane, and hence its separation performance, is
adhesion in combination with structural densification. The intrinsically governed by the choice of the zeolitic phase(s).
latter, in turn, is caused by-alumina packing defects and This applies when molecular size exclusion sieving is the
sintering. These phenomena are confirmed in a recent studydominant mechanism and no other diffusion pathways bypass
of the stability of a tubular four-layer structut®. It was the network of well-defined zeolitic pores/channels; other-
also shown that these problems can be addressed bywise, viscous flow through grain boundaries prevails. The
improving adhesion by phosphate bonding andlumina optimum thickness of the zeolite film is always a compromise
surface modification with L#s;. Improvements in the  between separation performance and overall trans-membrane
y-alumina packing homogeneity as demonstrated in ref 236 flux and is often tailored to the specific needs of the
are also expected to result in less shrinkage and betterenvisioned application.
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[ntrazeolite path [nterzeolite path industrial applications. Currently, research is ongoing to
resolve the intercrystalline diffusion path issue by using
mixed matrix membranes. Readers are directed to refs 284
and 285 for further information on this area.

Zeolite

4.1. Membrane Growth Methods

Syntheses of zeolite membranes, described recently, can
be broadly classified into two categoriesn situ and
secondary (or seeded) growf§:2%”In thein situ technique,
the support surface is directly contacted with an alkaline
solution containing the zeolite precursors and subjected to
hydrothermal conditions. Under appropriate conditions, zeo-
lite crystals nucleate on the support and grow to form a
continuous zeolite layer. At the same time, reactions occur-
Figure 6. Not-to-scale representation of a zeolite membrane on a ring in the solution lead to deposition of nuclei and crystals
nonselective oxide support (ie.,/8k), showing possible permeation ~ on the surface followed by their incorporation into the
pathways, either interzeolite crystals or intrazeolite crystals. membrane, thus minimizing intercrystal pore contributions.

MFI films grownin situ may exhibit a preferred orientation

Zeolites are crystalline inorganic framework structures that that depends on the synthetic protocol and associated
have uniform, molecular-sized pores. They have been usedinterplay of nucleation and growth phenoméffa-owever,
extensively as bulk catalysts and adsorbents. The zeolitebecause of the insufficient understanding of nucleation and
structure is made up of TQunits, with T= a tetrahedral  growth processes in hydrothermal systems, the success of
framework atom (Si, Al, B, Ge, etc.). In all cases other than in situ methods in yielding uniformly oriented MFI films is
neutral silica zeolite frameworks, the net overall charge of limited.
the framework is negative and is charge balanced by cations | the secondary (or seeded) growth technique, zeolite
(either inorganic or organic). The cations reside in the pores jycleation is largely decoupled from zeolite growth by
of the framework; the size of the pore is catagorized by the gepositing a layer of zeolite seed crystals on the support
number of T atoms in that ring. Small-pore zeolites include g rface prior to membrane growth. The layer of seed crystals
those structures made up of eight-member oxygen rings,can be deposited with precise control over which crystal-
medium-pore zeolites have 10-member rings, and large-porejggraphic axis is oriented perpendicular to the support (see
zeolites have 12-member ring8More recently, membranes  Figyre 7)225 The seeded surface is then exposed to the
of continuous polycrystalline zeolite layers have been membrane growth solution and hydrothermal conditions,
deposited on porous supports. The first zeolite membranesyhereupon the seed crystals grow into a continuous film.
were reported in 1987 and since then, significant progress ajthough this method offers greater flexibility in controlling
has been made to expand the types of zeolites utilized inthe orientation of the zeolite crystals and the microstructure
gﬁ;neb(r)af‘gepfolliérgt?c:ﬁ\s/eT?deg?/brrw?grz t‘a]‘f:r‘]“tly‘i ;no(?itévgsunctthr(ealsr of the zeolite membrane (since it decouples nucleation from

: ' 'growth), it is done so at the expense of additional processin
including MFIZ5# 20 TA, 261263 MOR 2420 and FAU®"270 gteps. )In principle, the orientgtion and morpholopgy of theg
have been employe_d as blelectlve separation membranes. membrane can be manipulated by changing the morphology
The MFI structure is typically used in zeolite membranes anq orientation of the deposited seed layer and then perform-

because of its pore size and ease of preparation, and thi§ng secondary growth under appropriate conditions.
structure includes silicalite-1 and ZSM-5. Silicalite-1 is made

up of pure silica, and ZSM-5 has Al substituted for some of
the Si atoms.

Significant progress has been made in developing new The following five-step model can be used to describe the
membranes, optimizing their synthetic preparation, and gas-molecule transport through a zeolite memb?&mE9(1)
understanding transport and separation fundamentals oveadsorption from the bulk phase to the zeolite external surface;
the pastdecade. Several reviews of zeolite memi3f&#3°0274282 (2) diffusion from the surface to the inside of the zeolite
have focused mainly on membrane synthesis and gaschannels; (3) diffusion inside the zeolite channels; (4)
separation applications. This progress suggests that manydiffusion from the zeolite channel to the external surface;
applications of zeolite membranes in commercially valuable and (5) desorption from the external surface to the gas phase.
enterprises, such as separations, are promising. Gas and liquidhe actual mechanism of gas permeation through an MFI-
separation on zeolite membranes is primarily governed by type zeolite membrane depends on the gas adsorption
competitive adsorption and diffusion mechanisms. When the properties on the zeolite. For nonadsorbing gases, molecules
zeolite pore size distribution falls between the molecular sizes may directly enter the zeolite pores from the gas phase. The
of the feed components, a size exclusion mechanism canseparation factor of a nonadsorbing gas mixture is determined
dominate the separation procé¥s?®3However, one of the by the mobility of the molecules inside the zeolite pores and
main challenges in zeolite membrane development is thethe probability of the molecules entering the zeolitic pcés.
minimization of intercrystal pores formed inherently in Gas molecules with small size and high mobility tend to
polycrystalline zeolite films (see Figure 6). The existence permeate through the zeolite membrane, while those with
of intercrystal pores with sizes larger than the zeolitic pores larger size and lower mobility tend not to permeate. For
is the major cause for decline in molecular separation strongly adsorbing gases, permeation through an MFI
efficiency?3! The elimination of intercrystalline pores is membrane is controlled by either adsorption or activated
essential for having high separation selectivity viable for diffusion, or both, depending on the operation conditions

Support

4.2. Permeation and Gas Transport
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Figure 7. Cross-sectional SEM photographs of (a) a nonoriented
B-ZSM-5 zeolite membrane on am-Al,O; coated SiC porous
support!¥2 (b) an oriented silicalite-1 membrane on a silica coated
o-Al,03 porous suppot®3 (Part b is from ref 225 (http://www-
.sciencemag.org). Reprinted with permission from AAAS.); and (c)
a nonoriented silicalite-1 MFI membrane on tubul@+Al,O3
substrates (Pall Corp., New Yorkj:

Ockwig and Nenoff
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The separation selectivityy, is defined as the enrichment
factor of one component in the permeate as compared to the
feed composition ratio, whege andy, are the mole fractions
of components 1 and 2, respectively, and the subscripts p
and f refer to the permeate side and feed side, respectffely.
When one or two strongly adsorbing components are
involved, there is no correlation between the permselectivity
and the separation factor. For gas mixtures containing
strongly adsorbing components, the separation factor strongly
depends on the operation conditions, that is, temperature and
pressuré® Molecular simulations and MaxweliStefan
(M—=S) modeling of multicomponent diffusion through
zeolite pores indicate that, in some mixtures, slower larger
molecules inhibit the diffusion of faster smaller mol-
ecules?®2°1|n addition, detailed studies by several groups
have been reported over the last 5 y&&ré® and reviewed
by Sholl last yeaf?’

4.3. Defect Site Diffusion/Nonzeolitic Pores

Polycrystalline zeolite membranes contain transport path-
ways within the intercrystalline regions, or nonzeolite pores.
The synthesis procedure, the type of zeolite, and the
calcination conditions affect the number and size of the
nonzeolite pores. Molecules which interact with nonzeolite
pores have different adsorption and diffusion properties from
those in zeolite pores. The differences, however, are difficult
to quantify because of the irregularities in both shape and
size of the nonzeolite pores. Usually, only nonzeolite pores
that are larger than the zeolite pores are considered, but
nonzeolite pores have a size distribution and pores smaller
than the zeolite pores may also affect flux and selectiity.
Transport through nonzeolite pores that are larger than zeolite
pores has contributions from both surface diffusion and
Knudsen diffusion, and it might also have viscous flow
contributions. Knudsen diffusion requires that the pores are
smaller than the mean free path of the diffusing molectifes.
Viscous flow requires a pressure gradient across the mem-
brane and sufficient interactions between diffusing molecules
that their motions are driven by the pressure gradi¥nt.

4.4. Thin Films

Recent advances in preparing thin zeolite membranes have
dramatically increased gas permeation fluxes while maintain-
ing good selectivities. Recently, ultrathin silicalite-1 mem-
branes with a thickness of O:Bn were made, and they had
light gas fluxes that are 1 to 2 orders of magnitude higher
than those of other silicalite-1 membranes reported in the
literature?®® In another report, Lai et &> prepared lum
thick oriented silicalite-1 membranes that performed signifi-
cantly better for xylene isomer gas-phase separations than

(temperature and pressure) on both sides of the membra”epreviously reported membranes. They obtaiped-xylene

The maximum value of flux with respect to temperature can separation factors as high as 500 with a permeancesof 2
be observed for strongly adsorbing gases, because thejg-7 mol/(n? s Pa) at 200C.

apparent activation energy is the sum of adsorption heat

(negative) and diffusion activation energy (positit&)?®°
The temperature of maximum flux increases with the
adsorption strength of the substadgeFor permeation of

4.5. Zeolite Membrane Modification

In an effort to further improve zeolite membranes, surface

binary gas mixtures, when both components are nonadsorb-modification techniques have been developed by a number

ing, the separation factor s:

of research group8.The majority of the techniques are post-
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treatment methods that include inorganic silylation to was 24, and the separation selectivity for an equimolgr H
decrease pore si¥8and to increase hydrophobici®j*°2and CO, mixture was 9.7 at 35C.

defect treatments to fill nonzeolite pores by chemical vapor  More recently, we (Nenoff et al.) explored using zeolite
deposition (CVD)Y2® atomic layer deposition (ALDJ or membranes for the separation of hydrogen from multicom-
coking3043%Recently, we (Nenoff et al.) reported on a new ponent reforming strean?$?-312 Using methods developed
method of online membrane modification by carbonization by Dong et al8 we synthesized silicalite-1 membranes and
of 1,3,5-triisopropylbenzene in the feed stream, which was tested their Hseparation abilities with varying temperatures
found to be effective for reducing the MFI intercrystalline (70—300°C) and feed compositior#? The composition of
pores and improving thexPseparation (see Figure 7¢. the dry stream was £1CO,, CO, CH,, and HS in the ratio
For an eight-component mixture containing hydrogen, meth- 70.8:8.7:5.79:14.69:0.03; the wet stream was€D,, CO,
ane, benzene, toluene, ethylbenzene (EB)M, and Q, CHa, H,S, and HO in the ratio 50:10:6:4:0.02:30. At lower

a R/(Mx + Ox) selectivity of 7.71 with a Rflux of 6.8 x temperatures in both experiments; had low permeation
107 mol/(n? s) was obtained at 250C and atmospheric ~ due to pore blockage by adsorbing components such@s H
feed pressure (87 kPa). CO;, CHy, and CO. H permeance increased with temperature

. . o . throughout the range #B00 °C with a separation factor
The silylation method of modifying the effective pore varyir?g from 0.13 tg 0.4. However, theglde%aration value
opening of a zeolite was first reported by Masuda €¥@l. ¢, the five-component stream increases to 2 when water is

In this method, methyldiethoxysilane (MDES) compounds ot included. with permeances around>3 10-* mol/
are preadsorbed on active sites within the MFI zeolite, and 2 5 kpa). ’

then they are catalytically cracked, leaving coke that contains

Si atoms on the active _sites._ After calcination, _monozsi(_) 4.6. CO, Sequestration in H , Separations

units are formed on active sites, thereby reducing the size

of the pores. After the silation modification of the membrane,  CO, separation is one of the most studied applications for
a mixture of varying gas ratios of #N, was tested (fraction =~ FAU-type zeolite membran&$-3'°>due to its significance,

of H, in retentate gas: #(H. + N») = 0.2-0.8; 110°C, such as C@capture for carbon sequestration, natural gas
101.9 kPa steady-state pressure). The separation factor opurification, and separation of product streams from water-
H, was calculated at 99140 for the treated membrane. This gas-shift (WGS) reactions for hydrogen production, to name
is about 50 times larger than that of the fresh membrane@ few. We (Dong and Nenoff et al.) investigated FAU

(1.5-4.5). Similar results were obtained for mixture gases membranes for the purification of G@&om 50/50 mixtures
of H, and Q (separation factor= 110—120)3% of CO,/N, under dry and moist conditions in the temperature

range 23-200 °C at atmospheric pressuf®. At room

This method was borrowed and appf&do modification temperature, the CGelectivity was about 31.2 for the GO
of B-ZSM-5 and SAPO-34, whose pores are approximately N, dry gas mixture with a C@permeance of 2.k 101t

0.4 nm and, thus, too small for the silyation compound to mol/(m? s kPa). The addition of water to the stream
penetrate. The MDES reacted in the B-ZSM-5 pores and gjgnificantly enhanced the GGelectivity at 116-200 °C
reduced their effective pore diameter, and theisklectivity but drastically lowered the CGelectivity below 80°C. At
greatly increased. The KO, separation selectivity at 473 200 °C, with increasing water partial pressure, the ,CO
K'increased from 1.4 to 37, whereas thg®H, separation  selectivity increased and then decreased after reaching a
selectivity increased from 1.6 to 33. Though silylation maximum of 4.6 at a water partial pressure of 12.3 kPa.
decreased the +permeances in the B-ZSM-5 membranes, | another study, Noble and Falconer have shown that their
at 673 K, the H permeance increases and the/CGO, silica/aluminophosphate (SAPO-4) zeolite membranes can
separation selectivity was 47. In contrast, MDES does not he made and used to separate;®®m CH, under a variety

fit into SAPO-34 pores, but silylation apparently decreased of pressures and temperatures, with high selectivities at 3.04
the pore size of the nonzeolite pores in the SAPO-34 MpPa and 50°C3!7 Permselectivity for H by zeolite
membranes. After silylation, thesfpermeances and}CO, membranes from more complex eight-component simulated
and H/N; separation selectivities were almost unchanged refinery gas steam has also been repottedhe steam

in the SAPO-34 membranes because B0, and N included hydrogen#84 mol %) and light hydrocarbons
permeate mainly through SAPO-34 pores. In contrast, the (C;—C,, 7.5-0.3 mol %). Anoa-alumina-supported poly-
H./CH, separation selectivity increased from 35 to 59, and crystalline MFI zeolite membrane was tested between 25 and
the CQ/CH, separation selectivity increased from 73 to 110, 500 °C and at feed pressures of 68:0.4 MPa. The zeolite
apparently because GHpermeates mainly through non- membrane showed excellent separation properties for rejec-
SAPO-34 pores. tion of hydrogen from the hydrogen/hydrocarbon mixture
at <100°C. At room temperature and atmospheric pressure
on both feed and permeate sides, the hydrogen permeation
rate is almost zero, while the hydrocarbon permeation rate
is 2—=4 x 1077 mol/(m? s kPa). At 500°C, the zeolite

The synthesis of small-pore zeolite membranes has also
been pursued for the separation of small light gas molecules.
Zeolite A membranes have shown permeances ranging
from 107%°to <107 mol/(n? s kPa), with a maximum of .

H./N, separation selectivity of 4.8 between 35 and 12362 . (rjrlr((a)rg:r:a(nqe_tc):(j)c,oth%s apse ég];gt? (c)::]lvfgcft%rr gzg;ogg.en over hy
Changes in the charge balancing cation result in changes in
the H, permeance and followed the order ofKNa < Ca, .
which is consistent with the order of the pore size of the A 4.7 Manufacturing
zeolite3®The highest /N, separation selectivity of 9.9 was Zeolite membrane manufacturing is still an industry in the
obtained for a KA membrane. For AIRG membranes (pore  making. Most membranes are still fabricated in lab scale sizes
size of 0.73 nm), the kpermeance was 2 1071 mol/(n? and quantities. Furthermore, the technology needs to be able
s kPa) at 35°C 3% The H/CO; ideal selectivity (,, COy) to commercialize large-scale continuous films without in-
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tercrystalline pores for successful high separation selectivity. of CO, could be sequestered and ultimately removed
However, recently, there has been a big leap forward in the (presumably through recompression) from coal gasification
commercialization of this technology. Currently, only Mitsui  products to prevent its escape into the atmosphér&! This
Engineering and Shipbuilding Company in Japan has com- process would require a rejective type tdembrane which,
mercialized a process using zeolite membrafiedt is a unlike the selective membranes, must possess decreased H
pervaporation process using NaA zeolite membranes for diffusion but increased solubility and selectivities (Table 14).
organic dehydration. The membranes are-20 um thick Nonpolymer carbon-based membranes are rejective H

on porous, tubular ceramic supports. The plant ProCeSSeSyambranes that can be categorized into three classes: carbon
ﬁ/IICOh?ls up to 5?0 L/ Ih kel sebparatlolrj fagtgrsBup to 1&0?0' membranes, carbon molecu?ar sieve membranes (CMSMS)
anufacturers of zeolite membranes listed by Bowen &fal. ' X - ’
include Smart Chemical Co., Ltd and Christison Scientific, and carbon nanot_ubes (CNTSs). The separation abyllty of each
class of material is dependent both on the chemistry of the

both in the UK., and Artisan Industries Inc., USA. material and on the fabrication/implementation (ie., module
Current estimated costs per zeolite membrane gas separa; . piem N
design). As a result, there are serious advantages and

tion module have been approximated around $400/ft .
Though this is an estimate, it compares favorably with metal disadvantages to each.
membranes and modules $1500/f) 3181t is safe to assume When compared to polymeric membranes, the cost of
that, once in mass use and production, those costs will declinecarbon-based membranes is 1 to 3 orders of magnitude
significantly to about $100At allowing zeolite membranes greater per unit area. Only when they achieve higher
to compete both in economics and on performance. performance than polymeric membranes is the high invest-
Significant progress has been made in the synthesis orment cost justified. The most popular precursor for carbon
various types of crystalline zeolite membranes. Good quality membranes is currently polyimide, which contributes largely
zeolite membranes can be prepared by several methodsto the high manufacturing cost. Therefore, attempts have been
including in situ synthesis, secondary growth, and vapor- made to use less expensive starting materials, such as
phase transportation. To be considered useful for gaspolyacrylonitrile. However, the performance of these mem-
separations applications, these membranes will have to bebranes still remains inferic¥2
synthesized withou_t_macropore—sizeq defec_ts or pinholes.  ~arhon membranes have been prepared in both unsup-
Furthermore, the ability to surface modify zeolite membranes ., te4 and supported forms of materials. Typical precursors
(both internal pore surfaces and external surfaces) throughy, .o organic polymers that are converted to pure carbon

ig?ég‘ .tor ég;bggz;rt;?%qﬁgltlﬁms fr?rthtg?‘ngr?ﬁ)_rtggtlansga:g materials by treatment at high temperature in an inert
overr?gg .b mechgnisngs of reijgrential adsorption Selec_atmosphere (carbonization). Among the unsupported mem-
9 y P ption, branes, capillary tubes or hollow fibers and flat membranes

tively configurational diffusion, or molecular sieving. Gas have been prepared. Supported membranes are flat or tubular
permeation through these microporous inorganic membranes prep - =upp

is an activated process that can be predicted through gasa.nd are grafted onto macroporous matefigisthe major

diffusion theories (i.e., MaxweltStephans equations that d|saﬂvantalge V}'ith both typsls is that t_?eyHSLgf_?trl from
govern gas permeation and separation). mechanical performance problems, specifically brittleness.

Zeolite membranes have chemical, mechanical, and ther_BrittIeness presents a problem for g_nsupported mem_brapes,
mal stability not observed in many types of membranes. The Whereas multiple polymer deposition and carbonization
trends in zeolite membrane research show clearly theCYCl€S must be repeated to obtain crack-free supported
improvements in selectivity, fabrication methodology, and membranes. The complexity of the latter procedure presents
energy-production applications. In the near future, the ability @n impediment to practical applications.
to inexpensively fabricate these membranes for tuned Different configurations exist for unsupported and sup-
selectivity will put them at the forefront of separations ported carbon membranes. Unsupported membranes have
technology. For the time being, their stability at high three different configurations: flat (film), hollow fiber, and
temperatures and their ability to be regenerated without losscapillary. Supported membranes can adopt two configura-
to performance make them interesting candidates for stream-+ions: flat and tube. Detailed descriptions of these two

lined hydrogen production via natural gas reformation. categories can be found in Ismail and David’s reviéfn
most cases, supported polymeric membranes are produced
5. Carbon-Based Membranes because of the poor mechanical stability (i.e., brittleness) of

unsupported carbon membranes. In making the supported
carbon membranes, various options are available for coating
the supports with thin polymeric films, such as ultrasonic

Hydrogen rejection and contaminate permeation is yet
another method which is being intensely explored as a new
approach for H purification, prlmarllly using (_:arbon-based deposition??532 dip coating®?’ vapor depositiod2é spin
membranes. Because of hydrogen'’s low critical temperature . . 1320 204 spra coating®
and small kinetic diameter, a rejective membrane process g,. ) pray . ' o
allows for H, purification via contaminant permeation with ~ The six major steps in carbon-based membrane fabrication
respect to K Such rejective membranes have the very are briefly detailed in this section of the review but are more
distinct economic advantage that maintaining/collecting H fully described elsewher&’ These six steps are precursor
in the retentate reduces the need for costlyd¢ompression  Selection, polymeric membrane preparation, pretreatment of
steps, though it potentially adds a €@ompression step.  the precursor, pyrolysis process, post-treatment of pyrolyzed
Therefore, this may only find limited utility in certain ~membranes, and module construction. The manipulation of
applications, such as refinery use of, Mhere only medium  the pretreatment variables, pyrolysis process parameters, and
or low pressure hydrogen is required. Furthermore, in 2003 post-treatment conditions was shown to provide an op-
a project was started by the United States Department ofportunity to enhance the separation performance of carbon
Energy, called FutureGen, which proposed that large amountsmembranes in the future.
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5.1. Carbon Membrane Preparations applications of membranes, it is preferable to fabricate a
module with an asymmetric structure and capillary or hollow
Carbon membranes can be produced through the carbonfiner configurations in order to increase the rate of permeation

ization or pyrolysis process of suitabfecursorcarbon  f the productd?® In general, the characteristics of modules
containing materials, such as thermosetting resin, graphite, st pe considered in all system designs.

coal, pitch, and plants, under inert atmosphere or vactitim.
Numerous synthetic precursors haye_ been used to _form5_4_ Selective Surface Elow Membranes
carbon membranes, such as polyimide and derivatives,
polyacrylonitrile (PAN), phenolic resin, polyfurfuryl alcohol Rao and Sircar introduced new membranes in 1993 for
(PFA), polyvinylidenechloride acrylate terpolymer (PVDE the separation of gas mixtures that they called selective
AC), phenolformaldehyde, cellulose, and others. A thermo- surface flow membranes (SS®}.3*2 These membranes were
setting polymer can often withstand high temperafiifesd synthesized by coating a macroporous graphite disk with
neither liquefies nor softens during any stage of pyrolysis. layers of polyvinylidene chlorideacrylate terpolymer latex
Suitable precursor materials for carbon membrane productionwhich contained 0.1 mm polymer beads in aqueous solution.
will not cause any pore-holes or cracks to appear after the After deposition of each layer, the disk is dried and heated
pyrolysis ste33 to 1000 °C, which produces a porous carbon membrane
Pretreatment methods can be divided into physical andthrough sequential cross-linking and carbonization of the
chemical methods. The@olymer membrane preparation underlying polymer. The resulting thickness of each layer
involves the physical pretreatments of stretching or drawing was~0.5 mm, and between two and five layers were applied,
hollow fiber membranes prior to pyrolytic processing. In to yield a complete module between 1.0 and 2.5 mm. The
contrast, chemical pretreatments involve chemical reagents permeability for H in a mixture with hydrocarbons was
which are applied to th@olymeric precursorto alter its ~ reduced by several orders of magnitude over that of pure
properties or behavior. Sometimes the precursor is subjectediydrogen. These membranes became promising for H
to repeated and varied pretreatment methods to achieve théeparation because the hydrocarbon selective adsorption
desired properties in a carbon membrane. Perhaps the moshindered pore diffusion by hydrogen.
important and popular pretreatment method employed has Further fine-tuning of the pore structure can be facilitated
been the oxidation treatmetit. through various synthetic methods. They include an increase
Pyrolysis the process in which a suitable carbon precursor in the oxidation time and temperature, allowing for controlled
is heated in a controlled atmosphere to its pyrolysis tem- increase of the pore size and permeabilities of all compo-
perature, is conventionally used for the production of porous nents, and a variation in the kinetic selectivity Excessive
carbon fibers, and it causes the product to have a microporousxidation, however, may render the pores too large to be
structure. Control over the molecular dimensions of these selective.
micropores and the subsequent molecular sieving properties Optimization of these membranes has led to even further
is one of the primary methods being actively researéfied. gas separation advantages, such as hydrogen gas purification.
The pores vary in size, shape, and degree of connectivity,However, this process works opposite to other inorganic
depending on the morphology of the organic precursor and membranes. Since adsorption occurs on the high pressure
the chemistry of its pyrolysis. The pore structure is essentially side, the partial pressure of the component to be adsorbed
retained and can be controlled selectively by adjusting the can be low. The partial pressure gradient across the mem-
various process parameters (i.e., chemical pretreatmentprane does not need to be high to attain separation, since
precursor identity, etc3*While pyrolytic treatment methods  the driving force for mass transfer across the membrane is
do have a definitive effect on the performance behaviors of the difference in the concentration of the adsorbed species
carbon membranes, the temperature is almost always betweefi.e., concentration gradient). It should also be noted that the

500 and 1000°C 335336 activation energy for surface diffusion is typically lower than
that for transport across the membrane. Furthermore, adsorp-
5.2. Carbon Membrane Post-treatment tion decreases the effective pore volume, hindering the

A It of v . | . b Knudsen diffusion mechanism of nonadsorbed molecules,
S aresuft of pyrolylic processing, polymeric memoranes e would ultimately diminish the degree of separation.

are transformed into carbon membranes with varying degreesge 5 ation processes utilizing SSF membranes are based on
of porosity, structure, and separation properties that dependthe adsorption properties of the component(s), and larger or

to an extent on the carbonization conditions employed. In ), polar species can be separated from the mixture. For
most cases, it is found to be an advantage that the pore

dimensions and distribution in the carbon membrane can beexample, in the methane reforming process, hydrogen

finely adjusted by simple thermochemical treatment(s) to remains on the high-pressure side of the membrane while
; . X . nwanted species are passed through, eliminating subsequent
meet different separation needs and objecti#€Ehe various unw pec P ug iminating subsequ

. A ., compression of the Hgas for many applications. A further
post-treatment methods include postoxidation, chemical b H y app

d ition (CVD A vsi d tna. Th advantage of the technique lies in the fact that adsorption
vapor deposition ( ), pos pyrolysis, and coating. 1hese apacity and selectivity increase with decreasing temperature,
post-treatments can also repair the defects and cracks th

2 educing operational cost. This is the reverse of molecular
exist in the carbon membrane. sieving3%

- Furthermore, the pressure swing adsorption (PSA) process
5.3. Carbon Membrane Module Construction has been integrated with SSF membranes for enhanced
The geometry and installation of a membrane in a suitable performance in the extraction of hydrogen from steam-

device (i.e., a module) are also imporfinto its separation ~ methane reformer g&4! In the commercial production of
abilities. The selection of a membrane module is mainly hydrogen, this reformer gas is subjected to water gas shift
determined by economic considerations, including all the cost (WGS) reactions followed by hydrogen purification by PSA.
factors plus the cost of the modu¥. For commercial Typical PSA cycles consist of alternating pressurization and
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depressurization of feed gas and hydrogen enriched gas tdSubsequent mild oxidation, known as activation, may
augment hydrogen recovery. If a SSF membrane is used forenhance the development of new pores and the widening of
purification of the waste gas of the PSA process, hydrogen existing ones*’ It is possible to interrupt the pore develop-
recovery can be increased from 78% to 85% in the integratedment process when the pore widths have reached molecular
process. Due to a reduction in the compression duty and thedimensions. Under these conditions, however, the capacities
membrane area, the process is particularly economic whenare generally low, as the overall pore dimension remains low.
the PSA waste gas is first fractionated, and only the hydrogenAnother problem may be the low degree of carbonization.
rich portion is used as feed for the SSF membrfe. Alternatively, carbon molecular sieves can be prepared from

Viera-Linhares and Seaton used molecular dynamics activated carbons with high adsorption capacities. Tuning
calculation®? and critical path analysi® to model the  Of pore opening sizes is possible through chemical vapor
separation process in selective surface flow membranes fordeposition (CVD) processing of certain organic compounds,
methane/hydrogen mixtures. They showed that pore width thus increasing the selectivity. Nevertheless, the deposition
is critical for the separation process, since it controls control at pore _mouth_s is difficult to _achleve, ar_1d often the
adsorption capacity and transport properties through theprocess results in a shift of the pore size distribution to overall
material. They defined three distinct regions, characterized sSmaller values?’
by pore size. If the size is smaller than 6 A, a sieving effect MSCMs produced through pyrolysis of polymeric materi-
results and separation occurs solely based on molecular sizeals have proved very effective for gas separation in adsorp-
Between 6 and 10 A, selective adsorption of methane tion application$4¢-35! Molecular sieving carbon can be
occurred with very little dependence on pressure, due to theobtained by pyrolysis of many thermosetting polymers, such
pores being filled almost to capacity. Maximum selectivity as poly(vinylidene chloride) (PVDC), poly(furfuryl alcohol)
was achieved at-78 A, while permeability was optimal at  (PFA), cellulose, cellulose triacetate, saran copolymer, poly-
9 A. Larger pore sizes gave rise to a regime in which methaneacrylonitrile (PAN), and phenol formaldehyde, and various
was preferentially adsorbed on the pore walls and hydrogencoals, such as coconut sh#f. The pore dimensions of
occupied the center of the pore. It is less effective fer H carbon depend on the morphology of the organic precursor
purification, as the hydrogen can diffuse through the low- and the chemistry of pyrolysis. In particular, nongraphitizing
density region of the porous network. Further research carbons were extremely specific and adjustable by mild
showed that, for the separation of methane from hydrétfen, activation and sintering steps to the discrimination range
both species pass through distinct pore subnetworks of the2.8-5.2 A352353pyrolysis of thermosetting polymers typi-
membranes, with methane populating the larger pores. Thecally yielded an exact mimic of the morphology of the parent
importance of this work lies in the fact that a selective material without proceeding through a melt or softening
blockage of smaller pores would reduce the permeability to during any stage of the pyrolysis procé¥Koresh and
hydrogen and enhance the effectiveness of the separationSoffe46:352353syccessfully prepared crack-free molecular

sieving hollow fiber membranes by carbonizing cellulose
5.5. Disadvantages of Carbon Membranes hollow fibers. They have shown the dependence of perme-
.. abilities and selectivities on temperature, pressure, and extent

Though carbon-based membranes show much promise ingt pore for both adsorbing and nonadsorbing perme&tés
the area of light gas separations, they still possess problemsrpey recognized that the adsorption followed a sequence of
that influence their introduction to market. First, they are CO, > H, > N, > Xe > SF; for the molecules studied and
very brittle and fragile. Therefore, they require more careful pat hydrogen and methane permeabilities exhibited a
handling??*331.346.574This may be avoided to a certain degree maxima between 600 and 70@, which they attribute to a
by optimizing precursors and preparation mettiéiSecond,  molecular-sieving permeation mechanism. However, those

their difficulty to process results in high expenses t0 mempranes would lack sufficient mechanical strength and
fabricate3’* Carbon membranes require a prepurifier for durability for practical applications.

removing traces of strongly adsorbing vapors, which can clog . :
up the pores due to the transport being through a pore system fFueﬂrt?s and Centt(.a??é regorted In t998 the prep::xrgtﬂon

rather than through the bulk system. This is typical of many of a flat, asymmg fic: car ont merr:j ratr;e su%por_et' on "’}
industrial adsorption separators. This problem may be macroporous ‘carbon support, made by carbonization o

. - s : lomerated graphite particles blended with a phenolic
avoided by operating at sufficiently high temperatués. agg 340 X
Third, they only demonstrated high selectivities for certain resin: The support had a porosity of 30% anq amean pore
gas mixtures, with gases of molecular sizes smaller than 4.0 diameter of 1 mm. In an effort to stop translation of support
4.5 A. Carbon membranes are not suitable to separate c:ertairﬁ:racks to the membranes, the support was coated with an

industrially relevant gas mixtures, such as branched pentane r}teenrg;%dla.tﬁ] C:rbgln;%fjrewﬁq deefrrgg].:m_?hger%pgl'(te F;zrtt'ﬁfns
versus linear hydrocarbon molecules or-gaapor mixtures wi polyamide-imi n. ISK-W

(i.e., H/hydrocarbon§? carbonized a_nd polished befqre deposition of the polymeri_c
membrane with an asymmetric structure through a polyamic
. acid precursor. Gelling of the polymer film, drying, and
5.6. Molecular Sieving Carbon Membranes subsequent thermal treatment led to carbonization. The
Molecular sieving carbon membranes (MSCMs) are the resulting membrane had better permselectivities for carbon
second class of carbon-based membranes on which we willdioxide and methane than the multilayer S3F342
focus. These membranes are able to achieve both capacit>H°W9Verv the permeabilities of the pure gases decreased, and
and selectivity, primarily due to having pore openings of N0 data on hydrogen have yet been reported.
optimal molecular dimensions and high pore volume(s). The In a recent study by Hatof?* H, and CQ data were
broad variety of carbonaceous precursors and differentreported for their polyimide molecular sieving membranes.
processing procedures allow for a wide range of variability. Precise pore size and structure control were reportedly
The development of porosity begins in the pyrolysis process. achieved by adjusting the heat-treatment temperature for
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carbonization. They used commercially available polyimide
films that were subsequently carbonized under a flow of dry
argon. Their data showed that, with increasing carbonization
temperatures, the micropores’ size of their membranes
decreased. After treatment at 1000, the H/CO selectivity
increased to above 1000. Above 100G, an obvious
decrease in Cgadsorption was observed due to the decrease
in pore size to below that of a G@nolecule. The authors
concluded that a surface diffusion mechanism was respon-
sible for the achieved separation.

The commercial availability of activated polyaramid
carbon fibers led Villar-Rodil et &’ to investigate their
gas separation properties. These fibers have narrow pore size
distributions. After chemical vapor deposition of benzene
with simultaneous pyrolysis at 80TC, these membranes
were appropriate for MO, separation based on capacity and
selectivity. It is anticipated that a careful control of the pore
mouth treatment might result in membranes suitable for the
separation of hydrogen purification.

5.7. Carbon Nanotubes

The discover§>35¢of carbon nanotubes (CNTSs) in 1991  Figure 8. (A) An as-grown, dense, multiwalled CNT array. Scale
stimulated a great deal of interest due to their unusual bar, 50um. (B) Schematic of the target membrane structure. With
mechanic and electronic properties. With a hundred times @ Polymer embedded between the CNTs, a viable membrane

e sirength of steel and their high gas uptake capaciy, 2745 S be eadly prekged,wih e gy being e rgd

applications ranging from lightweight fuel tanks to cables gciencemag.org). Reprinted with permission from AAAS.)
for elevators into space were envisioriétl.
CNTs can be thought of as graphite sheets that have beenubes. O’Connell et &#° introduced a method to create a
wrapped into a tube and capped at each end with half astable suspension of individual SWNTs using ultrasound.
fullerene (Go) sphere’*® Their electronic properties depend  Most methods for separation of metallic and semiconducting
on tube diameter and helicity>***Depending on the degree  SWNTs require initial debundling or solubilization of the
of twist along their length, nanotubes encompass many nanotubes, which is generally achieved through surfactant
structural types ranging from the chiral “armchair” (metallic) aided dispersion by ultrasonication or chemical functional-
over other chiral types to the achiral “zigzag” (semiconduct- jzation 36!
ing) tubes. Oxidation procedures allow the selective removal  SWNTs possess several possible adsorption sites. While
of end caps, yielding open-ended CNTs. Tube diameters liethe binding energy is highest for interstitial channel sites,
typically in the range of several angstroms to a few the surface area of pore sites is largest. These sites, however,
nanometers. Besides the single-walled variety (SWNTS), are only accessible when the tube walls or caps are broken,
multiwalled CNTs (MWNTSs) exist which are composed of as typically happens under harsh oxidation conditffs.
concentric layers of single-walled tubes separated roughly Since multiwalled tubes rarely bundle, groove and interstitial
by the same distance as the planar sheets in graphite (cachannel sites do not exist. The interlayer spaces may be
3.4 A). Here, each individual layer can have a different possible adsorption sites for small molect#sThe pores
helicity. of MWNTs may be occupied, but the volume fraction of
Carbon nanotubes are typically synthesized by one of threethese sites is very small compared with SWNTSs, considering
major production methods: laser ablation, chemical vapor their thick walls.
deposition, and electric arc discharge. Metal catalysts such Recent breakthroughs in molecular dynamics (MD)
as Fe, Co, Mo, and Ni and combinations thereof are simulation8®3% and membrane fabricatio#t437°have put
necessary to grow SWNTs and are generally also used forcarbon nanotubes at the forefront of carbon-based mem-
making MWNTs. These metallic particles remain as impuri- branes. Because the walls of the nanotubes are considered
ties in the final product. In addition, other forms of carbon very smooth as compared to the other materials (i.e., zeolite
such as amorphous carbonaceous materials, graphitic parmembranes), they have been predicted by Sholl and Johnson
ticles, graphitic carbon fibers, nano-onions, and the like are to contain rapid transport rates for gad¥s®5Holt et al36°
formed. and Hinds et at’® fabricated single- and double-walled
In order to remove these impurities, the CNTs are nanotube membranes (33 nm diameter), and multiwalled
subjected to post-treatment. Most purification techniques nanotube (6:10 nm diameter) membranes, respectively
exploit the fact that the nanotube carbon network is extremely (Figure 8).
stable and usually not affected by oxidation, while other  Diffusion of single gas molecules (both light gases and
forms of carbon are readily oxidized to G&imultaneously, hydrocarbons) was studied by both groups. Rapid transport
metal particles are converted into their oxides, which can of gases was recorded. Transport rates by Holt & alere
then be dissolved by acid. It should be noted that, in this 1-2 orders of magnitude larger than Knudsen diffusion
process, tubes may be cut into shorter pieces, possibly leavingoredictions (Figure 9).
tube ends opened and tube walls damaged or exfoliated. Multiple gas diffusion experiments have still not been
Due to van der Waals forces between the tubes, SWNTsreported. However, MD calculations have been reported for
typically aggregate in the form of bundles with 50 or more CHJ/H, mixtures3%” They predict a preferential adsorption
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0.6 Table 10. Hydrogen Separation Ability of First-Generation,
— 1 Commercial Membranes for Gas Separations
% membrane
< material(s) developer #N, HJ/CO H/CH, ref
>
& polysulfone
g 100 silicone rubber Monsanto 39 23 24 375
‘S polyimide Ube 35.4 30 484
g cellulose acetate Separex 33 21 26 372,376
=
8
2 Table 11. Hydrogen Purity Required in Industry3&°
hydrogen
0.3 T T T T T ity (O
20 30 40 50 60 70 purposes purity (%)
Molecular Weight (amu) rocket engine fuel 99.999999
Figure 9. Pure gas selectivity (defined as permeability relative to Sﬁ{”ﬁg?gf;&%}“&“ﬁgﬁgf
He) data for sub-2-nm DWNT (double-walled nanotube; triangles) gn-);ite hvdro er): enerating equioment 99.99
and MWNT (circles) membranes. Open symbols denote nonhy- hydrodegulfuﬁzati%n 9 equip 90
drocarbon gases @gHHe, Ne, N, O,, Ar, CO,, Xe); solid symbols : . o
denote hydrocarbon gases (§8:Hg, CsHs, CsHs, C4Hg). The solid ﬁjdéf;;n;ent of molecular weight distribution 5:28

line is a power-law fit of the nonhydrocarbon gas selectivity data,
showing a scaling predicted by the Knudsen diffusion model
(exponent 0f-0.49+ 0.01). The dashed line is a power-law fit of  ay,0lved (Table 10), they became more commonly utilized

the hydrocarbon gas data, showing a deviation from the Knudsen . .
o4 (exponem%ms?i 0.02). e ahows the Tull mase. | on commercial scales for various recovery processes that

range of the nonhydrocarbon gas data, illustrating agreement with €ventually included bireclamation from recycled refinery

the Knudsen model scalifif (From ref 369 (http://www.sciencema- ~ gas3’"378

g.org). Reprinted with permission from AAAS.) One of the primary polymer-based technologies for energy
production is proton exchange membrane (PEM)-based fuel
cells, which convert the chemical energy of trectly and

of CH, over H, with selectivities greater than 10, which is  efficiently to electrical energy with dramatically reduced

much higher than Knudsen diffusion predictiorns3).%® emissions of greenhouse gases (hydrocarbons, CQ, CO
NOy, and SQ).5° However, for these fuel cells to become

6. Polymer Membranes for H , Separations widely applicable, a well distributed supply of hydrogen is
required.

Organic polymers have a long rich history which can be
traced back to the 1840s with the discovery of nitrocellulose
and the vulcanization of polyisoprene (hatural rubber). Since
then, the amazing variety and ubiquitous presence of

While polymer-based Hseparation membranes are ca-
pable of H production at very high purities, palladium
composites, inorganic membranes, or more advanced separa-

polymeric materials in modern society has had an enormouslioN Processes are required to poroduce the.h!ghest of purities
impact on virtually all facets of large-scale industry and the 0" Many applications (Table 1%)*However, itis quite clear
global economy.” It follows then that these materials be that further scientific devel_opments are needed to fuI_Iy realize
considered and exploited as a potential cornerstone of thethe hydrogen economy, since the current technologies do not
proposed hydrogen economy. Membrane separations have/€t meet the performance criteria set forth by the U.S.
been considered for a variety of gas separations since at leagdPepartment of Energy. Gas separation membranes have
the 1950871 however, it was not until the mid-1970s that ~ significant potential for application in this growing process.
DuPont pioneered the use of small-diameter hollow fibers ]

as a viable gas separation membr&i3é€’® Among the 6.1. Dense Polymeric Membranes

numerous industrial targets,,Hecovery, separation, and
purification remains one of the most highly prized yet most
elusive applications of polymer separation membrénes.
Typical strategies for these separations include variation of

the H/CO ratio in synthesis gas (commonly referred to as &
syn-gas), removal of Hfrom hydrocarbon streams, and, temperatures for polymer membranes a0°C. Several

finally, removal from purge gases in ammonia production key advantages are that they possess the ability to cope with
and ~other large-scale/commercial petrochemical pro- high-pressure drops and low cost. However, limited me-
cessed’2-376 This particular section of the review examines chanical strength, relatively high sensitivity to swelling and
various polymeric membranes for, ldeparations, provides —compaction, and susceptibility to certain chemicals such as
comparative data, and addresses active areas in need dfydrochloric acid (HCI), sulfur oxides (S and CQ make
expansion. polymeric membranes less attractive. Polymer membranes
While DuPont’s hollow fibers were groundbreaking, their US€d for separation processes operate according to the
low permeance was not efficient or productive enough to solution diffusion mechanism. An in depth study on p_olymer
provide economically sustainable gas separations. Severalneémbranes can be found elsewh€relable 14 gives
years later, this performance shortfall was addressed byhydrogen permeabilities (at 2C temperature and 206.8 kPa
Monsanto when they developed asymmetric polysulfone feed gas pressure) for the selected polymer membranes and
hollow fiber membranes for Hrecovery from ammonia  the selectivities for nitrogen (), methane (Ch), and CQ.
purge gase¥? The next advance was introduced by Separex The polystyrene shows the best combination of hydrogen
in the form of spiral wound cellulose acetate membranes permeability and selectivities for NCH,, and CQ.6:19.372
(Separex) for H and natural gas separatioti§.As the Polymeric membranes are separated into porous and
transport properties of polymerictdeparation membranes nonporous, and the hydrogen transport mechanisms of these

Dense type polymer membranes can be divided into glassy
and rubbery polymeric membranes. The former have higher
selectivity and lower flux, whereas the latter have higher
flux but lower selectivity*® According to Kluiterst® operating
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Table 12. Common Hydrogen Sources and Their Impuritie&*° Table 13. Properties of Several Common Gas Molecules
hydrogen source impurities k& a® Tc®
0 0 o
electrolysis of water Cl O,, N, CO,, and CO compound molecule (x10°m) (x10°°m) S
steam reforming gas CO, G&and CH helium He 2.6 2,551 -277.0
petroleum refining ¢—Cg, and BTXR ammonia NH 2.6 2.900 132.4
ammonia purge gas NN, and CH water HO 2.65 2.641 374.2
coke oven gas CHN,, BTX,2CO, CQ, and Q hydrogen H 2.89 2.827 —240.0
a _ carbon dioxide Co 3.3 3.941 31.0
BTX = benzene, toluene, and xylene. carbon monoxide ~ CO 3.73 3.690 —140.3
oxygen Q 3.46 3.467 —118.6
membranes may occur through five different diffusion nitrogen N 3.64 3.798 —147.0
processes (see Figure 1). If the polymeric membrane is B}i‘g‘;ﬁ: gﬁd Z-g gﬁg _8§é87
. . . - 8 . . .
porous, then diffusion occurs through mechanisms which gy d ~585 >5 349 288357

depend largely on pore size and the size(s) of the diffusing o o -
gas molecule(s): (i) Knudsen diffusion, (ii) surface diffusion, ‘"the}'g.d'amgg fi"cu'at%d ;rom the"'T",”'mclj!m qug"tgr'cum oross-
(iii) capillary condensation, and (iv) molecular sieving. In f:r%p;%?g\turléag%thX :eg:ﬁzre;]eo?gjefotc;ﬂgﬂe '(aGTJI‘:), and ;';:g%e
Knudsen diffusion (i), the diffusing gaseous molecules collide (cgH,).

more frequently with the pore walls than with other diffusing
molecules, thus facilitating differential retention tintés.
With surface diffusion (ii), gaseous molecules adsorb onto
the pore surfaces (walls) and then move from along a specific
decreasing concentration gradient from one site to the
next382:383 Capillary condensation (iii) occurs under very
specific circumstances when diffusing gas molecules con-
dense within a given pore to generate capillary forces which
inhibit diffusion rates’®* Finally, the molecular sieving (iv)
mechanism is again a specific case where the diffusing gas
molecules and the pore size are sufficiently close in size to
require an energy of activation (directly related to molecule
size)38s

The idea of an “upper bound”, originally introduced by
Robeson in 199%% is the carefully modulated balance
between permeability and selectivity. This proposed upper
bound provides insight into the maximum selectivity that is
attainable for a given membrane permeability while using
polymeric membranes for a given composition of gases in
the H feed stream. For example, at the low end of H
permeability, the separation of;Hrom a mixture of H/N,
has been established by various poly(methyl methacrylate)s
(PMMs), and at the high end of JHpermeability, poly(1-
trimethylsilyl-1-propyne) (PTMSP) has been used. Figure 10
. illustrates the substantial amount of research directed toward
In nonporous, or dense, polymeric membranes, transportmore effective gas separation membranes, but Robeson’s

is controlled by the (v) solution diffusiol:386-38 |n the ; . )
solution diffusigln mec(h;nism the gaseous molecules absorp PPE bound hypothesis, which was established over a decade

to the surface, dissolve into the bulk of the polymer ggo, still remaing™*14 This has been further explalr]ed by
. enny Freeman, who presefitsa clear and physically
[)nembragfa, atm(: aLe f|r_1allly tratmst)_olrtfed aCtLOS? thg Tembr?n%eaningful rationale behind the existence of this upper
y a gradient ot chemical potential rom the feed stream 10, o4 "I s membranes are now being designed from
the product stream. The equations which govern this ' . . .
particular diffusion mechanism are discussed at length in thepolyme'rs along this upper bound. However, if separations
introduction of this review and in refs 38&90. exceeding this upper bounql are required, then al_ternatlve
membranes (zeolitic, metallic, etc.) and technologies must
- - be employed.
6.2. Hydrogen Selective Polymeric Membranes The use of cross-linkable polymers is another more recent
Polymeric membranes which are selective for hydrogen methodology which has been used to improve the perfor-
are designed such that the concentration of hydrogen ismance of polymeric membran&g:#16418 These cross-linking
increased in the product streape(meatgand the remaining  moieties have been shown to provide a selectivity improve-
components of the gas mixture remain in the feed stream orment for H at least ten times the magnitude of their non-

a secondary waste streanetentatg. cross-linked counterparts. However, the complexity of
The variety of H sources (feed stock streams) provides a implementing this approach on large industrial scale mem-
modest number of impurities (Table 12) which could branes has yetto be overcome and must be addressed before

potentially interfere with the separation membrane. But as they find widespread commercial use. Although polymeric
Table 13 shows, khas the lowest critical temperaturé.)X membrane research in the open literature appears to be
compared to those of most of the other gases, and it has oneshifting toward membrane processttf?°membrane sys-

of the smallest kinetic diameters of any gas molecule. This tems and new support&; #?8the patent literature still reveals
low T, indicates lower potential hydrogen solubility while substantial efforts toward the development of new membrane
the small kinetic diameter suggests substantially higher materials!0?:429-433

diffusivities 382391392 Thus, current research on selective A specific application for polymer membranes is as
polymeric H, membranes is aimed at the exploitation of high hydrogen rejective membranes (as mentioned above). Rejec-
diffusivities while minimizing the consequential effects of tive membranes use the significantly higher sorption of other
the lower solubilities. Since dense membranes of this type gases to overcome the potential selective preference of the
operate entirely on the solution diffusion mechanism, poly- small size of the hydrogen molecuf#.Rubbery polymers
meric membranes are engineered in an attempt to use thessuch as polydimethylsiloxane (PDMS) have been shown to
two major components to their advantage. Improving the reduce the diffusion selectivit{#>43¢The higher mobility of
performance of polymeric }kelective membranes is largely the chain structures in these rubbery polymers increases the
based on targeted separation, which rejects more condensabldiffusivity of all gaseous species. Since smaller molecules
compounds (impurities) and allows the less condensaple H are already highly mobile, larger molecules benefit most from
to permeate. this chain mobility, which ultimately causes reductions in
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Table 14. Permselective Properties of C@selective Polymeric Facilitated Transport Membranes

other CO, CO, CO,
membrane gas (kPa) permeance selectivity ref

sulfonated polystryenreEDAH N2 0.29 4.13x 1076 600 449, 450
Nafion—EDAH CH, 0.16 7.99x 1077 550 378, 452
Nafion—EDAH H> 101 3.63x 1077 6.8 453, 486
Nafion—EDAH Hy 1.88x 10°© 55 379, 454
sulfonated polystryeredivinyl benzene-EDAH N2 0.407 4.97x 1078 524 456, 487
EDAH-—alginate N 1 1.05x 10780 50 457, 488
EDAH—polyacrylate N 4.76 7.50x 1078 4700 458, 459, 489, 490
poly(acrylate-EDAH)/poly(vinyl alcohol) N 6.18 5.25x 1076 1900 380, 460
poly(vinyl alcohol}-amino acid salts K 76.0 6.38x 1077 30 381, 461
poly(ethyleniminey-lithium glycinate H 76.0 2.80x 1076 75 382, 462
polyvinylalcoholktetramethylammonium fluoride H 76.0 5.33x 1077 19 383, 463
polyvinylalcohol-cesium fluoride H 4.4 5.96x 1077 60 384, 464
cesium polyacrylatecesium fluoride H 4.4 6.09x 1077 61 384, 464
poly(diallydimethylammonium fluoride) H 40.0 1.35x 1077 81 385, 465
poly(vinylbenzyltrimethylammonium fluoride) H 4.21 4.52x 1077 87 386, 466
poly(vinylbenzyltrimethylammonium fluoride) H 113.9 2.22x 1077 207 18, 467
poly(vinylbenzyltrimethylammonium fluoridejcesium fluoride H 4.08 1.93x 10°¢ 127 387, 468
poly-2-(N,N-dimethyl)aminoethyl methacrylate 2N 4.76 3.75x 1077 130 18, 388
poly-(2-(N,N-dimethyl)aminoethyl acrylatee-acrylonitrile) N 0.48 1.53x 107° 90 389, 491
hydrolyzed polyvinylpyrrolidone M 1.62 1.27x 10°° 48.1 390,492
poly(ethylenimine)/poly(vinyl alcohol)- N 6.59 2.93x 1077 230 392,493
poly(vinylamine)-ammonium fluoride CH 200.0 2.33x 1078 1143 393,494
poly(vinylamine)-cesium fluoride H 4.29 5.03x 1077 120 384,464
Biomimetic carbonic anhydrase 2N 0.10 1.28x 10°° >1000 398,495

apermeance in units of #{m? s kPa); literaturd®, values converted to permeance using reported membrane thickrfelseabrane thickness
not reported, assumed a value of &@.

1000

on poly(amido-amine) dendrimers. This membrane has a
uniqgue CQ gating property and is predicted to provide
unmatched C@H; selectivity in polymeric materials. The
rejective properties of polymeric membranes have also been
achieved through careful production and processing control
of the fractional free volume¥?44® For example, the
fractional free volumes of pselectve PTMSP membranes
can be modified to produce reverse selective membranes that
favor hydrocarbons over hydrogétt.448

o H2/N2

— Upper Bound

100

Ai2/N2

Because the distinct properties of each gas (size, shape,
chemistry, etc.) play a major role in the sorption selectivity
and solubilities of a polymer, it is often not possible to
1 10 100 1000 10000 100000 generate a membrane which performs uniformly for all gas

Hydrogen Permeation (Barrer) compositions. Therefore, it is often necessary to design these

Figure 10. Permeability and selectivity data for hydrogen/nitrogen types of membranes for specific pairs of target gases.

separatiorf?4414 The upper bound was developed by Robé%on . e .
[ %arrer: 7 50062 x pl%ls m¥(STP) m/(nf s ga)]_ (yReprinted The separation and purification of;Hh SMR (steam-

from ref 393, copyright 1991, with permission from Elsevier.) methane reforming) plants is presently accomplished through
PSA (pressure swing adsorption) and/or amine-based acid
the diffusion selectivity. Unfortunately, this is not the case gas scrubbersAs implied above, polymeric membranes are
in glassy polymers because the low mobility of the polymer well suited to remove bulk Cfand to retain B, and they
chains prevents any significant reduction in diffusion selec- offer a particularly attractive economic alternative to these
tivities. . . - . well-established technologies. While there are various classes
As alluded to above, increasing the solubility selectivity of membranes whose function may be considered for H
is another technique to improve the properties pféjective urification at SMR plants, the temperature of the product
polymeric membranes. There have been several methods < stream (450650 °C) prevents conventional polymeric
reported to increase the solubility selectivities. These include membranes from being used. However, they can be used if
the incorporation of polar groups such as poly(propylene the temperature of the gas stream is sufficiently cooled. If

oxide) 321435437 oly(ether oxide}3® 440 poly(ester-ether}3? s n X )
or pol)y(urethaﬁe-)(/a(thef‘)*? Thesz polyraeysf provide ag im- product gas stream cooling is not a viable option, then

proved environment to solubilize polarizable feed-stream Microporous inorganic or palladium (Pd)-based proton
molecules such as CO, GCand NQ while the nonpolar- conducting or carbon molecular sieving membranes are
izable feed-stream components such asiéinot experience  Used® The H, is removed from the minor component (90

this improved solubility. A very significant development in and the product is recovered. However, since these types of
these types of polymeric membranes was reported by themembranes usually permeate bothadd CQ, the recovered
Research Institute of Innovative Technology for the Earth H will also contain CQ, since it also permeates to some
(RITE)*' RITE developed a novel gating membrane based extent.
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6.3. H, versus CO , Selective Polymeric density than that of Nafion was shown to permeate, CO
Membranes through a facilitated transport mechani$thA water-swollen
) ) sulfonated styrene-divinylbenzene (2.2 mequiv/g) containing

A COZ—seIectlve' polymerl_c membrane per_meatesztB@  EDAH* exhibited a high C@permeance of 5.6 1078 m¥/
means of a reversible reaction, where an amine-based carrie{m2 s kPa) at 0.41 kPa G@eed pressure. AlthoughzHlata
gas species reacts with GOn the high-pressure feed side \yere not reported, the G, selectivity was still quite
of the membrane to form an adduct\R-CO,. The RN— promising?%¢ A novel ion exchange membrane was obtained
CO, adduct diffuses through the membrane to the low- py cross-linking a polysaccharide, sodium alginate, followed
pressure product stream side, where it reforms free carrieryy exchange to form the EDAHcontaining membran®?
species and CQs liberated. Both C@and H permeate by gynonential increases in both Germeance and selectivity
Fickian diffusion, in which gas molecules dissolve at the oqteq from increasing the EDAHconcentration in the
high-pressure feed side, diffuse across the membrane, an%embrane, but a modest @, selectivity of about 50

desorb into the gas phase on the lower pressure permeatg gy suggests that this membrane may not be suitable
side (see eq 1 and Figure %1). for CO,/H, separations.

The ideal polymeric K separation membrane is one that . .
maximizes both C®permeability and C@H, selectivity lon exchange membranes prepared by polymerizing of acid
without reducing the relative Hiuxes. The increase in GO containing monomers onto mlcroporoussgr highly permeable
permeability translates to low membrane area and, henceSUIfaces have shown great promise™® Plasma graft
lower costs. High permeability, however, cannot be achieved POlymerization of acrylic acid gave membranes with higher
at the expense of selectivity, since ldsses are commercially ~€Xchange capacities than those of typical ion exchange
and economically unacceptable. While permeates only ~ Mmembranes. The resultis a higher £€rrier density and a
by a solution diffusion mechanism (v), the key to resolving MOre_highly ionic barrier to b permeation. Following
this issue is to avoid a membrane that has very low H neutrallzatlon'wnh EDA to form EDAH’ facilitated trgns-
solubility because it functions as a barrier toppérmeation. Bg:aga%cqe W;trsl(vfgehr'r%?(;?lgc&';g Vg:g/l\?bizlrggg\./itgo
A wide range of polymeric materials have been investigated 4700 at 4.8 kPa Cofeed pressurés45 With such a high

as candidates, including ion exchange resins, hydrophilic lectivity. th b ted to be effective f
polymers, blended polymers with G@eactive salts, poly- seleciivity, these membranes are expected to be eflective for
removal of CQ from Ha.

electrolytic membranes, and polyanilines. Membranes con- , i
sisting of ion exchange resins, polyelectrolytes, and polymer/ Another novel class of polymeric membranes consists of
salt blends contain mobile carrier species which preferentially Polyvinyl alcohol/poly(acrylic acid) block copolymer blends
react with CQ and diffuse across the membranes. The nheutralized Wlth EDAS0 Dependln_g_ on the nature and ratio
following sections are brief summaries of these classes of Of polymers, ion exchange capacities ranged from 1.3 to 4.5
membranes that have been reported fop/E@separations. ~ Mequiv/g. A maximum C@N, selectivity of 1500 at 6.2
kPa CQ feed pressure was obtained for the highest exchange

6.4. lonic and lon Exchange Polymer Membranes capacity membrane. Such a high 10 selectivity would
suggest utility for C@H; separations.

Pioneering work in this area was carried out in the early  Hydrophilic polymers blended with basic or G&active
1980s using ion exchange membraffé4® Membranes  saits have also proved effective for @8, separations. These
consisting of polyvinylpyridines and simple anions (carbonate membranes contain mobile carrier species that react to form
(CGs7) or glycinate (NHCH,CO,")) resulted in high C®  pjcarbonate or carbamates. Membranes consisting of poly-
permeabilities relative to standard chloride containing poly- vinylalcohol blended with various amino acid salts exhibited
vinylpyridine membranes. Polystryenesulfonic acid (PSSA) co, permeabilities ranging from 0.72 10-11to 1.6 x 1071
membranes neutralized with ethylenediamine (EDA) im- m3/m2 s kPa) with CQ/H, selectivities of 13-30 at a CQ
proved the permselective properties. However, the resultingfeed pressure of 76 kP& Membranes consisting of poly-
monoprotonated  ethylenediamine,  hH,CH,NH5* ethylenimine alone, or blended with polyvinylalcohol, have
(EDAHY), can form carbamates {RCO,") based on the  peen utilized. When blended with 50 wt % lithium glycinate,
reversible reaction of RIH with CO,, which provides a  the resulting C@ permeabilities range from 1.4 to 16
robust pathway for reversible carbon dioxide sequestration. 111 m3/(m? s kPa) and C@H, selectivities range from 28

Following diffusion to the low-pressure side of the to 37 at ambient temperature and 1230 Barrers [1 Basrer
membrane, the carbamate decomposes, or rather dissociate$,50062x 102 m3(STP) m/(n# s Pa)] and a selectivity of
to form the original components, EDAHand CQ in the 75 is obtained at 80C.*6? Polyvinylalcohol membranes
gas phase. However, the g¢(ermeabilities were not containing 50 wt % tetramethylammonium fluoride tetrahy-
constant because of carrier saturation (carbamate formationdrate had a reported G, selectivity of 19 at 76 kPa CO
at higher CQ pressure&>* The ionic nature of this membrane  feed pressuré®® Membranes consisting of blends of cesium
provides a substantial barrier to permeation of nonpolarizablefluoride with polyvinylalcohol or cesium polyacrylate ex-
gases and, by extension,,.Hon exchange membranes, hibited CQ/H, selectivities of about 60 at a GCeed
containing EDAH", have fueled intense research on these pressure of about 4.4 kP%.
membrane technologies. One particular group of membranes, Polyelectrolytes are polymers that have high ionic cortent
Nafion, consists of poly(perfluorosulfonic acid), which up to one ionic unit per polymer repeat unit. Unlike ion
contains EDAH, and was reported to mediate the transport exchange polymers, polyelectrolytes are water soluble. The
of CO,,**2 with only a modest C@H; selectivity?>* Since high ionic site density of polyelectrolytes provides a high
Nafion has a relatively low ion exchange capacity, it provides concentration of C@reactive sites and an ionic medium with
only a moderate Hpermeation barrier. However, highly  a low H, solubility. Polyelectrolytes that have utility forH
hydrated NafiorrEDAH membranes exhibited increased purification have cationic groups on the polymer backbone
CO,/H; selectivities’™> A sulfonated polybenzimidazote coupled with anions, particularly fluoride {Fand acetate
EDAH (PBI-EDAH) membrane with a higher ionic site (CH;CO,”). One common example is poly(vinylbenzyltri-
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methylammonium fluoride) (PVBTAF)5466 PVBTAF has selectivity will put them at the forefront of separations
quaternary nitrogen groups on the polymer backbone. Thesetechnology. Currently, they are interesting candidates for
functional groups cannot interact with @Orather, CQ streamlined hydrogen production via natural gas reformation
reactivity arises from the counteranion. As described in because of their stability at high temperatures and their ability
reaction 4, such anions act as bases to promote formation oto be regenerated without loss to performance. Concerns
HCOs™. associated with inorganic membranes center on their fabrica-
tion reproducibility. Compared with organic membranes,
inorganic membranes are currently expensive to manufacture.
However, introduction into large-scale production facilities
PVBTAF and related membranes exhibited facilitated Should result in more competitive production costs.
transpor®-4%5 of CO, and CQ/H, selectivities greater than ~ Carbon-based membranes have the potential for a wide
80465466 permselective properties were, not surprisingly, Variety of applications associated with the separation and
strongly dependent on the feed and sweep gas relativePurification of hydrogen gas. A recent revigsgummarizes
humidities. Membranes consisting of two polyelectrolyte the literature for performances of carbon membranes for the
layers exhibited an unexpected improvement in selectivity Separation of mixtures of permanent gases. However, to
to 207 without sacrificing C@permeancé®” Much like the become economically viable as commercial products, these
hydrophilic polymers discussed above, incorporation of meémbranes will have to have better selectivity, thermal
various fluoride and acetate containing salts into polyelec- Stability, and chemical stability. Today, the production of
trolyte membranes yielded improved permselective proper- c@rbon membranes involves a very high cost; it is on the
ties 464468 |ncorporating 4 mol of cesium fluoride/mole of ~order of -3 orders of magnitude greater than that of the

permeance and a G, selectivity of 127 at a C@pressure superior performance in order to compensate for the higher
of 4.1 kPa. cost. Areas of fundamental research aimed at achieving that

superior performance includlél) optimization of fabrication
7. Conclusion parameters during the pyrolysis process, (2) development of
) effective yet inexpensive carbon membrane precursors, and
We have outlined some of the basic requirements and (3) enhancing the stability of these membranes when exposed
concepts central to the application of metallic membranes to water vapor (as found in reforming processes).
for H, separation into a clean, useable energy source, for Over the past 25 years, substantial progress had been
the Hydrogen economy. Metallic membranes containing achieved in developing polymeric membranes for hydrogen

group IV (Ti, Zr, Hf) and group V (V, Nb, Ta) metals are
of great focus in the research community fordéparations.

purification. However, much remains to be done before such
membranes become a commercial reality. While polymeric

As shown in Table 5, amorphous alloys offer greater membranes are successfully employed for large-scale com-

mechanical durability and resistance tg@ embrittlement,

mercial H recovery programs, there is still plenty of room

although it is not yet known whether they can produce higher for further improvement. Advanced polymeric membranes

H, fluxes or display higher thermal stability than their
crystalline counterparts. The modeling of ldermeation

with improved selectivity, diffusivity, H fluxes, and per-

meabilities are being developed. A wider range of operating

through a metal membrane and complications associated withconditions, specifically temperature and pressure, in addition
thin membranes, amorphous metals, and membranes withto higher chemical resistance to hydrocarbons and other
complex microstructures have been discussed, and a briefaggressive feed streams are all important properties where
summary of the key chemical and physical properties of non- research efforts are being conducted by the global research
Pd-based metals and alloys is highlighted. Despite this, thecommunity. Cross-linkable polymers show promise in ad-
preparation of amorphous and nanocrystalline alloys through dressing some of these concerns; however, there is still a
melt techniques provides a readily accessible avenue forlot of research needed with those materials. Further develop-
novel membrane design. In addition, it should be noted that ment in the area of membrane processing and applications
the processing and production techniques must also beshould improve the effectiveness of polymeric membranes
sufficiently able to manipulate the defect structure if in some cases, and focusing this research on very specific
amorphous metals are to be useful fop Beparations.  applications should allow membranes to play an increasing
Undoubtedly, the advances in the fundamental science andole in the growing hydrogen separation market.
understanding will continue to play a significant role in While many of the challenges are associated with poly-
improving the performance characteristics of metallig H meric H, separations, it may eventually prove necessary to
separation membranes. blend multiple membrane technologies together into mixed-
Inorganic silica and zeolite membranes hold the potential matrix systems such as hybrid membranes (mgialymer,
for full and near-term industrial implementation due to their ceramic-polymer, metat-ceramic), which attempt to incor-
tunable nature and high-temperature and high-pressure stabilporate the benefits of each component to improve the overall
ity. Silica membranes are one of the candidates for hydrogenmembrane performance. While there are still some major
separation due to their ease of fabrication, low cost of technical barriers that must be overcome, the future of
production, and scalability. Because of their porosity and polymeric membranes for hydrogen separations is very
composition, silica membranes are also less expensive tharpromising and has excellent potential for growth, especially
metals (due to the lack of precious elements) and notin the area of functionalization and chemical resistivity.
susceptible to Hembrittlement. Similarly, zeolite membranes Polymeric membranes are a dense type of membrane,
have inherent chemical, mechanical, and thermal stability. transporting species through the bulk of the material.
The trends in zeolite membrane research show clearly theDepending on their state, polymeric membranes can be
improvements in selectivity, fabrication methodology, and subdivided into glassy (prepared at temperatures below the
energy-production applications. In the near future, the ability glass transition temperature) and rubbery (prepared at tem-
to inexpensively fabricate these membranes for tuned peratures above the glass transition temperature) polymeric
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Table 15. Comparison of Membrane Classes

ceramic: carbon: porous
metallic: silica, alumina, zirconia, carbons,” single-wall polymer: polyesters,
Pd, Ta, V, Nb, and alloys titania, and zeolites carbon nanotubes ethers, imides, urethanes, etc.
dense porous dense porous porous dense porous
Trange ¢C) 300-600 600-900 200-600 500-900 <100
selectivity >1000 >1000 5-139 4-20 low
flux 60—300 6-80 60-300 10-200 low
mechanical phase transitions brittle very brittle swelling and compaction
issues
chemical poisoned by HS, potential degradation oxidizing and susceptible degraded
stability HCI, CO,, SO, with H,O, H,S or CQ to organic vapors H,S, HCI, CQ, SO
transport SolD SolD/MS SolD MS SolD/MS SolD MS
mechanisrh

aKD, Knudson diffusion; SurD, surface diffusion; CC, capillary condensation; MS, molecular sieving; SolD, solution diffusion.

membranes. Glassy membranes have relatively high selectivflux capacities are on par with those of zeolite and silica
ity and low flux, whereas rubbery membranes have increasedmembranes. However, the lack of robust mechanical proper-
flux but lower selectivity. In absolute terms, both types have ties makes processing and modular design very difficult and
moderate fluxes and selectivity. They are usually produced adversely effects the performance lifetime of the membrane.
using the phase inversion method. Operating temperatures Metal and zeolite separation membranes operating on the
are limited to 96-100°C. Advantages in most applications solution diffusion mechanism easily provide the highest
are a good ability to cope with large pressure drops, low selectivities and flux capacities of all the membrane classes.
cost, and good scalability. Possible problems are limited The typically higher operating temperature ranges are ad-
chemical resistance to certain chemicals, such as HGl, SO ditional parasitic energy costs which must be considered over
but also CQ, limited mechanical strength, and relatively high the lifetime of the membrane. In addition, the potential phase
sensitivity to swelling and compaction. Polymeric membranes transitions and hydride embrittlement experienced by many
are in an advanced stage of development and are beingoure metals and alloys offer a substantial obstacle for a
considered for industrial commercialization by gas producing permanent membrane solution.

companies such as Air Products, Linde, BOC, and Air Perhaps the biggest hurdle which is faced by all classes

Liquide*® of H, separation membranes is the lack of chemical stability.
Water, sulfur containing species, acidic vapors, and @@
8. Comparisons and Perspectives the most commonly encountered problematic contaminants

which must be dealt with. The combined result of these

Given the tremendous body of literature and the ever chemical and thermal performance issues ultimately deter-
growing global research efforts on Beparation membranes, mines the cost and viability of a given material for application
it is not surprising to find such diverse materials and in commercial H separation technologies and how it
engineering approaches. This review is intended to provide addresses the five performance targets fpséparation set
a distinct cross section of these major efforts and current forth by the U.S. Department of Energy listed in Tabl& 1.
state-of-the art materials. Beyond this, there is a compara-With the predicted doubling of global energy consumption
tively small but growing body of literature on composite or by 2050, our research efforts must unambiguously overcome
hybrid materials which attempt to integrate the ideal per- the many scientific and technological hurdles that exist in
formance of several classes of khembrane materials. We H, separation membranéfkegardless of which method is
suspect that research on these types of materials will becomeused, separation and purification of the nearly 6 Exajoules
an increasingly important effort toward overcoming the many (1 EJ= 108 joules) of H which is produced industrially
scientific and technological hurdles that exist between the per year is a paramount task which the membrane research
present state of hydrogen production, utilization, and storagecommunity must endeavor to address before the “hydrogen
capabilities and those required for a competitive sustainableeconomy” can become a reality.
hydrogen economy. Table 15 provides a comparison of the
classes of the Hseparation membrane materials presented 9. Acknowledgments
throughout this review. When this information is compared

against the; 2015 targets, we quickly see that_each indiViduaICorporation a Lockheed Martin Company, for the U.S
class .has its own distinct advantages and disadvantages. Department,of Energy’s National Nuclear Sécurity Admi.n-.
While polymer-based membranes are arguably the cheap+giration, under Contract DE-AC04-94AL85000. T.M.N.

est and easiest processed of the materials, they are lesganks the U.S. DOE Hydrogen, Fuel Cells, & Infrastructure

thermally robust and lack sufficient selectivity and flux Technologies Program for continued support.
capacities. Unlike other classes of materials, polymers

possess the greatest flexibility in their synthetic compositions 10 References
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