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ABSTRACT

Inorganic membrane based techniques have been applied to various gas
separation processes in the chemical process industries, especially in the
separation of hydrogen from hydrocarbons and carbon dioxide in synthesis
gas. In the field of fusion energy research, the separation of hydrogen
isotopes, especially deuterium and tritium from a helium stream is of great
importance since helium is the inert carrier gas that will purge the tritium
bred during fusion from the lithium-containing solid and liquid breeder
materials. The efficiency of separation of tritium from helium is a major
factor that governs the success of fusion energy systems. Membrane based
processes have been studied quite extensively for this separation because
of the very high selectivity for hydrogen isotopes that is obtained in this
technique as compared to more conventional methods. This review
summarises current information about the types of membranes studied for
hydrogen separation, their synthesis and characterization methods, the
desirable properties of these membranes and the technological difficulties
associated with this separation method. Specifically, the suitability of
different types of membranesfor tritium removal from heliumisascertained
inthiswork. © 2014 Trade Sciencelnc. - INDIA
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INTRODUCTION

Separation of components of agaseous mixtureis
oftenavita sepinthechemica processindudries. Some
well-known exampl esinclude separating nitrogen and
oxygen fromair, recovering helium from natural gas,
and separating hydrogen fromits mixturewith hydro-
carbonsor carbon dioxideor anmonia Whileconven-
tional separation techniqueslikedistillation and adsorp-
tion arebeingwiddly used in gas processing industries,
therearesomere atively new techniqueslikemembrane
based separation processes which are fast becoming
competitivewith themore conventional methods*2. In

the petroleum and petrochemical industries hydrogen
separation from other gases by membrane technology
isroutingly practised. Thusvarioustypesof membranes
(e.g. polymeric, metallic, ceramic etc.) for hydrogen
separation have been devel oped and studied®®. With
enhanced emphasis on hydrogen as a magjor energy
carrier inthe near future, hydrogen generation tech-
niquesand its separation from variousother gaseswill
only gather increasing attention. Inthefield of fusion
energy research (asinthe I TER project), the separa
tion of tritium (whichisanisotopeof hydrogenthatisa
fud for fusion andisal so generated during fusion by
interaction of high energy neutronswithlithium contain-


mailto:rupshabhattacharyya1986@gmail.com

CTAIJ, 9(6) 2014

Rupsha Bhattacharyya

235

ing breeder materids) fromheliumisenvisagedtobea
very important step ismaking afusion reactor system
sdf sufficientinitstritium requirements®*2, Tritiumthat
isbredin solid and liquid breeder materialshasto be
recovered from the helium stream and recycled back
to the plasmachamber for another cycleof plasmaop-
eration and fusionreactions. Therearesevera options
for thisseparation like chromatographi c processes, dis-
tillation, thermd diffus ontechniqueand membranebased
separations. TABLE 1 presentsageneral comparison
of these processes™?. It isseen that the sdlectivity and
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ease of operation of themembrane based processare
thehighest and sincefor fusion energy applicationsthis
arefactorsof great importance, sofeasibility of mem-
brane separation operationshave been quiteextensively
studied for thisapplication. Inthis paper abrief review
of information pertaining to membrane based hydrogen
separationis presented. Membrane preparation tech-
niques, characterisation of membrane propertiesand
thedifficultiesor chalengesinusngthemfor separation
of helium and hydrogen i sotopesin fusion energy sec-
tor have been discussed.

TABLE 1: Comparison of methodsof separ ating hydrogen and itsisotopesfrom helium gagt?

Process Advantages Disadvantages
Both are well established technologies,
Gas helium itself can act asthe carrier gasand  Low temperature (around 25 K for distillation and
chromatography no other gasis needed, relatively 100 K for chromatography) needed, so processis
and cryogenic inexpensive materials like molecular energy intensive and expensive, with special
distillation sieves can be used asthe stationery phase  insulation and instruments needed

in chromatography

Thermal Diffusion

No other materials as separation agents
need to be used except for a chamber with
the necessary thermal gradient created
inside it

Effectiveness of separation depends on the
temperature difference created, collection of
separated gases is complicated and can lead to
mixing again

Reversible metal
hydride based
getter beds

High selectivity for hydrogen and its
isotopes as helium will not be
adsorbed,forms a separation system as
well as alow pressure system for long or
short term storage of the hydrogen isotope

Involves handling of pyrophoric, toxic materials,
specially designed complex vessels with efficient
heating and cooling arrangements needed for
hydrogen uptake and on-demand release, thus high
requirement of heat energy during recovery

Pressure swing
adsorption
technology

With the use of selective adsorbents, the
separation can be quite efficient, relatively
lower operating pressure required, high
hydrogen content in feed can be
economically handled

Systems are large, complex operating philosophy,
several adsorber beds have to be present in the
system to ensure continuous operation, low recovery
of hydrogen isotopes

Noble metal based

membrane systems

Extremely high selectivity and high
recovery for hydrogen isotopes are
possible, hence high purity (> 99.99 % by
volume) of hydrogen obtained, handles
high fluxes of hydrogen, modular design
of separation units possible, high ease of
operation, no phase change operation
takes place

High temperatures are needed for better separation,
expensive noble metals required, material
development and optimization still on-going,
possibility of membrane fouling by contaminantsin
feed gas, very high pressure required on the feed side
and low pressure needed on the permeate side,
recovered product from the permeate side may have
to be recompressed before further applications, lower
capital and maintenance costs may be offset by
higher energy reguirement of compression

TYPESOFMEMBRANESFOR HYDROGEN
ISOTOPE SEPARATION

A wide variety of inorganic membranesfor gas
separations, especially separation of hydrogen from
gaseslike carbon monoxide, hydrocarbonsand inert
gaseslike nitrogen, helium etc have been devel oped

and studied®®. Hydrogen and helium arequiteclosein
termsof molecular weight and atomic Size, sointheir
separation thesize sieving effect isexpected to have
lessof arole. Thesolution-diffusion effect inamateria
that ishighly selectivefor hydrogen anditsisotopesis
possibly theonly effect that can beeffectively utilisedin
amembrane based separator for hydrogen and helium.
For thisreason, metallic membraneshave been studied
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most extensively for gpplicationsinthefield of fusion
research. Thema or typesof membranesandtheir fea-
turesand synthesistechniquesarebriefly reviewedin
thefollowing sections.

M etallic membranes

Membranesmadeof paladiumand dloysof pala
diumwithmetdslikeslver, copper and somerareearth
elementshave been studied widely as separating agents
for hydrogen from its mixtureswith other gaseslike
helium, nitrogen, hydrocarbonsand others. The most
sgnificant advantagethat these membranesoffer isthe
very highsdectivity for hydrogen anditsisotopes, though
thevery high cost of these materiasisthe mgjor deter-
rentintheir use. Themetallicmembranesaregenerdly
used intheform of sheetsor filmssupported on ceram-
icsor smilar porous substrates and thusthey are gen-
erally referred to as composi te membraneswhich of fer
mechanica strength, rigidity and highly sdlectivehydro-
gentransport characteristicsd. Themetallic film pre-
sentscertain active Steswhich catalysethedissociation
of hydrogen moleculeinto atoms. It isinthisatomic
formthe hydrogenisultimately transported acrossthe
thickness of themembrane and ultimately recombined
ontheother sidé*?. Thisiswhat givesrisetothe high
selectivity of metallic membranesfor hydrogen, thus
making thisoneof the best waysto separate hydrogen
isotopesfrom heliumfor fusion applications. Palladium
alonehasnearly 100% selectivity for hydrogenbutitis
a so highly susceptibleto hydrogen embrittlement. This
reducestheuseful working life of the membrane sys-
tem. Embrittlement ispartially tackled by theuseof d-
loying lementslikesver, copper or gold totheextent
of 20 to 25% by weight in palladium which provide
somedegreeof mechanica strength™. Other thanthese
dements rubidium, yttrium, indium, ruthenium havedso
been dloyed with palladium for useas hydrogen sepa-
rating membranes*+1€, The selectivity and hydrogen
permestion rate both depend on thedloy composition
andfor eachtypeof aloy, an optimd ratio of palladium
to alloying € ement can be determined™”.

Supported metallic membranesare synthesised by
avariety of techniqueslike dectrolessplating, sputter-
ing, physical and chemical vapour deposition and ther-
mal evaporation®*8, Surfactant induced electroless
plating techniques have a so been studied recently!*,

CHEMICAL TECHNOLOGY

Multilayer membranesconssting of paladiumlayerson
either sdeof aGroup V metd likezirconium, niobium
or tantal um have been a so been studied®. Such mem-
branes combinethe benefits of higher rates of hydro-
gendiffusionthrough theintermediate metd layer with
thehigh selectivity of the palladium on thetop surfaces.

Theusua support materiasstudied include both
metallic supportslike porousnicke or poroussintered
sted (332123 gswell asceramic oxideslikeduming, yttria
stabilized zirconia(Y SZ) and silicad**#2, Thesupport
has been found to have significant effect onthe perme-
ation rate of hydrogen through themembrane. A highly
porousstructurefacilitateshydrogen transport whilethe
ability of thesupport to sustain high operating tempera-
tures and pressureswithout mechanical damagealow
efficient use of the composite membrane system for
Separation applications.

Palladium based membranesarethe most widely
studied membrane systemsfor hydrogenisotope (deu-
terium and tritium)-helium separationinfuson research.
Experimenta work, theoretical modellingand smula-
tion leading to conceptua and actua design of mem-
brane based separation unitsfor tritiumand heiumhave
been performed®57, Thetypical operating tempera-
turesreported for hydrogen separation using paladium
based membranesrangefrom 500 to 900 K while pres-
suresarearound 500 hPato 100 kP52, Membrane
thicknessesaretypically from few micronsto over 100
micron>,

Membrane separationsare carried out in modular
unitsand variousmodul e configurationsare available.
Theseincludeflat sheets, hallow fibresand spird wound
units. Theuseof aparticular modulefor hydrogen sepa
ration from helium would depend on the required
throughput, desired flow pattern, required selectivity for
hydrogen and the operating conditions (temperature,
feed and permeate side pressure). Various designs of
the gas separation membrane modulesand their rela-
tiveadvantagesand disadvantages have beenwell docu-
mentedin literature/®-62,

Ceramicmembranes

Ceramic membranesrepresent another major class
of materialsthat have been studied in the context of
hydrogen separation a intermediate and hightempera:
tures. Inliteraturethese membranesare commonly re-
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ferred to asdense ceramic membraneswith mixed pro-
ton and el ectron conductivity?>33, Put very smply, these
materialsare mainly complex oxides*! and other than
membrane based separation for hydrogen, such mate-
rialshave been extensively investigated in the context
of solid oxidefue cellsasthey constitutethe solid elec-
trolyteinthesecell$%. Discussion here pertainstoonly
thenon-electrical and highly selectivetransport of hy-
drogen acrossthe membranesusing ahydrogen partia
pressuregradient acrossthemembraneasdrivingforce,
thus enablingitsrecovery from gasmixtures. These
materials are somewhat cheaper than metallic mem-
branes made of palladium and itsalloys, though they
may bemoredifficult tofabricatesinceit involvessev-
eral steps. Moreover they lack mechanical strength by
themselves so they too require porous supportsor they
haveto bedispersed within arigid porous matrix that
providesthe support.

Chemically most of the ceramic membranes con-
sist mainly of SrCeQ,, BaCeO,, SrZrO,, BaZrO,
perovskites®! and have various doping el ementslike
cobalt and nickel incorporated into them®231, These
membranes arethus composites of ceramicsand met-
alsand arethus often referred to as cermets. The ce-
ramic component of the membraneis proton conduct-
ing and the metallic dopantslikenickel enhanceselec-
trical conductivity of the cermet and also providesit
with mechanical stability and alowsfor dissociation of
molecular hydrogen and itsrecombination on the other
sideof themembranematrix®#2, Evenwithout the pres-
ence of metalic speciesasdopants, the ceramic struc-
ture must provide suitable active sitesfor thedissocia-
tion and associ ation of hydrogen into atoms, thoughin
most casesthat does not suffice and suitable surface
modification through coatingsor dopingisessentia™.
For the purpose of characterising theedectricd proper-
tiesof exclusively the ceramic part, sometimesonly
pastesor thin filmsare coated onto the surfaces of the
membraneswithout actudly incorporatingmeta ionsin
thebulk of the ceramic®l. Apart from zirconatesand
cerates, variousother typesof cermetslikeindium doped
niobium phosphates*! and Nd,LnWO,, and haveaso
been investigated as potential materialsfor hydrogen
separation membranes*®, Thefabrication techniques
for thesemembranesareexplicitly describedinexisting
literature?>43,

——— Rev/iew

Ashasaready been mentioned above, thetrans-
port of hydrogen through ceramic membranesiscar-
ried out without depending onan externd eectrical cir-
cuit, sotherate of hydrogen permestion dependsgrestly
onthemembrane’s protonic and electronic conductivi-
ties. Theconductivity arisesintrinscally fromthepres-
enceof defectsinthematerid. Theproton conductivity
isgenerdly thelimiting factor®” but materidshavinghigh
proton conductivity generdly suffer fromlow dectronic
conductivity®. Acceptor doped cerate membranes
have high proton conductivity but low chemica stabil-
ity. Inclusion of zirconatesin themembranesimproves
the chemical resistance of themateria®!. Thedetailed
mechanisms of proton and electronic conductivity of
thesematerid shavebeen well explained by severd re-
searcherg*38, Variouswaysof enhancing theeectronic
conductivity of perovskite based ceramic proton con-
ductors have been mentioned in literature™.

Most of thework on proton conducting membranes
for hydrogen separation pertainstofieldslikereform-
ing of natural gas, coal gasificationand sooni.e. the
hydrocarbonindustry. Therehave beenrelatively fewer
studiesinvolving ceramic membranes, carried out for
examining thefeasibility of hydrogenisotope-helium
separationinfusion energy™, though Perovskitetype
ceramicshave been studied for devel opment of hydro-
gen sensorsand e ectrochemica pumps*~*. Themem-
branes exhibit highest conductivities at about 900 to
1000 °C temperature but these are very high tempera
turesnot likely to be encountered in the tritium man-
agement sysemsof fusion plants. With the devel opment
of ceramicswith good conducting behaviour at inter-
mediate temperatureranges (e.g. 300 to 600 °C), the
interest inthesemateriasisexpected to grow sincethe
typicd temperatureof thetritium-heliumgasstreamin
the ITER plant is expected to be around 350 to
45000[59,60] .

For proton conducting ceramic membranes, aprob-
lem that isencountered isthe conduction of the oxygen
ion that increases with increasing temperature of op-
eration®3", Thishasled to the study of oxygen defi-
cient perovskite structuresfor membrane applications.
For fusion applications, deuterium-tritium hasto bere-
moved from helium and thisgasmixtureisnot likely to
contain any significant additiona sourceof moistureor
gaseousoxides. Thuscontrol of theoxygenionsinthe
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membrane materia should largely aleviatethe prob-
lems of oxygenion conduction that so drastically af-
fectsproton and e ectron conduction.

Carbon based membranes

Carbon based membranesfall inthe category of
porous membranes as opposed to the metal and ce-
ramic membraneswhich havedensestructures®. These
membranes have an advantage over metallic mem-
branesinthat they are significantly lessexpensiveand
asotheflux of hydrogen through themisdirectly pro-
portional to the pressure as compared to asquare root
dependence on pressurefor metal membranes. They
area so capable of operating at higher temperatureand
pressure rangesthan the other membranesfor hydro-
gen separation and are chemically more resi stant/®79,
One problem with them isthe strong adsorption of or-
ganic vapourson these membranes and that hasapoi-
soning effect on membrane behaviour®, Thisnecess -
tatesfregquent degassing operations prior to membrane
use but this may not be a problem in case of fusion
research sinceorganic vapoursaremuch lesslikely to
be present as contaminantsin the gas stream. Also the
higher permeation ratescome at the cost of lower se-
lectivity and consequently less puregasstreamson the
permestesde. Moreover thesemateridsarevery brittle
and can crack during the pyrolysisstep itself. Carbon
membranes have been studied in theform of supported
and unsupported membranes, nanotubes, fibresand
carbonmolecular sieves*?. Thusboth surfacediffusion
and molecular size based sieving govern thetransport
of gasesacrossthem!®.

Themost genera preparation techniquefor carbon
membranesinvolves high temperature pyrolysisof a
carbon precursor likeapolymer, cod, resinor graphite
ininert aimosphere or under vacuum263, The porous
Sructurearisesfrom the escaping gasmoleculesformed
during thepyrolysisprocess®. Chemica vapour depo-
sition of carbon on aporous support hasa so been used
asasynthesistechnique™. Morerecently, grapheme
oxide based ultrathin membranes have been reported
for hydrogen separation(®®. The choiceof startingma-
terid sgovernsthe ultimate properties of themembrane
produced. Nanoporous carbon membranes using se-
lective surfaceflow have been studied inthe context of
separating hydrogen from hydrocarbong®%d but it is

CHEMICAL TECHNOLOGY

not very likely to beuseful for separating hydrogen from
helium, especially at thelow feed concentrationsto be
handledin fusion energy programsbecausethediffer-
encein molecular weights between the speciesisnot
sgnificant. Activated diffusonisthemechanismof trans-
port reported for these membranes. Carbon nanotube
based membranesallow higher gastransport ratesbe-
causeof their inherently smooth interiors. Theselectiv-
ity can beimproved by functionaizing thetipsor ends
of thetubesthrough appropriate chemical treatment!®”.
Carbon molecular sieveshave a so been used asmem-
branesfor gas separations. Various preparation tech-
niques and values of permeability and selectivity
achieved with these membranes have been described
inliterature>™1, Carbon based membranes are defi-
nitely advantageous as compared to polymeric mem-
branesfor hydrogen separation and they can also be
synthessedfromawidevariety of dartingmateridswhich
givesonethe option of investigating low cost organic
precursorsfor membrane synthess.

Theadvantage of higher permeation fluxesin car-
bon based membranesisobta ned at high temperatures
a whichmetd membranesmay sinter. Butitisunlikely
that such high temperatureswill beencounteredinthe
fusion energy research, thusrendering theadvantage of
carbon membranesunusable. Thisispossibly thema:
jor reason why such membranes have not been given
much attentioninthiscontext.

CHALLENGESIN MEMBRANE BASED
SEPARATION OFHYDROGEN ISOTOPES
ANDHELIUM

M embrane based separation of hydrogenfrom gas
mixturesisawell known and widely used processin
thehydrocarbonindustry. Itsfutureispromisinginthe
fusion energy sector aswell. With the possibility and
the need to have ahydrogen based economy inthe not
so distant future, thereisan urgent need to study such
separation systemswith even greater interest. But there
areseverd technicd chalengesto beovercomebefore
membrane based separations become economically
moreviable.

i) Thefirst and the most obviousissuelieswiththe
cost of themateria sused for preparation of mem-
branes and the complexity of the preparation meth-
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ods. Beit metals, ceramics, carbon or zeolite based
membranes, noneof theoptionsarelow cost when
high sdectivity, high purity and high permesationrates
required for large scale applications have to be
achieved. M oreover anumber of dry and wet steps
aredsogenerdlyinvolvedinthesynthessand they
arenot dwayseadly scaed upfromlaboratory leve
toindustria level operations. Fabrication of the
membranemodulesisaso quitedifficult sncethe
membraneitsalf hasto be handled with great care
and under stringently controlled conditionswhich
may bequitedifficult to achieveat thecommercial
plantleve. Achieving reproduciblemembraneprop-
ertieslikemorphology, structureand poresizedis-
tribution in every batch isaso not asimpletask,
thus propertieslikesdectivity and permestionrate
may vary greatly and affect theoverall separation
process.

i) Thepropensty of membranesto poisoning by gases
likewater vapour, carbon monoxide, hydrogen sul-
phide, and sul phur dioxideisyet another problem.
Poisoning adversely and dramatically affectsselec-
tivity for hydrogen and thusrendersthe separation
ineffective. Thisisespecidly thecasewithmetallic
membranes. Inthefusion energy fidldthereisless
possibility of such contaminantsbeing presentinthe
helium gas stream though moisture coul d be present
if itisrdeased from thesolid breedersor if it some-
how makesitsway intothehdium sream fromweter
based coolers. Thus poison resi stant membranes
arehighly desirable.

iif) Membranesfor gas separation should bethinto a-
low ahigher gas permeation rate. But thismakes
them mechanically weak and prone to damage,
crack formation and tears. That allows hydrody-
namic gasflow i.e. bulk flow of gasand no separa-
tionispossible. Thicker membraneswould bemore
expensive and lower the permeation flux. Thus
membranes supported on porous structures are
used though thismakesthe sysemmorebulky. Also
the membrane and support should be chemically
and mechani cally compatible under the expected
operating conditions.

iv) Theembrittlement of metalsin hydrogenserviceis
avery common problem. Hydrogenisalso quite
strongly adsorbed by many metalsincluding palla:

——— Rev/iew

dium and thisleadsto phase change of the metal
upon adsorption of acertain volumeof hydrogen.
Thisadversely affectsmembrane propertiesand
leadsto their damage and | oss of separation capa-
bility. Infusion energy research, the concentration
of hydrogenisotopesin the helium streamisnot
expected to be very high (about afew percent), so
the problems of membrane embrittlement will be
expected to be less severe over the expected op-
eratinglifeof afusion plant like I TER.

V) Infusionenergy research the separation of deute-
rium and tritium haveto beaccomplished from he-
lium. M ost experimenta work involving membrane
Separations hasbeen confined to theuse of hydro-
gen. Withthe heavier isotopesof hydrogenthera-
tio of transport rates of the speciesand hencethe
sdlectivity will be brought down, thusmaking the
actua separation moredifficult. Moreover thereis
aposs bility of radiation damagetothemembranes
fromthebetapartideemissonfromtritium. All these
are causesfor uncertainty inthe design of the hy-
drogen isotope-helium separation system.

SUMMARY AND CONCLUSIONS

Membrane based separationisapromising tech-
niquefor separating hydrogen isotopes from helium.
Presently noblemeta sand their alloysaremost widely
used to accomplish thisbut lessexpensiveoptionslike
ceramic and carbon based membraneshave also been
extensvely studied. Severd membrane synthesistech-
niques have been deve oped and variouskinds of mem-
brane modules have been put into practice. Thereare
technol ogical challengesto be overcome beforethe
separation system becomes more cost effective and
these are expected to provide theimpetus necessary
for researchersto continueto explorethisever-divers-

fyingfield.
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