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SUMMARY

Energy efficient purification of hydrogen is an important tecbgical
challenge with broad applications in the chemical, petrochémmeztallurgical,
pharmaceutical, textile and energy industries. Palladium-atiesnbranes are
particularly suited to this problem due to their high hydrogen eabihity,
thermal stability, and virtually infinite selectivity. In cant systems hydrogen
flux is observed to be inversely proportional to membrane thicknessh vsic
indicative of the interstitial diffusion mechanism of hydrogempeation. This
observation, along with the high cost of palladium, has motivated continuous
efforts to decrease membrane thickness.

Theoretical modeling of membrane performance predicts that as
membrane thickness continues to decrease, eventually the pemratg will no
longer be limited by diffusion through the bulk Pd but will becometdich by
desorption from the permeate surface. If it exists, this v#tah transition to
pinpoint due to the fact that below this thickness membrane opecatiuiitions
will have a drastically different effect on hydrogen peroeabehavior and no
additional performance enhancements will result from further osogga
thickness. A handful of experimental results in the open literatongradict
these modeling predictions. A new model is developed in this workpiaie
these contradictions by considering the non-ideal behavior of hydrogdios
into metals which has been neglected in previous models. Additionaligs

been demonstrated that hydrogen permeation through bulk Pd depends on

Xix



membrane microstructure, making deposition conditions and post-deposition
thermal treatment important issues for repeatable performance.

The interplay of these issues on the performance of ultra-thin, Rdia\g
hydrogen separating membranes is experimentally investigated. is
demonstrated that the hydrogen permeation behavior of sub-micromekePthi
Ag alloy membranes exhibits diffusion-limited behavior in the caniéxhe new
model. The microstructure evolution during annealing is characterizeéécha
correlation is drawn with the observed transient hydrogen permeati@vibe
during initial testing of a new membrane. In addition, two disfisitire modes
of the microfabricated membranes are observed and the implicatiofgtire

Pd-based membrane research are discussed.

XX



CHAPTER 1
INTRODUCTION

Over the last century industrialization and development on the gich#d has
been powered by harnessing the energy stored in fossil fuelsil flaets are cheap,
simple to use and, until recently, seemingly in great abundanhbe. oXidation of the
hydrogen and carbon in fossil fuels in a combustion process libesatedstantial
amount of energy and leaves water vapor and carbon dioxide as byproddat to
exponentially increasing energy demand, fuel supply shortagegyesezurity and the
mounting evidence that atmospheric concentrations of carbon dioxide rawlydi
impacting global temperature, much recent attention in both theiBcieammunity and
popular media has focused on the search for clean, efficient, aedaiale energy
sources. Among the often touted solutions to the energy problem igyiliregen
economy’. In the proposed hydrogen economy molecular hydrogeilizedias the
energy carrier from the point of production to the point of use. Hydragattractive as
an energy carrier because it produces zero carbon emisgidhs point of use, it is
abundant, it can be combined with oxygen electrochemically in a délleiocefficiently
produce electricity, and transportation and storage are lessepratd than with
electricity. Along with these potential benefits, hydrogeso dlas substantial problems.
While hydrogen as an element is abundant, the molecular hydrogerdrfeedeel is
rather scarce. Nearly all terrestrial hydrogen is bourakygen in the form of water or
to carbon in the previously mentioned hydrocarbon fossil fuels. Oncedegmris
liberated from one of these sources it must then be purified ahdr aitilized

immediately or transported/stored for later (or possibly rema¢e) The production,



purification, and storage of hydrogen each represent a signitieambological hurdle
impeding the realization of a hydrogen economy [1].

Apart from the proposed hydrogen economy, there is already aastidst
demand for hydrogen in the metallurgical, chemical, petroclanpbarmaceutical, and
textile industries. Roughly 2% of global primary energy utilra is directed to
hydrogen production with annual yield of ~850 billion cubic meters. Of thigghly
58% is dedicated to production of raw chemical materials suemasonia, methanol,
and hydrogen peroxide while an additional 37% is utilized by oineagés for
fractionation and upgrading of heavy hydrocarbons and contaminant ref@pvalhe
remaining 42 billion cubic meters is spread over a multitude ofcgtighs such as semi-
conductor doping, fatty acid hydrogenation for food processing, mefiaihl processing,
and liquid rocket fuel [3]. Whether or not the world embrace$yldgeogen economy, it
is clear that there will always be a need for a cdstgfe and efficient means to purify

hydrogen.

1.1 Hydrogen Separation Techniques
The vast majority of hydrogen produced today, over 90%, comes frorhféeds
sources while the remaining fraction comes from electrolysigabtér [4]. Depending on
the application and available hydrocarbon source, fossil fuels undehgw ai steam

reforming process [Eq. (1.1)] or a partial oxidation process [Eq. (1.2)] to yielddws#alr

C.H_+2nH,0 - ncg+(g+2rﬂ H (1.1)

CnHm+202 . nco+%" H, (1.2)



While the ideal reactions are shown above, in reality the resytioduct stream is a
mixture of K, CO,, CO, HO, O,, Ar, N, CH;, and some heavier hydrocarbon residuals.
Before the hydrogen can be utilized it must be separated threnother species in the
product stream. Currently available technologies for hydrogeifigation include
pressure swing adsorption (PSA), cryogenic distillation, and namalseparation. The
details of each of these processes along with their regpdxetnefits and drawbacks will

be discussed in the following sections. A general comparison is presented in Table 1.

Table 1: Comparison of Hydrogen Separation Techniges [5-9]

H> Prod. . Capital Operating
Process Rate Recovery  Purity Investment Cost
PSA >100Nnvh  75-90%  >99.99%  Medium High
I;gﬁlgflg'rf >500Nnf/h  90-98%  95-99% High High
Membrane : 0 70-
Separation Variable 70-95% 100% Low Low

1.1.1 Pressure Swing Adsorption

The Pressure Swing Adsorption process (PSA) is based on theleritmat the
equilibrium amount of impurities adsorbed on an adsorbent bed incredlsesongasing
pressure. The impurities are removed from the gas stream lat phegsure and
subsequently released as the pressure “swings” back to a ewetrtd regenerate the
bed. The two most important factors determining gas adsorptionodaglity and
polarity. Highly volatile and non-polar gases, such as hydrogen, hene little
interaction with the adsorbent and pass through the bed exitingehdttvely high purity

(>99.99%) while other species are left behind. The preferential Hoisor of



heavier/polar gas species results in a chromatographic sepdiraim inlet to exit as
shown in Figure 1.1. This distribution allows specific loading ofstdent bed with
varying adsorbent materials from inlet to exit to optimize tbdsogption/desorption
kinetics for each species at the appropriate point in the columncallypihese beds are
loaded with a combination of silica gel, alumina, activated carbon, atitezeto attain

the desired performance characteristics [8, 10].

H, Product H, Product
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> €0, >§ur e
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Figure 1.1: Typical four-bed PSA valve and plumbingconfiguration showing detail of gas
adsorption within the sorbent bed.

Once the bed is saturated with impurities it must be regerteby reducing the
pressure and eventually purging the bed in the reverse directiahscbarge the
contaminant gas species. In order to supply hydrogen continuouslyAhgyB®®m must
have several beds, typically 4-16, operating in staggered simtesach bed undergoes

the following steps during a complete cycle:



1. Adsorption of impurities from the gas stream

2. Co-current depressurization

3. Counter-current depressurization

4. Purge at low pressure

5. Repressurization
In addition to allowing continuous hydrogen separation, having several bedsiroper
succession also allows the high pressure gas from one bed toized utl purge and
repressurize the next bed in succession. This sequence of opestimes the
pressurization cost of the next bed and also reduces the hydrogemtlossiead volume
in each bed during the purge step. These savings can be substatiial RSA feed
system pressure is typically 10-60 bar and the purge/offgasyme 1-10 bar. Figure 1.1
shows a schematic for a typical four bed PSA system. In oodengure consistent
hydrogen purity with minimal waste, careful control over the ngniof bed
utilization/regeneration must be maintained through preciseatan of the numerous
valves in the system.

PSA plants in operation today are capable of producing hydrog@s+@8.999%
purity by mole with a recovery yield of 70-90% at a rate ofap@0,000 Nrith (normal
cubic meters per hour, where normal is referenced to standapdrignre and pressure)
[8, 11]. Due to the capital investment required to build a PSA plamtpgistics of plant
operation, and the physical constraints dictated by the necessgauity residence time
on the sorbent bed, there is a minimum hydrogen production ratatisabe maintained
to economically justify plant operation. The smallest PSA plentee world produce

several hundred Nfth of hydrogen [7].



1.1.2 Cryogenic Distillation

Distillation has been utilized to separate the components of agem®ous liquid
for hundreds, if not thousands, of years [5]. The principles of disiitiaéire quite
simple: heat is added to the liquid mixture under the appropriatenddgnamic
conditions (temperature and pressure) such that one or more compornetsnafture
is/lare preferentially evaporated into the gas phase. Thisr vapoollected and the
separation is complete. In traditional distillation the main ggheconsumption
requirement is the latent heat of vaporization which must be sugpliedaporate the
various components of the mixture. In order to utilize distillationges separation the
gas mixture must first be liquefied which can be highly energy intensive [12, 13].

For any distillation process, the efficacy of separationgtathd by the relative
volatility, defined as the ratio of vapor pressures, of the speoide separated. This
definition implies that the thermodynamic conditions are such d@hatpecies in the
mixture are sub-critical. In the case of cryogenic hydrogparation this is rarely the
case and in fact the hydrogen separation is not due to distillafAs the gas mixture is
cooled, the hydrogen is separated as the other species condense out of theegabysha
to the volatility of hydrogen relative to the other components of tixture, adequate
separation can be achieved simply by this condensation process. dfg bk this
approach is that one has produced a pure hydrogen stream and timengeigeases have
been sub-cooled and can now also be separated by the distillationspres@sng in
profitable by-products. Cryogenic distillation of hydrogen eanty always performed
when purified CO is also desired [14]. Carbon monoxide has becomal ahatmical

raw material for synthesis of polymers, ethanol, acetic acid,oandalcohols and it is



therefore lucrative to utilize a process which simultaneously pesdyure product
streams of both Hand CO. Cryogenic distillation produces a hydrogen strea@b-of

99% purity and simultaneously delivers CO with ~97% purity [6].

1.1.3 Membrane Separation

Membranes have been utilized for hydrogen separation/purificatime the
early 1960’s [15]. In the mid-1970’s the first successful polymerdgahr membrane
was developed by DuPont using small-diameter, hollow fibers [16]. r @we next
several years a handful of companies improved upon the polymer nmaslg@veloped
by DuPont and brought several novel polymeric membrane materialariet [4, 17].
Due to fairly low hydrogen purity levels, these membranes Veegely directed toward
applications where high purity was not essential, such.agdamation from recycled
refinery gas or ammonia purge gas. Recent investigations imhden separation
membranes cover an enormous variety in materials, separatiohamsros, and
operating conditions, each of which may serve as an ideal optiongfeera application
[4].

Membrane separation is based upon preferential mass transpataof species
through the membrane material. This leads to two possible appozgas separation:
either the gas to be purified permeates the membrane morg $hanl the other species
and will therefore be enriched in the upstream, or retenfdeepfthe membrane, or the
gas to be separated is a fast permeator and it will be emrinohthe downstream, or
permeate, side of the membrane. Hydrogen, being a much smalksuheathan most
other species in any gas mixture, is typically the fastsiifig species and is therefore

collected on the downstream side of the membrane. Economicallys taipotential



drawback of membrane separation compared with PSA as a re-ceimpreast must
then be incurred if the hydrogen needs to be supplied at elevated pressure.

The most basic metrics by which a membrane can be evaluatedhar
permeability and selectivity. Permeability is defined as gheduct of flux of a gas
species with the membrane thickness divided by the applied padsdupe difference
across the membrane. Permeability is useful for comparison betweeardiffeembrane
materials under different test conditions as the effects ofbreme thickness and applied
pressure are removed leaving only the performance of the atat8glectivity is defined
as the ratio of permeabilities between two different specMaterials with both high
permeability and high selectivity for the gas species @rast are desirable. Higher
permeability reduces the amount of membrane area required feeragpplication and
therefore reduces cost. Higher selectivity increases the purity of thecpgadu

In addition to permeability and selectivity, membrane strengthability,
operating environment (compatible gas species), operating teomgenatnge, and
susceptibility to fouling are all important factors to be considarecchoosing a

membrane for a given application.
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Figure 1.2: Transport mechanisms for membrane-basedgas separation: (a) Knudsen
diffusion (b) molecular sieving (c) surface diffusin and (d) solution-diffusion.



In any membrane, gas separation can be accomplished by anepubination
of the following transport mechanisms (Figure 1.2): Knudsen diffusiofacgudiffusion,
molecular sieving, or solution-diffusion. Knudsen diffusion is charaeériby pore
dimensions which are smaller than the gas mean-free path gFigdfa)]. Since
collisions with the pore wall occur more frequently than with otfeexr molecules these
interactions dominate the overall transport. The Knudsen diffusion deetfican be
derived from kinetic theory and is proportional to the velocity ofsagpeecies. Different
gas species at the same temperature must have equivalgy amersince this energy is
largely kinetic, heavier gas molecules have a lower velocityfadt, the ratio of their
velocities, and therefore their relative Knudsen diffusion rategraportional to the
inverse ratio of the gas molecular weights to the one-half pow@&enerally, this
mechanism alone does not provide adequate selectivity for most &ppbc{l8].
Molecular sieving membranes are made either of rigid crystaditructures with well-
defined pore size or of tightly-packed amorphous materials witliraalistribution of
pore sizes. In either case, pore size must be below ~10 ang$fprfes molecular
sieving to occur. These pores physically exclude gas moleaulasger dimensions and
can therefore potentially provide excellent selectivity [Figli&b)]. Surface diffusion
involves adsorption of the gas species on the membrane surface, dolgwdbffusion
along the surface through pores or through defects/grain boundane®mfe surface to
the other [Figure 1.2(c)]. This method has the advantage that thbiadsspecies, the
one which selectively permeates, can be isolated based on ssecface chemistry.
Typically this approach allows larger gas species to peamaate quickly and in some

cases their adsorption on the surface blocks the pore struatuwst &ntirely such that



small species cannot penetrate the membrane. This is tlseftmathe carbon surface-
selective flow (SSF) membranes which will be discussed in wohetal later. The final

mechanism is solution-diffusion [Figure 1.2(d)]. As indicated leyrtame, the first step
in this mechanism is absorption of the gas species into the mentrahe upstream
surface. Once absorbed, the gas must diffuse through the menalochrieen desorb
from the downstream surface. The permeation rate for this priscesstrolled by both

the solubility of the gas species in the membrane and the diffugiefficient of the

absorbed species through the membrane.

In addition to the mechanism employed for separation, it is oftefuluso
categorize membranes based on the materials used. Hydragehranes can be
broadly categorized into polymer (organic), ceramic, carbon, and limetalThis
classification allows a more direct comparison of membrammgsbility, selectivity,
operating conditions and cost. The permeability and selectivityeofarious membrane
materials are compared in Figure 1.6. Other relevant informabiont &ach membrane

type can be found in Table 2.

1.1.3.1 Dense Polymeric Membranes

Polymers are the most widely utilized materials for ggmrsgion membranes
[19]. They are preferred for their manufacturability and low bastack extremely high
selectivity (Table 2) and are limited to low operating tenmipees (typically less than
100°C).

Polymeric membranes can be further subdivided into either gtassybbery
depending on whether the operation temperature is above (rubberydwr(gkdssy) the

glass transition temperature of the polymer. Polymer membi@raste based on a

10



solution-diffusion mechanism. After absorbing into the membrane, diffustoars
through creation of local, transient gaps in the polymer matrithegmally-stimulated
polymer chain motion [20, 21]. The permeability of these membrankstaged by both
the solubility of a given gas species in the membrane and theaifftsefficient for that
gas species in the membrane. It is therefore typical taustisboth the solubility
selectivity and diffusion selectivity in relation to the tofrmeability. In general,
solubility selectivity favors larger, less volatile moleculediile diffusion selectivity
favors smaller molecules which can more easily penetratentlél transient gaps in the
polymer matrix [21, 22]. The selectivity of glassy polymersiominated by diffusion
selectivity, which is dictated by the size difference betwga&s molecules and the size-
sieving ability of the material. Due to the additional freedmmmotion in rubbery
polymers, most gas species exhibit similar diffusion rates langédlectivity is therefore
largely dependant on solubility differences between differerdsgag\s a general rule,
rubbery polymers have higher flux with lower selectivity angsgygpolymers have lower
flux but higher selectivity. For hydrogen separations where pigity is required,

glassy polymers are employed to take advantage of the diffusion\ggfecti
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Figure 1.3: Permeability vs. selectivity trade-offor polymeric separations of H, and N, [23]

After years of steady research in the field of polymer brames, it was observed
in 1991 by Robeson that there was a consistent trade-off between pohgnmdrane
permeability and selectivity [23]. When all available datagagiven separation (H
from N, for example) is plotted with hydrogen permeability on theciaba and
selectivity on the ordinate, all of the points lie beneath a slimgl€on a log-log scale) as

shown in Figure 1.3. The equation of this line is found from a regressidetérmine
the two coefficientsk andn, in Eq. (1.3) relating the permeability of species®, to
the selectivity between species A andd@z. Upon rearranging into Eq. (1.4) it is clear
that the slope of the upper bound curve is equalrto 1/

P, =kagg (1.3)

Q=K M@ (1.4)
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Robeson initially calculated the upper bound curve for nine paigasdés and
noted that there was an excellent correlation between the slojpe @urve and the
difference in kinetic diameter of the gas species. This ebiwalindicates that there is a
fundamental limit to the potential of polymer membranes for gaaragons due to the
diffusion mechanism in these materials. Robeson revisited higpsesorrelations in a
recent paper to catalogue the advances over the last sevensgsnagd noted that
although the y-intercept of nearly all curves had shifted sligiglyard, the slopes have
remained nearly constant despite intense research efforts [P4¢ newly calculated
upper bound curves for hydrogen separations are shown in Figure 1.4. #Agptre

bound, all polymer-based separations will lie on or below these performance curves.
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Figure 1.4: Upper bound performance curves for polyner membrane based separations of
H, from selected gas species [24].
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1.1.3.2 Ceramic Membranes

Ceramic membranes can also be subdivided into several caseganieus silica,
crystalline zeolites, and dense perovskites. Porous silicaaimarphous membrane with
an interconnected network of micropores of approximately 5-20A [25, Z&nsport
through silica membranes can be classified as a combinatiddnudsen diffusion,
surface diffusion and molecular sieving as gas molecules $evdre tortuous,
interconnected pore network. Due to high mass transfer resistanmagh the
microporous silica, these films are kept as thin as possible antymcally deposited
onto porous support layers to provide mechanical strength and minhmeipedrall mass
transfer resistance. The International Union of Pure and Applied i€ingihUPAC) has
classified porous materials according to pore diameter intdfdlf@ving categories:
microporous - less than 2 nanometers (hm), mesoporous - 2 to 56cdimaaroporous -
greater than 50 nm. As shown in Figure 1.5, microporous silica is dspasito a
mesoporous transition layer and this structure is supported by imgjlgagsorous and
thick layers. The mesoporous and macroporous layers are composedmdfaal
zirconia, titania, or silica [4, 27].

Microporous membrane
t=10nm-1um

Mesoporous Intermediate layer
t=100nm-5um

Macroporous support
t = 10um-2mm

Figure 1.5: Graded porous support structure for ceamic membranes. Ranges given are
typical layer thickness [25].

Zeolites are crystalline inorganic materials which are wemjilar to silica with

respect to operating conditions, performance and implementationmainedistinction
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is that the pore structure of a zeolite is defined by the gepnoétthe crystalline
framework from which it is made. Zeolite pores are highlyarmif and have diameters
of 4-10A depending on the particular zeolite material. Although the pwucture is
highly uniform, it is virtually impossible to grow a single zemldrystal across the entire
surface of a membrane. Therefore, there is always the @btiemtgas transport through
the inter-granular domains detracting from the ideal moleculamgiédbehavior of the
zeolite.

Due to the inert nature of the materials used in silica andeemmbranes, they
are ideal for hydrogen separation from harsh gas streartevatezl temperatures of 200-
600 °C. They exhibit good hydrogen permeability and selectivity roote work is
needed to reproducibly manufacture defect-free films over lawgéace areas.
Operational stability over extended periods, especially icasn the presence of steam,
has been shown to be problematic [25, 27-29]. The performancecaf &ild zeolite
materials is superimposed on the polymer performance curvesgureFil.6 for
comparison. It can be seen that they have superior performanaeirkartt issues with
fabrication, cost, and stability must be overcome before large-smplementation is
practical.

The other class of ceramic hydrogen membrane is the dersaicetypically
perovskites. These materials are well known for their mixedc4eleictronic
conductivites and have been thoroughly studied as oxygen transport mesnfa@ine
They have received less attention as protonic-electronic condutttoagh they show
promise for this application [31, 32]. Transport is through the solutidnsth

mechanism with the addition of an electrochemical surface oeaptoviding excellent
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selectivity. Although protonic conductivity can be high, on the order ohyleogen
transport rates through the other ceramic materials, theseaeeal issues which must be
resolved before these materials can be utilized. Since ttengrare ionized on the
surface and transported independently of the electrons, both protonicleat@nec
conductivity must be high otherwise electron transport may lindrdgen permeation
rates. Additionally, proton transport needs to dominate ion transplogr than oxygen
ions which may become problematic in oxygen or water vapor containingements.
The last issue which must be overcome for these materialseikihetics of the
electrochemical surface reaction. Hydrogen dissociation osutface can be sluggish
and the rate of this process must be increased to make thesealmatiable gas

separation media [31].
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Figure 1.6: Relative performance of the various B membrane materials. Curves are the
upper bounds for polymer membrane performance from[24]. Silica and zeolite membrane
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1.1.3.3 Carbon Membranes

Carbon membranes for hydrogen separation are generalbyoporous
amorphous carbon films. Amorphous carbon membranes are made statting w
polymer precursor deposition, often on a meso/macroporous graphite supijcet.
polymer is heated in an inert environment to undergo a pyrolydisfuaation reaction.
During this process the channeling of small volatile moleculesobuhe polymer
produces the microporous structure. After this step the final gipeecan either be
increased with an oxidation step or decreased by depositing addmnatefial using
chemical vapor deposition [39]. Porous carbon membranes utilize aithelecular
sieving mechanism to selectively permeate hydrogen or threytdee selective surface
diffusion to permeate larger molecules and exclude hydrogen. aftbermechanism was
successfully demonstrated by Rao and Sircar in 1993 [40-42]. The bdrtyed pure
hydrogen through their carbon surface selective flow (SSF) nagmbrwas reduced by
several orders of magnitude when hydrogen was mixed with hybmtsrindicating
that adsorption and surface diffusion were inhibiting gas-phaseptiansf hydrogen.
This mechanism is attractive for hydrogen separation gsuttied hydrogen remains in
the high pressure retentate stream and recompression is not necessary.

Carbon membranes exhibit high permeability and are stablmpétatures up to
900 °C [28]. Their permeability and selectivity behavior is comparéth the other
materials in Figure 1.6. Current issues with carbon membramchsde reduced
performance in the presence of strongly adsorbing vapors, brittlecests and the

inability to operate in an oxidizing environment [28, 33, 39, 43].
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1.1.3.4 Metallic Membranes

In 1962 the National Cylinder Gas division of the Chemetron Co. cmtstt a
commercial-scale plant capable of producing 115,0004f of hydrogen with less than
0.1 parts per million (PPM) of impurities [15]. This plant utilizeohtPd-alloy tubes and
was the first commercial implementation of a hydrogen membranerestingly, it had
been almost 100 years since the original discovery in 1866 thaincer&als were
highly permeable to hydrogen [44]. The long delay was primdubky to the fact that
most metals that are permeable to hydrogen also formtal imgride with different
physical characteristics than the metal. Transition inteetal hydride causes membrane
failure and is typically labeled hydrogen embrittlement. Metambranes were able to
be utilized commercially after the discovery by Hunter in 1960 @dHaying palladium
with silver eliminated the embrittlement and failure issh@s$ plagued pure Pd and other
metals [45]. The low hydrogen flux achievable with these ivelgt thick-walled early
Pd-alloy tubes, coupled with the high cost of Pd, made this approacidtoghn
purification uneconomical and these plants were not widely adopted. Howeval-
scale hydrogen purification systems based on this technolbgyewltra-high purity is
required, such as laboratory research and semiconductor manufaoture, use and
commercially available today [27].

Hydrogen permeation through metals occurs via the solution-diffusion
mechanism. Due to the fact that hydrogen adsorption onto the meface is
dissociative, this process is sometimes called reactive ayatsolution-diffusion [46].
Palladium-alloys, especially with copper and silver, are thragrgi metals utilized due to

their high surface reactivity for hydrogen dissociation, rasi to embrittiement, and
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high hydrogen permeability. The permeability of Pd-alloys yorbgen is the highest of

all membrane materials as shown in Figure 1.6 and they also exinibélly infinite
selectivity. Pd-alloys are typically operated at tempeeaténom 300-600C and exhibit
good mechanical properties. Although Pd-alloys have higher perntygdbdn other
membrane materials the achievable flux is often limitedheythickness of the metal
films. While other materials are consistently fabricatedh withickness less than 100nm,
defect-free metal membranes with a thickness of less ahtew microns have been
elusive [38]. In addition, metal membranes are susceptible to fqudisghing of the
surface from gases such agSHand HCI and the high cost of Pd makes these membranes

expensive.

Table 2: Properties of Selected Hydrogen SeparatioMembranes [27, 28]

Membrane Type

Dense Polymer Porous Ceramic Metallic Porous Carbon
Temperature <100C 200-600°C 200-600°C 500-900°C
H, Selectivity 5-500 10-5000 >1000 10-1000
H, Flux? 0.1-1 60-300 100-1000 10-200
swelling, brittle, oxidizing

Stability Issues water vapor embrittlement

compaction environments
Poisoning HCl, SO, none HS, HCl, co _, Strongly
Issues adsorbing vapors
Materials polymers silica, zeolites Pd alloys carbon
Transport solution- molecular solution- molecular
Mechanism diffusion sieving diffusion sieving

2 units are 10° mol/nf/s at a pressure difference of 101kPa
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1.2 Research Scope

Due to their superior permeability and selectivity over other lonane materials,
metal membranes have been the subject of extensive researclOi36]of the primary
technological challenges with metal membranes is the allitpanufacture extremely
thin membranes without defects. For metal membranes, the aesiigiinize thickness
is compounded by the solution-diffusion transport mechanism. When difflirsitsthe
overall hydrogen transport, the hydrogen flux is inversely propoftionae membrane
thickness: cutting the membrane thickness in half will double theolygn flux. For a
given application where hydrogen flow rate is fixed, doubling tb& feduces the
required membrane area by a factor of two. Therefore, ratherstimply reducing the
amount of membrane material by a factor of two, halving the nemebthickness
reduces material requirements by a factor of four. When mambrast is largely
determined by the cost of materials, as for Pd-based memptheatependence of cost
on the square of the thicknesstf) provides significant incentive to find novel methods
of minimizing thickness.

The concept of using a thin, selective membrane layer coupledawgtbrous
support layer for mechanical strength (Figure 1.5) is not a dea: i In fact, it was this
approach which brought membrane separation into the mainstremeaary 1960’s in
the form of the Loeb-Sourirajan process for making high-flux, amigitr reverse-
osmosis membranes for water purification [47]. This conceptfivesapplied to metal
membranes in 1984 with flash evaporation of laNhto a porous stainless-steel
substrate [48, 49]. Through the late 1980’s and early 1990’s Uemiya knchKpushed

the frontiers of dense metal membranes for hydrogen purificatitntiiin Pd and Pd-
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alloy films on a variety of porous substrates [50-53]. Since iim&, tdozens of papers
have been catalogued on this subject covering nearly every combimdtiporous
substrate and thin-film deposition method [36, 38]. The most commonagebaitilized
are porous Vycor glass (silica glass), alumina, and stainless steel

While this approach does allow the thickness of the metal thirbe reduced
substantially, there are several drawbacks. In order to amaihigh selectivity and
create a film which is free from defects, the metal layast be significantly thicker than
the largest pores on the substrate surface (typically bgter faf 2-4). This ensures that
all pores are filled and the metal layer is continuous acheserttire surface. By itself
this is not a major problem as both Vycor gralumina can be produced with a pore size
down to 4-5 nanometers. Unfortunately as pore size is reduced, filmi@ulecomes
problematic as the metal layer can no longer penetrate theadalie create an ‘anchor
effect’ [38]. The adhesion problem is compounded by the large differi@ncoefficient
of thermal expansion between the ceramic substrates and thdilmet&@orous stainless
steel (PSS) substrates are attractive from this standmoiheg have a similar coefficient
of thermal expansion to Pd. However, PSS substrates are problawndtie diffusion
and alloy formation between the substrate and Pd layer redileeshydrogen
permeability. This problem can be avoided to a large extedepgsition of a diffusion
barrier between the substrate and Pd film, often a thin TiNngpf#]. In addition to
the adhesion issue with a microporous support, there is also a morsn&mdbproblem.
As the substrate porosity is reduced the substrate itsel$ $tainhibit the hydrogen

transport rate and offset the benefit of reducing membrane thickness.
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Reducing membrane thickness will increase hydrogen flux only didgen
permeation is controlled by the diffusion process through the membrakee the
membrane thickness is continually decreased it becomes incigabkedy that a
different process, namely a surface process such as adsorptioptiahsor desorption,
will limit the hydrogen flux through the metal. Once this occdwsther reducing
membrane thickness will not result in flux increase. In anteffbopredict this transition
detailed modeling of the permeation process has been performedfi§]modeling has
predicted that the hydrogen permeation rate will be limited Borgéion from the
downstream surface for thin Pd membranes under certain operatingticcendi
Unfortunately, due to additional transport resistance imposed by thespsrbstrate it is
unlikely that this transition in permeation regime will be encaedteusing a thin,
supported Pd membrane. In the literature there are a few regorgdatively thick
(>10Qum), free-standing Pd-Ag alloy membranes at low temperatwits behavior
which appears to be consistent with the modeling predictions fornaitioa into
desorption limited behavior. Due to the large thickness of thesdrares it is unlikely
that any process other than diffusion is limiting the hydrogemeation rate. Before
any critical evaluation of the performance of thin membraras e completed this
apparent discrepancy must be resolved.

Several recent studies have utilized microfabrication techniquwetoged in the
microelectromechanical systems (MEMS) and integrated tir@d) industries to
fabricate free-standing metal membranes with a thicknedseocordler of one micrometer
or less[56-61]. This approach represents an ideal platform to probe the fundamental

limitations of hydrogen permeation through metal membranes dine t@toval of the
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porous support. Although this approach has already been utilized to @redbe

micrometer, free-standing membranes, the major question whigloyseinvestigators
have sought to answer was the feasibility of manufacturing usiiogofabrication

techniques. There has been no systematic characterization pértbemance of these
membranes to determine whether any fundamental performantatibm has been
reached.

In this work the current models for predicting hydrogen permeatibavica will
be critically evaluated. Recognizing that the non-ideal solution b&haivhydrogen is a
key area where the existing models are inadequate, a new reatkldloped to more
accurately represent the behavior of hydrogen in Pd-alloy mesthrarne new model is
utilized to demonstrate that the existing permeation resultshfok membranes are
indicative of true diffusion limited permeation rather than a ttemsiinto desorption
limited behavior. Armed with the improved model, the hydrogen peromebehavior
through thin, free-standing membranes, is studied both theoreticallgxperimentally
to determine whether or not any fundamental limitations have been reached.

In order to further validate the model predictions and determinehethet
fundamental shift in permeation regime has been reached, a netheldns developed to
fabricate free-standing metal membranes with a thicknesessf than dm. The
hydrogen permeation behavior of these membranes is measured apktietewithin
the context of the modified permeation model. In every membrabtedteunexpected
transient results were encountered during the first few hourxperienents. These

results are attributed to the complex microstructure of the retal films and the
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evolution of this microstructure as the membranes are effectarelealed during high

temperature testing.
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CHAPTER 2
METAL MEMBRANES FOR HYDROGEN SEPARATION

Interest in the interaction of hydrogen with transition hsebeegan in the early
1860’s with the work of Deville and Troost who measured the pdaifitgaof hydrogen
through heated iron and platinum [62]. Building on their work, in 1866 Thomdm@ra
was the first to measure the permeability of palladium laydgen and he also noted that
the metal “occluded” an enormous volume of hydrogen upon cooling whick beul
subsequently released by reheating. More importantly, Grahand ribé¢ while
palladium was highly permeable to hydrogen it was virtually imgable by all other
gases tested, laying the groundwork for the future use of pallasiuan hydrogen
purification membrane [44]. Since that time, arguably there baea more studies on
the Pd-H system than any other gas-metal system.

Due to the enormous body of knowledge pertaining to the interactioydadden
with metals, and in particular to the Pd-H system, it would be isiiplesto present a
complete literature survey on the subject in the present document. Howeeea| texts
on the topic have already been published to which the interested reatlescted for
further information [63-70]. The purpose of this chapter is rathprdasent the relevant
fundamental aspects of the interaction of hydrogen with metalhancontext of
membrane transport. The springboard for this discussion will lkésHiaw for steady-
state flux which provides several necessary criteria for germmhto be useful as a
purification membrane. These criteria form a logical fram&wor the presentation of
hydrogen-metal interactions and particularly how the propertiethexfe interactions

make certain metals highly useful as hydrogen purification membranes.
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2.1 Diffusion Equation in Membranes
As a starting point for the discussion of membrane separatbmsjder Fick's

Law for steady-state diffusion, Eq. (2.1).
J == Sy (2.2)

Fick’s Law states that the diffusional flux of specieg)iié proportional to the diffusion
coefficient O) and the gradient of chemical potential of speci@s). In the absence of
significant gradients other than concentration (strain, temperadte.), using the dilute
solution approximation, and applied to a one dimensional membrane, Fick'sarate

reduced to Eq. (2.2) whetds the membrane thickness a@ds the concentration near
the membrane surface. The subscripts H and L denote the surfdeoémbrane in

contact with the high and low hydrogen pressure respectively.

J :_D(CH t_CL) (2.2)

Going one step further and assuming that the process of hydrogemodiffuugh the
membrane is much slower than the processes occurring on the mesinfane permits
a useful modification to Eq. (2.2). Under this assumption each sudgdoea quasi-
equilibrium state with the surrounding gas environment and thereforetioentration
of hydrogen near the surface can be described by the equilibriumlisolbhydrogen
in the membrane material at the prescribed temperature andirptesis general the
solubility is proportional to the gas pressure raised to any oaenamber of exponents
depending on the mechanism of gas absorption. For example, in Heary'she
pressure exponent has a value of unity while in Sieverts’ Lawxihenent takes a value

of one-half. A generic form for the equilibrium concentration of absbupes can
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therefore be formulated as Eq. (2.3) wh&res the solubility coefficient and is the
appropriate pressure exponent. Combining this relation with Fick’'s leads to Eq.

(2.4).

C=SOP (2.3)
1=-22((R ) -(RY) (2.4)

Based on Eq. (2.4), several assertions can be made regamlidgsiled properties of a
membrane for the purpose of separating a given species from a mixture:
1. The product of diffusion coefficient and solubility coefficient, also
known as permeability, should be large for the species of intemest
small for all other species.
2. The membrane should be structurally robust in order to withstand a
moderate pressure difference to drive permeation.
3. The membrane should be made as thin as possible
The remainder of this chapter is dedicated to exploring theofithese criteria and how
this requirement naturally leads to selection of Pd-alloy memelreor hydrogen

purification.

2.2 The Nature and Location of Hydrogen in Metals
Much of the early work on hydrogen absorption by transition meteds
performed by Sieverts in the 1910’s [71-73]. Sieverts observed teatovide range of
temperature and pressure the concentration of absorbed hydrogenyimeiais Cy)

was proportional to the square root of the gas-phase hydrogesunard%y;). This is

27



expressed by what is now known as Sieverts’ law, Eq. (2.5), whereo#fgcient of

proportionality,Ks, is known as Sieverts’ coefficient.

Cu = KsRy, ® (2.5)
If it is assumed that hydrogen is dissolved into the metal irfaime of a dissociated
hydrogen atomHap) then Eq. (2.6) will describe the chemical reaction.

1
EHZ(Q) =2H, (2.6)

At equilibrium, the chemical potentials of each state willelgeal and the equilibrium
constant K¢y for reaction (2.6) will be described by Eq. (2.7) whexe is the
thermodynamic activity of the dissolved hydrogen &pds the fugacity of the gaseous

hydrogen.

_
Keg =~ 2.7)

sz
At low concentrations of dissolved hydrogen the thermodynamicitgcis proportional
to the concentrationay = ¢,Cy (with ¢; an arbitrary constant). Since the critical
temperature and pressure for hydrogen are, respectively, 33 KanPa, it is safe to
assume that under all conditions of interest in this study hydmetjdmehave as an ideal
gas and therefore the fugacity is simply proportional to preskure,c;Py, (with ¢, an
arbitrary constant). Incorporating these modifications into Eq. (2.7) leads (2.&gand

rearranging terms results in Eq. (2.9).

_ G,
R oY
5
C, :[KTC} R, (2.9)
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Figure 2.1: a) octahedral and b) tetrahedral intergtial locations in the FCC lattice and
c) octahedral and d) tetrahedral interstitial locaions in the BCC lattice. Dark circles
are lattice locations, white circles are interstital locations.

The equivalence of Sieverts’ Law [Eq. (2.5)] with Eq. (2.9) confirnesatbsumption that
hydrogen absorption by metals which obey Sieverts’ Law is d&see The use of the
simple chemical reaction of Eq. (2.6) to describe hydrogen absorpiso implies that
there is no interaction between the absorbed hydrogen atoms, pebeabsiydrogen
behaves as an ideal solution. Therefore Sieverts’ Law is onlycapfdiwhen hydrogen
is a dilute solute in the metal.

The observed expansion of metal samples upon absorption of hydragsn gi
further information about the state of the dissolved gas. The vohomepied by a
hydrogen atom is substantially smaller than the volume occupidteldyost metal atom.
Therefore, the expansion of the metal indicates that the hydrmgst occupy interstitial

sites within the lattice. This conclusion has been confirmed bgyxand neutron
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diffraction studies [64, 74]. In the face-centered cubic (FCC) andgosmal close
packed (HCP) structures there are two tetrahedral inigrsites and one octahedral site
per host atom (Figure 2.1a,b). In the body-centered cubic (BCC)us&ubere are three
octahedral and six tetrahedral interstitial sites per hash gfFigure 2.1c,d). The
distinction between sites is that the tetrahedral locationeigeced between four
neighboring atoms, the vertices of a four-sided tetrahedron, whitecthbedral location
is centered between six neighboring atoms, the vertices of htrsaigd octahedron.
This geometry is elucidated in Figure 2.1. The question as tcharhdte hydrogen
interstitials occupy the tetrahedral or octahedral sitasbeaanswered simply by noting
the relative sizes of these locations for a given latticacstre. Hydrogen will
preferentially occupy the sites with a larger free vol@s¢hese are the locations of local
minima of potential energy. The size of the interstitial hdd@ be estimated by
calculating the length of the vector from a nearest neightim do the interstitial
location. The length of this vector minus the radius of the host d®n) ¢ives the
approximate radius of the interstitial hole. In the FCC and Bl@Rtures the octahedral
interstitial radius is ~0.48R. While the tetrahedral interstitial radius is ~@R2g In the
BCC structure the tetrahedral interstitial radius is ~R29while the octahedral
interstitial radius is ~0.1®,. From these numbers we can conclude that the absorbed
hydrogen will occupy the octahedral sites in FCC and HCP snefaile it will occupy

the tetrahedral sites in BCC metals.

2.3 Solubility of Hydrogen in Metals
Figure 2.2 shows the hydrogen solubility in several transition maef&lom this data

it would seem that Pd is not the best choice for membrane alatéue to the relatively
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small hydrogen solubility. However, the ordinate on Figure 2.hasatomic ratio of
hydrogen to metal, meaning that the majority of these ‘solutians’ predominantly
composed of hydrogen. While this is clearly a violation of the dgotation condition
necessary for the validity of Sieverts’ Law, it is more imaotlty an indication of a
change in the fundamental nature of the hydrogen-metal compound. Titeidor of a
metal hydride invariably involves a substantial volumetric in&eahkich is typically
accompanied by a change in the structure of the metal subla@ceexample vanadium
has a BCC structure but the monohydride VH has a body-centéragoteal structure.
Under appropriate conditions vanadium will also form a dihydride;, \Add the metal
sublattice in this structure is FCC [75]. One of the few exaoeptto this hydride
structural change is Pd which forms a non-stoichiometric hydridid, £ and maintains
the FCC structure of the pure metal. However, even for thisoloer hydride which
does not undergo a structural change there is a discontinuous irafratiee parameter
from 3.89A to 4.03A resulting in a roughly 11% volumetric increase uponatasm of
the hydride. In addition to the structural and volumetric changeshwdgcur upon
formation of a metal hydride there is also typically a suttsthincrease in brittleness of
the material due to the induced strain from the interstitial hydrogen.

In applications of membrane separation where hydrogen loading nayclozl
and concentrations will vary drastically across the thicknesseolmembrane, the large
volumetric and structural changes associated with hydride famatevitably lead to
membrane failure. This mode of failure is commonly called hgeimcembrittiement, a
generic term for several different phenomena caused by absogdtibgdrogen by

metals. In order to avoid this problem the membrane must eitheorbposed of a
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material which does not form a hydride or the membrane musbpleeated in a
temperature/pressure regime where hydride formation is supgre§&ome information
about this operation regime can be deduced from Figure 2.2. Each of the curves in Figure
2.2 exhibit a decreasing hydrogen concentration as the tempasatucecased. Several
of the curves exhibit an abrupt drop in hydrogen concentration at dicpEmperature:
Ti ~65C¢ C, Th ~950 C and Ce ~1200C. This abrupt decrease in hydrogen
concentration indicates that above this temperature the hydride tsblenand this
temperature is therefore called the hydride decomposition tetoper The
decomposition temperature is pressure dependent: the lower the mygregsure the
lower the decomposition temperature. Theoretically a memlwamée operated above
the hydride decomposition temperature without suffering from hydregebrittiement
but extreme caution must be exercised to ensure that the emtindrame is always
maintained above the decomposition temperature for any pressuneethbrane may
encounter. Figure 2.2 shows that at a gas-phase hydrogen presswuagnaisphere an
operation temperature in excess of 10@)is necessary to avoid hydride formation in
Th, Ce, and Zr while a temperature in excess of TO® necessary for Ti. As in these
metals, the high temperatures necessary to avoid hydride fonmatimost transition
metals makes their use as hydrogen separation media imgraciitee Pd hydride
formation is evident as the temperature drops below ~C5@hile Ta and Va transition
more gradually between 200C and 600 C. Due to the relatively low hydride
decomposition temperature for these materials they remain moegitobns for hydrogen

membranes with the caveat that they must be operated above this transitioatie@per
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Figure 2.2: Comparison of hydrogen solubility in seeral transition elements at a gas-phase
hydrogen pressure of 1 atm. Sieverts (1929) and Simi(1948) [76-78].

With the exception of Pd, the metals of group VIII in the perioditetalo not
form hydrides at the elevated temperatures (above ambienthederate pressures (up
to tens of atmospheres) encountered during typical membrane purification. Thetgolubili
of hydrogen in several of these elements is compared in R2g8ireAs in Figure 2.2, the
sharp solubility increase in Pd at lower temperatures is imolicaf hydride formation
and therefore the membrane cannot be operated in this regiaveevet, even at higher
temperatures where hydride formation is suppressed, Pd has Igdgegdn solubility
than these materials by a factor of 10-1000. This magnitude ehtmdtperformance
enhancement over the non-hydride forming elements is sufficient motivation to parsue
as a hydrogen separation material despite the possibilgynbfittlement and failure at

low temperature due to hydride formation.
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Figure 2.3: Comparison of hydrogen solubility in seeral group VIII metals at a gas-phase
hydrogen pressure of 1 atm. Data from Sieverts (19) as compiled by Borelius (1927) [71,
72, 79].

2.4 Diffusion of Hydrogen in Metals
Permeability of a material by a given gas species isetbfas the product of the
gas solubility and diffusion coefficient. It is therefore deseablhave a large diffusion
coefficient as well as high solubility to maximize permeapiliThe diffusion coefficient
of atomic hydrogen in several metals is presented in FigureThd.general trend is an
exponentially increasing diffusion coefficient with increasinggerature, reflecting the
activated nature of the diffusion process. Diffusion is welleggnted by an exponential

equation such as Eq. (2.10) with a pre-exponential f&iand activation energyi.

D=D =
=D, exp T (2.10)
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Figure 2.4: Diffusion coefficient of hydrogen in seeral transition metals. Data compiled in
Hydrogen in Metals | (1978) [64].

For Pd, the magnitude of the diffusion coefficieaties between roughly 8108 m?s.

As a comparison, the liquid diffusion coefficient methanol dissolved as a dilute
methanol-water mixture is ~f0m?/s at 25°C: this is a good approximation of most
diffusion in liquids. On the other hand the séffudsion of Pd atoms is ~18 m%s at
300 °C [80] and a general observation is that diffussdrsubstitutional impurities lies
within plus or minus a factor of 100 of self-diffas in a metal [81]. Being extremely
small in both mass and size, the diffusion of hger atoms in metals drastically
exceeds nearly all other solid solution diffusidrhe diffusion coefficient is more closely
matched by diffusion in liquids, and even excedwsé¢ values at elevated temperatures.
The anomalously high mobility of hydrogen in metal®ne of the primary reasons these

materials make attractive separation membranes.
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There is also a noticeable variation in the slopée diffusion curves between
the first four elements (Vg-Fe, Nb, and Ta) and the last two (Pd and Ni).sBhope is
proportional to the activation energy of the diftus process and this variation is
attributed to the difference in atomic structurén®en the two groups. All of the metals
in the first group with a smaller slope than Pd Bf&C metals as opposed to the FCC
structure of Pd and Ni. The smaller activationrggédor diffusion in BCC metals is due
to the smaller atomic packing factor of 0.68 in B@taterials versus 0.74 in FCC
materials. The less tightly packed BCC structues larger gaps for hydrogen to

penetrate in the diffusion process resulting indo@activation energy.

2.5 Permeability of Hydrogen through Metals
The last two sections have dealt with the specifitshe two components of
permeability, namely solubility and diffusion. Than of this section is to combine the
results from those sections and present permeahifibormation for a variety of pure
metals. From this data an accurate comparisorh@fideal performance of several

contending membrane materials can be made.
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Figure 2.5: Hydrogen permeabilities of selected p&w metals, extrapolated from ideal
solution behavior (Sieverts’ Law) [28, 38, 82].

The permeabilities of several metals to hydrogen @esented in Figure 2.5.
These values are not measured across the entingetatare range but instead are
extrapolated from the temperature dependence adithesion coefficient and solubility
of each material from measurements made in a reglwere Sieverts’ Law is obeyed
(hydrogen behaves as an ideal solution in the E&3&]. It is observed that in going
from the material with the lowest permeability, Ri, the material with the highest
permeability, Nb, there is a transition in actieatienergy, being proportional to the
negative of the slope of each curve, from positv@egative values. Referring back to
Figure 2.4, the diffusion coefficient of each oése materials has a negative slope, which
eguates to positive activation energy. Therefthig, shift in the temperature dependence

of the permeability for some of these materialsaates that the permeability behavior is
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largely controlled by the hydrogen solubility. Ttesnperature dependence of Sieverts’
Law is given by Eq. (2.11) whesH°® andAS°® are the molar enthalpy (heat) of solution

and standard molar entropy of solution, respegtjuabth in the limit of infinite dilution.

(2.11)

0 ~(E,, +AH°
®=D, exp(ADS ]@x;{%} (2.12)

Since the permeability is the product of diffusimoefficient and solubility, the apparent
activation energy will be the sum of the heat ofluson and activation energy of

diffusion as shown in Eq. (2.12). For strong erothic absorbers of hydrogen (Ta, V,
Nb) the large negative heat of absorption outweitjesactivation energy for diffusion

resulting in a negative activation energy for peatisn (decreasing values with

increasing temperature). For moderately exotheramd endothermic absorbers, the
diffusion term dominates and the apparent actimagoergy for permeation remains
positive.

Comparing the overall magnitudes of permeabilityFigure 2.5, it is observed
that the Group VB metals Ta, Nb, and V substantialitperform Pd over the entire
temperature range. This observation, coupled thi¢hfavorable difference in cost and
relative abundance between these materials and &d rthem appear to be ideal
hydrogen separation materials. Unfortunately, worfable surface reactions make these

materials uncompetitive with Pd-based materiadissussed in the following section.
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2.6 Surface Interactions of Hydrogen with Metals

Up to this point it has been assumed that diffugloough the bulk material is
much slower than any processes which occur on thace. This assumption has
allowed us to utilize easily measured bulk and rtteetynamic properties to predict
hydrogen permeability for comparison between d#ifermaterials. It has also been
stated that hydrogen adsorption/absorption is sodiative process. From a solubility
and diffusion standpoint this dissociation is idaslthe resulting species of relevance is
now the miniscule hydrogen atom which has littlfidilty fitting within, and moving
between, the interstices of the metal lattice. Ehoav, the necessity of the dissociation

process has important ramifications for the inteoacof molecular hydrogen with metal

surfaces.
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Figure 2.6: One dimensional potential energy diagma for a hydrogen atom (I) and a
hydrogen molecule (ll) approaching a metal surfaceln (a) intimate contact with the surface
is attained while in (b) this contact is impeded.

The dissociation energy for molecular hydrogea3® kJ/mole [67] as compared
to the activation energy for hydrogen diffusionAd which is roughly 22 kJ/mole. The
magnitude of energy required to dissociate hydrogeggests that the likelihood of

encountering atomic hydrogen in the gas phasedahany temperatures is vanishingly
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small, as is indeed the case, and that pre-diggmtiaf the hydrogen molecules prior to
reaching the metal surface is not an energeti¢allgrable path. In 1932, Lennard-Jones
proposed a simple one dimensional potential enenggel to explain the seemingly
anomalous result that dissociative adsorption afrbgen onto clean transition metal
surfaces is not an activated process [84]. Thidehis reproduced in Figure 2.6(a). The
curve labeledl represents the potential energy of molecular hyginoas a function of
distance from the metal surface. The zero-eneztgrence point is taken as the energy
of the molecule at infinite distance from the soefand therefore curdé falls directly
on the x-axis at large distances. Following thigve toward the metal surface
(decreasing x values) shows that close to the cairfaere is a small potential well
representing physical adsorption, or physisorptioh,the molecule to the surface.
Physisorption is caused by van der Waals forcesdmet the molecule and surface and is
characterized by a low heat of adsorptidhif,), as indicated by the shallowness of the
potential well. For molecular hydrogen, the edpiilim distance for this interactioty)
is 2 to 3A and the heat of adsorption is less ®a&d/mole [68]. The curve labeléd
represents chemical adsorption, or chemisorptibmt@mic hydrogen onto the surface.
Chemisorption is defined as the binding of molesuleatoms to the surface through the
exchange or sharing of electrons and is thereftweamecal in nature. The heat of
chemisorption £H¢) is much larger than physisorption and can rangenf25-50
kJ/mole for hydrogen on transition metals and tiseadce of the hydrogen atom from the
surface Ign) corresponds to that of a chemical bond — betvdegmmnd 1.0 A.

A molecule will approach the surface along cutieand initially enter the

physisorption well. If the molecule has sufficiertergy it can climb the back of the
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potential well getting closer to the metal surfacel arrive at the intersection of curdes
andIl. At this distance the valence electrons of thdemde can interact with the
conduction electrons in the metal and allow dissomn of the hydrogen molecule by
forming a more energetically favorable atom/metahd rather than overcoming the
energy stored within the H-H bond. The result bews in Figure 2.6(a) is non-
activated, dissociative adsorption which has béenva to be the situation for hydrogen
adsorption on nearly atleantransition metal surfaces [85].

Figure 2.6(b) illustrates the effects of surfacamtamination on the adsorption
process. Curvelsandll are both the same as in Figure 2.6(a) with tlglhsthange that
curvell, physisorption, has been shifted slightly to tigit, representing the presence
of some barrier between the hydrogen molecule la@dnetal surface. This barrier could
be anything from an already adsorbed atom (O, NH)@o a stable chemical barrier such
as a surface oxide. The result is that althoughntblecule can be physisorbed onto the
surface of the contaminant, the physisorption mecdoes not bring the molecule
sufficiently close to the metal surface to alloveatfonic interaction. Now there is a
substantial energy barrieE{y) which must be overcome for the molecule to disgec
and chemisorb onto the surface.

This process represents a significant problenrdfmactory metals (Group VB)
and iron due to their tendency to form a stablaexayer [83, 86, 87]. Unfortunately,
the tendency for these materials to oxidize, coebinvith the necessity for high
temperature operation to avoid hydride formatiorthe Group VB metals, makes their
use as hydrogen separation media impractical. tBtiee favorable permeability of these

materials over Pd-based materials, much effort been expended in an attempt to
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overcome this problem. Typically the surface iated with a thin layer of Pd to protect
from oxidation and catalyze the surface hydrogessatiation. Again, the high
temperature necessary to avoid hydride formatidarferes as inter-diffusion of the

metal species occurs and, over time, the surfessloeactivity [83, 87-92].

2.7 Hydrogen Selectivity of Metal Membranes

It was stated in Chapter 1 that one of the majoaatages of metal membranes is
their extremely high selectivity for hydrogen ol other species. This is particularly
relevant in the context of a hydrogen economy wheresumably, the hydrogen is
utilized through a polymer electrolyte membrane NBPEfuel cell for maximum
efficiency. The low-temperature PEM fuel cell ¢tedes are plagued by their
vulnerability to fouling from gas contamination atiterefore require extremely high
purity hydrogen for extended operation [93].

Figure 2.7 contains diffusion data for atomic carboxygen and nitrogen in both
niobium and palladium. The hydrogen diffusion d¢ioe#nt is also included for
reference. At low temperatures the hydrogen diffugsoefficient exceeds the others by
10*? while at elevated temperatures it is still at feas factor of 1000 higher.
Phenomenologically, this difference is due to thecinsmaller activation energy for
hydrogen diffusion: 22 kJ/mole for hydrogen and193- kJ/mole for the other species.
Figure 2.8 presents solubility data for carbon,gety and hydrogen in Pd. Again, the
values for hydrogen drastically exceed those fer dther species, especially at lower
temperatures. The solubility values converge gh hemperatures due to the fact that
hydrogen absorption is exothermic, and therefoverd at lower temperatures, while

absorption of carbon and oxygen are endothermidarated at high temperature.
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Combining the information in these figures prowda estimate of the selectivity
of metal membranes to hydrogen over other gas epeciAt low temperatures the
selectivity should be greater than®d@hile at high temperatures the selectivity may be
on the order of 10Dor more. These numbers also only reflect thecteity to the atomic
species with no reference to how rapidly the serfaeactions take place. While
transition metals easily allow dissociation/reconattion of hydrogen it is unclear how,
for example, carbon monoxide, would dissociate dhto surface, diffuse through the
membrane, and recombine on the other side. lik&dyl that these surface processes
provide further hindrance to the permeation of othas species and therefore the

selectivity can exceed the values mentioned above.
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Figure 2.7: Diffusion coefficients of other intersitial species in metals as compared to
hydrogen. Dotted curves are diffusion in Nb, solic¢urves are diffusion in Pd [64, 81, 94-96].
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For all practical purposes, the selectivity of ah@hembranes can be considered
infinite. The upper limit on hydrogen purity achéel by permeation through metallic
membranes is dictated either by packaging limitetior by the extent to which a thin
membrane can be fabricated without through-thicknasfects such as pin-holes or

cracks. These defects can be particularly proltierfa thin metal films.
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Figure 2.8: Solubility of hydrogen, carbon and oxgen in Pd. C and O values are terminal
solubilities, H is calculated for a gas pressure dfatm [37, 94, 95].

2.8 Palladium-based Membranes
Based on the information presented thus far, ie&sonable to say that Pd is an
ideal material for hydrogen purification membrabased on surface reactivity, solubility

and diffusion. The major performance issue with irRdmbranes is the hydrogen
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embrittlement problem which plagues Pd at tempesatbelow 300°C. It was
discovered in 1960 that alloying palladium with 25%lver ameliorated the
embrittlement issue which led to the commercialrabf Pd-alloy membrane hydrogen
purification systems. In order to understand thidrbgen permeation properties of Pd-
alloys at low temperatures it is necessary to wtdad the physical mechanism
responsible for hydrogen embrittiement. This ledudlsctly to an understanding of the
effects of alloying on embrittlement and why Pd-8@n excellent material for hydrogen

separation.

2.8.1 Pd:H Non-Ideal Solution Behavior

Soon after the discovery of;lbsorption by Pd, the work was naturally extended
to quantify the amount of Habsorbed when a sample of the metal was allowed to
equilibrate with the gas at a given temperature amegsure. By the 1930’'s, a fairly
complete and reproducible set of thermodynamic del@ing the hydrogen pressure,
temperature, and hydrogen content in the metal beeh established [97, 98]. A
representative pressure-composition diagram frota thkken by Frieske and Wicke is
shown in Figure 2.9 [99]. The lines are isotheroosinecting data points taken at
common temperatures. As this information was gathdt became obvious that
Sieverts’ Law was not adequate to explain the hyelnoabsorption behavior. Since
Sieverts’ Law is based on the assumption of idealt®n behavior, it was recognized
that deviation from this behavior must involve sofoem of interaction between the
absorbed hydrogen.

The data in Figure 2.9 can be broken down intedlseparate regions as defined

by the dome in the figure marked by a dotted lirkhe first region, labeledr, is the
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region where Sieverts’ law is valid and the hydrogencentration is proportional to the

hydrogen pressure to the one-half power. As erpgetitis occurs when the hydrogen

content is very low and there is not much intecacbetween the absorbed hydrogen.
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Figure 2.9: Pressure-composition data for the palldium hydrogen system [99].
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The second region, labeled 5, is characterized by a plateau in each isotheitross

this region the hydrogen concentration increasasdtically with virtually no increase

in the hydrogen pressure. Once these plateaul tekaaight edge of the dome, there is

once again a sharp increase in the hydrogen peesequired to further increase the

concentration in the metal. This portion is labelee S region.

The loss of one degree of freedom of the thermantya variables in thert+ 8

region is indicative of the appearance of an adiliti phase. According to the Gibbs’

phase rule, F = C + 2R, the number of degrees of freedom ( F ) is reladgtie number
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of components ( C ) and the number of phases présen. For the entire diagram there
are two components, hydrogen and palladium. Inatinegion there are two phases, the
gaseous hydrogen and tbrgophase Pd hydride, and thus two degrees of freedgaving
two degrees of freedom indicates that two thermadyn variables, such as temperature
and pressure, can be changed independently witbaving the two-phase region. In the
a+ [ region the fact that pressure and temperaturencdanger be varied independently
indicates that a degree of freedom has been lodttlams an additional phase has
appeared.

With this information the phase diagram may bernmteted in the following way.
Following an isotherm from left to right, at lowgssure hydrogen is absorbed and forms
an ideal solution in the metal. As pressure igdased, hydrogen content increases
monotonically and is uniform throughout the sampkt some point when pressure is
increased, rather than uniformly increasing therbgdn content of the entire sample,
small regions of high hydrogen content nucleatéiwithe sample. This is the nucleation
of the f-phase Pd hydride within the-phase. From this point, as more hydrogen is
absorbed the hydrogen content of both phases remairstant but the average content of
the sample increases as the volume percentage gfahase increases relative to ire
phase. This process continues until the entirgpkaims been converted to tBghase
at the right edge of the dome. From this pointiiix@rogen content once again increases
monotonically as the hydrogen pressure is increas€derefore, the left edge of the
dome follows the locus of points that define thexmmum hydrogen content for the-
phase while the right edge of the dome definesrtimemum hydrogen content for th#

phase. These lines are also known as the solwigs Ifor thea and S phases,
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respectively. As temperature is increased thedgeahr mobility in the sample increases
and the random thermal motion of hydrogen makesoaggyation into local hydrogen-
rich regions less favorable. This correspondsntanarease in the stability of the-
phase, increasing its maximum hydrogen content, arsimultaneous decrease in the
stability of the #phase and a reduction of its hydrogen contente fHsult is that as
temperature is increased the difference in hydragerient of the two phases is reduced,
shrinking the miscibility gap. Above the criticemperature, ~300C for Pd, the two
phases are no longer distinguishable and theresisamth transition from low hydrogen
content to high hydrogen content as pressure isased.

As mentioned in Section 2.3, the formation of high-hydrogen-contenf-phase
results in an increase in the lattice parametemfr8.89A to 4.03A with a
corresponding11% volumetric increase. Nucleadiod growth of these regions as Pd is
cycled across the miscibility gap produces sigaificstrain within a sample resulting in
plastic deformation. This strain and resultingspiladeformation is the source of the
previously mentioned hydrogen embrittlement andaiiably results in failure if Pd is
used as a hydrogen separation membrane. This Ithet permissible operation regime
for pure Pd to values above the critical tempeeatur

Suspecting that the origin of the non-ideal betiawas the interaction between
the absorbed hydrogen, Lacher was able to utiligestical thermodynamics approach
to reproduce the measured isotherms [100, 101khémastarted with Eq. (2.13) as the

functional form of the chemical potential for thesarbed hydrogen.

=i +DTIn(ﬁj+A,uH (2.13)
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In Eq. (2.13) the first terny , is the standard potential. The second term sepits the

statistical distribution of the absorbed hydrogemoag a discrete number of interstitial
sites. The symbaoy is the atomic ratio of hydrogen to palladium (H/Rad therefore
this term causes a dramatic increase in the chéputantial as available lattice sites are
filled and y approaches unity. The last term is the excessngiat added by Lacher to
account for an attractive pairwise H-H interactiorhe magnitude of the excess potential
is proportional to the value gf with an increasing negative contribution to theroical
potential as the amount of absorbed hydrogen isesea Using this model Lacher was
able to reproduce the isotherms through the twe@haegion, however, the sharp
increase in the chemical potential of absorbed dyein above an H/Pd ratio of ~0.6 was
still problematic. Since there is one octahedn#édnstitial site per host atom in the FCC
structure this increase in chemical potential sthootcur as the lattice approaches
saturation, i.e. when H/Pd approaches unity. Laalas forced to assume that there were
two types of interstitial sites: one that was asit#s to hydrogen and represented 60% of
the total sites and the other that was inaccessibleydrogen and accounted for the
remaining 40% of octahedral sites. A few yearger|aWagner assumed equivalence
between all octahedral sites and correctly atteduhe increase in chemical potential of
the absorbed hydrogen to an electronic contribti62].

While these early models could capture the belayidte accurately, it wasn’t
until much later that the nature of the hydrogenahmteractions was fully understood.
In 1972 Alefeld recognized that the average elastieraction between the absorbed
hydrogen and the metal lattice should contributdhéoenthalpy of solution [103]. It was

shown by Eshelby that the presence of point defacasbounded elastic medium should
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induce an average volumetric increase of the &fticorder to keep the external surface
free from stress [104]. Thus, interstitial hydrogatoms produce a lattice dilation
causing a reduction in the enthalpy of solution alhis proportional to the local
hydrogen concentration. This elastic effect, &sown as the mean-field theory, causes
a positive feedback at a certain critical valuéydrogen concentration. The enthalpy of
solution is lower in a region of high hydrogen centation causing diffusion of
hydrogen to that region (against the concentragoadient) and resulting in further
decrease of the enthalpy of solution as the lattikpands. The result is hydrogen
agglomeration in certain regions of the lattiGgphase hydride formation. The extent to
which the positive feedback proceeds depends upmmther contribution the chemical
potential, namely the electronic contribution. Wslrogen is absorbed, its electrons join
the existing electron structure and cause an iseregathe Fermi level of the system. In
Pd, the electrons initially go into thel 4and which has a high density of states so the
electronic contribution to the excess potentialasy small. Abovey~0.6, only the low-
density of states inSband are available causing a more pronouncedaseré the
electronic contribution which dominates the totakemical potential of the absorbed
hydrogen [67, 105-107]. The chemical potentiathed absorbed hydrogen can now be

written with the excess potential divided into tleéastic Queast) and electronic

contribution Puelect):

K= py +0TIn (%] F Dlyag + Dl grecy (2.14)
" -X
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This knowledge of the behavior of hydrogen solutio Pd explains the problem
of hydrogen embrittlement and suggests a methodfproving mechanical stability by

alloying Pd with other metals.

2.8.2 Effects of Alloying Palladium on Hydrogen Solubility

Based on the previous observation that the lagiqgension caused by hydrogen
absorption leads to a decrease in the enthalpglafian, it might be expected that this
effect could also be achieved by alloying Pd witheo metals which increase the lattice
parameter. It has been shown that the differendatiice parameter between the alloy
and pure palladium is proportional to the negatbange in enthalpy of solution at
infinite dilution, AH® [108]. In other words, if alloying increases tlatice parameter
then the enthalpy of solution decreases whileefdlioy has a smaller lattice parameter
the enthalpy of solution increases. Simultanequblgre is a decrease in the entropy of
solution at infinite dilution AS®, with increasing metal solute concentration [67]his
suggests that the number of available sites foorphisn decreases as alloy concentration
increases, probably due to repulsive interacticetgvéen the hydrogen and metal solute
atoms. This trade-off with increasing alloy corcation is expected, otherwise pure
metals with a larger lattice parameter than Pd dibalve a higher solubility, which is not
the case. A repulsive interaction between the dyein and alloying atoms also explains
the slight decrease in diffusion coefficient obserwith increasing alloy composition
[37]. Referring back to the two-phase dome in Feg19, the lattice expansion effect can
be further clarified. For pure Pd, as the con@iun of hydrogen increases it reaches a
critical value where the dilation caused by absorptinitiates a positive feedback

response leading to nucleation of {Bg@hase. For an alloy with an already expanded
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lattice the amount of hydrogen which will be absatlbor a given pressure is larger (due
to lowering the enthalpy of solution) and the ddatcaused by hydrogen absorption is
reduced. Since the difference in enthalpy betwkemormal lattice and the expanggd
phase lattice is reduced, less thermal energyqsined to destabilize the transition, thus
the critical temperature is reduced. From the qanescomposition diagram, the end
result is a downward vertical shift of the two-phadome reducing the critical
temperature.

In addition to changing the lattice parameter,hexging Pd atoms for alloy
atoms that have a different number of valence mest will have an effect on the
electronic structure of the metal. For Pd-alloysimaple band filling model is adequate
and the effect is straightforward: if the alloyraknt is an electron donor it will partially
fill the 4d band and reduce the hydrogen solubility of fighase. The right edge of the
two-phase dome will be shifted towards lower hy@mgoncentration reducing the size

of the miscibility gap.
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Figure 2.10: Hydrogen pressure-composition isothersiin Pd-Ag alloys of increasing silver
content at 50°C [67, 107].

Both of these effects can be seen in Figure 2.Aéravan isotherm at 5C has
been plotted for several palladium-silver alloy gmsitions. Silver is a larger atom than
Pd and will therefore expand the lattice. Silvisoghas an additional valence electron
and should therefore patrtially fill theddand. Initially, as silver is added, the width of
the pressure plateau is reduced, indicating inexkaslubility in thea-phase and reduced
solubility in the #-phase. The plateau disappears altogether at 2% This does not
mean that the two-phase region is gone; the driteraperature has just decreased to
such an extent that now the 3G isotherm is supercritical. After leveling offaeh
isotherm exhibits the sharp increase in pressuyaned to increase the hydrogen content

that is associated with the rise in the Fermi lesethe S band. As predicted, the
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concentration at which this transition occurs idueed as Ag content is increased and

space in thediband becomes limited.

1800
Liquid
1555
%) 1400 -
o
@
>
©
2
% Pd/Ag
= 1000 -
962
600 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Pd Weight Percent Silver Ag

Figure 2.11: Palladium-Silver phase diagram [109].

In addition to the impact on hydrogen solubilithe possibility of phase

separation when alloying Pd must be consideredhelfalloying metal is not completely

miscible with Pd there is the possibility of phaskeange in the metal at certain

compositions or in certain temperature ranges. dies to say, this substantially

complicates the interpretation of hydrogen perno@akiehavior and it is likely that any

phase change will cause unacceptable structurahitisy for membrane use. From this

standpoint, silver is an ideal alloying componemtPd membranes. As shown in the Pd-

Ag phase diagram in Figure 2.11, these two matef@mm a perfectly miscible, ideal

solution. The discovery by Hunter that a 75-25%Agdalloy is an excellent hydrogen

permeation material is no coincidence. It hasesioeen shown that an alloy with 23%
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Ag is precisely the amount necessary to reduceritieal temperature for the two-phase
dome down to below atmospheric temperature. Ag kE1the membrane is not cooled
below ~25°C, hydrogen embrittlement will be avoided. In addi to avoiding
hydrogen embrittlement, the lattice expansion causg alloying increases hydrogen
solubility in the a-phase and results in an overall permeability ecbarent over pure
Pd.

Due to the advantages of the 77-23% Pd-Ag systesithe alloy used in the
current study. This alloy also has the additiopahefit that there have already been
numerous investigations into its permeation progertusing thick samples for

comparison to the current results with extremely thembranes.
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CHAPTER 3
HYDROGEN PERMEATION MODELING

An early attempt to model the hydrogen permeatigimavior of hydrogen through
metals was the work of Richardson and co-workers9d4 [110]. Based on extensive
experimental work, Richardson developed a semi-eoabi equation to predict the
hydrogen flux through a metal for a given operat@mperatureT), pressure difference
(Py-PL), and thickness of the samplg. (The result, often referred to as the Richardson

equation, is shown in Eqg. (3.1).

iy = Kexpeb ITYP® - P5)T°®
t

(3.1)
While this equation was largely empirical it is @kably accurate over a wide range of
operating conditions and is still used today. Tgfy, the exponential temperature
dependence far outweighs th&>Term and the remaining equation is exactly Edt)(2
combination of Sieverts’ Law and steady-state Ricldiffusion.

By 1935 the gas permeation properties for sevgaatmetal systems had been
experimentally studied and found to largely obeg fRichardson equation. It was
observed by Smithells and Ransley that when thedggh permeation rate was plotted
versus the square-root of gas pressure differaiee extrapolated line would always
intersect the x-axis at a small positive value lassm schematically in Figure 3.1 [111].
This implied the existence of a threshold presslifference below which no hydrogen
would permeate the metal. Smithells examined dpe®mental data and concluded that

no such pressure existed and reasoned that diffesio only proceed if hydrogen is first

adsorbed onto the metal surface. The expressiotihéohydrogen flux should therefore
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be the product of the Richardson equation and thelilerium surface coverage,
This modification, using the Langmuir isotherm thssociative adsorption, is shown in
Eq. (3.2) withkags andkgesthe adsorption and desorption rate constantsecéisply. As
the pressure is reduced towards zero the predictechow approaches zero as shown by
the dashed curve in Figure 3.1.

i = kexp(b /Tt)(Flg.s _ Fg)'s)meq

/@ po® (3.2)
8 - kdes

eq
1+ @ P0.5

des

H, Flux

=

I
Pthreshold

—

Pressure 05

Figure 3.1: Schematic trend in hydrogen flux as aunction of the square root of pressure
difference. The dotted line extrapolates experimeal data to the x-axis according to the
Richardson equation and predicts a 'threshold preage' below which permeation does not
occur. The dashed line shows the modification tdhé model made by Smithells et. al. that
predicts no threshold pressure [112].

This combined model represents the first time thatface processes were
considered as a controlling influence on the hydmogermeation rate. The next year,

Wang developed a theoretical model considering dgein permeation as a sequence of
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several steps that must occur in series and tleisssntially the model in use today [113].
The following seven steps are considered in thenpation process:

1. Gas-phase transport to the membrane surface

2. Dissociative adsorption onto the surface

3. Transition from a surface site to an interstitialkosite

4. Diffusion through the bulk lattice

5. Transition from the bulk onto the downstream siefac

6. Recombinative desorption from the surface

7. Gas-phase transport away from the membrane surface
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Figure 3.2: Sequential mechanism for hydrogen pernation through a metal membrane.
Gas phase transport steps not shown.

Neglecting gas-phase transport, the rate equat@mm$be written as shown in Eq. (3.3).

rate,q, = KgsPy(1-6)°

rate,_, = K, =X w)

rateyy = Ky (Xu ~X0) (3.3)
rate, = k, X (1-6))

ratee, = Ko’y
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As in a typical chemical reaction, the rate of egrhcess can be described by an
appropriate rate constant multiplied by the amafnteactant present at a given time.
Due to the discrete nature of the available loceatifor the adsorption, surface-bulk, and
bulk-surface processes, each of these rates nsasbalmultiplied by a term to reflect the
probability that there will be an available site the process to occur. For example, the
adsorption rate is the product of the rate constagn the hydrogen gas-phase pressure,
P, and the likelihood of encountering two vacanfate sites onto which adsorption can
take place. The probability of encountering a lengcant surface site is equivalent to
the fraction of available sites @), and if the coverage is low, the likelihood aiding
two vacant sites adjacent to each other is sintptysguare of this quantity. Similarly,
the rate of transport from the surface into thekhsl controlled by both the surface
coverage €) and the fraction of vacant sub-surface siteg J1-

In 1959, Ash and Barrer recognized that the hyeinofjlux could be cast as the
difference between the forward and reverse ratesngfof these processes across the
control surface where the process occurs [114}. ekample, the net flux can be written
as the difference between the adsorption rate onéo upstream surface and the
desorption rate from that surface back into theplese. The net flux can also be written
as the difference between the rate of surface-tralksition and bulk-surface transition
across one membrane surface. At steady-statendlse flux across each interface must
be equal and therefore a system of equations canohstructed to relate the rate

equations and the net flux. This system is show&g. (3.4).
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M’ = Ko R(1-6,)° = ke

m' = K—bgH(l_XH)_ kb—sXH(l_eH)

M = Ky (X = X0) (3.4)
m' = K)—SXL(J'_HL)_ I%bHL(l_/YL)

' = k8~ Ky P(1-6)°

Assuming the rate constants are known, this sykgsrfive equations and five unknowns
(84, xu, XL, @, and m") and can be solved to predict the hydrogen flua &snction of
the applied pressure difference, temperature anghbrane thickness. In the limiting
case that the rate of diffusion is much slower than surface processes, and the sub-
surface concentration is much less than one (elpuivéo assuming that Sieverts’ Law is
valid) the system of equations is reduced to theh&udson equation, validating this
approach.

The development of this model was a major steprdadl in understanding the
hydrogen permeation process, but quantitative mé&sion about the rate constants in the
model was still lacking. Over the next severaladiss this information was gathered and
finally compiled in 1996 in a complete model by Wand Dao [55]. Notably, work on
hydrogen adsorption onto Pd was done by Behm angockers [115] and Pick and
Sonnenberg [116] made a significant contributionthe current understanding by
estimating the rate constants based on a 1-D paltesriergy diagram for hydrogen
permeation shown in Figure 3.3. The model which be described in the following
section will be called the Ward and Dao model for sake of brevity but it should be
recognized that their work is a culmination of exdige efforts by many groups. The
pieces of the model were developed over many ya@aithe research necessary to make

the model useful, i.e. mechanisms of physical adons of hydrogen with metals, span
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that length of time as well. The main contributmiWard and Dao to the model was to
compile the available information and apply the gldd a given system, the palladium-
hydrogen system. The rate constants are estinfrat@dvalues available in the literature
and where not available, Ward and Dao have madmadss. After compiling this

information they have utilized the model to prearetmbrane behavior under a variety of

conditions.

Gas Pd

Figure 3.3: One-dimensional potential energy diagna for hydrogen permeation through Pd.
AH s and AH 4 are the enthalpies of solution and adsorption regztively andEsy, Eps, Eges
and Eg¢ are the activation energies for the surface-bulkbulk-surface, desorption and
diffusion processes.

3.1 The Ward and Dao Model

3.1.1 Dissociative Adsorption
The adsorption rate can be interpreted as the upto@df the molecular

bombardment rate onto the metal surf&acegnd the sticking coefficien§

rate,, = 2I [5(6) (3.5)
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The sticking coefficient is simply the likelihoodat a given molecule will adhere to the
surface. Since the chance of encountering a vat@nfor adsorption depends upon the
number of vacant sites, the sticking coefficierd fsinction of surface coverad&gd). In
general, adsorption should be considered an aetiyaiocess but numerous studies have
shown that hydrogen adsorption onto a clean Pé&seiis a non-activated process and it
is considered as such in this model. The moleduanbardment rate is derived from
kinetic theory and given by Eq. (3.6). It is adtian of the hydrogen pressure in the gas
phase ), the temperatureTlf, and the molecular mass of the hydrogen mole@yig).

At low surface coverage the Langmuir expressiorntlier sticking coefficient, Eq. (3.7),

can be used.
r= P (3.6)
(ZIETMHZ) '
(S(%)L =(1-6) (3.7)

At higher coverage, interaction between the adsbrbgdrogen atoms may impart
structural order on the surface. Using statistiv@chanics and invoking the quasi-
chemical approximation an expression can be dertgedive the fraction of nearest-
neighbor occupied site pairs as a function of s@rfeoverage and the interaction energy
between the adsorbed hydrogem).( This expression can then be converted into the
fraction of empty nearest neighbor site®. which are necessary for dissociative
adsorption:

26(1- )

{1—4«9(1—6)[1— exd—%.r)}}% ;o

6, =1-6-

(3.8)
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Surface adsorbate interaction, along with posgjtilf an adsorption precursor state have
been considered by Kisliuk and King and Wells aretevapplied to the experimental
data for H-Pd by Behm et. al. [115, 117-119]. e tprecursor state, a physisorbed
molecule can execute a finite number of near-sarfaenps and possibly locate an
available adsorption site. The resulting expresfm the sticking coefficient is given by

Eqg. (3.9).

S(6) 6= [1+(( %00 —1)]1 (3.9)

The constan§ is the sticking coefficient at zero coverage amthken to be unity. The
parametel is a constant which depends on the probabilitgdsforption and desorption
in empty and occupied sites. In the limit tifatl andw=0, Eq. (3.9) reduces to the

Langmuir expression in Eq. (3.7).

3.1.2 Surface to Bulk Metal Transition

The rate at which hydrogen transitions from aauefsite into a bulk site can be
expressed as the product of the concentration difdlggen on the surface, the probability
of successfully overcoming the activation energyribato reach a bulk site, and the

probability that the bulk site is vacant to perth# transition to occur:
rate_, = NGOV, exp(— ES_%T) @ x) (3.10)

The likelihood of successfully overcoming the emnefgarrier is represented as an
activated process with a pre-exponential factef, and a surface-to-bulk activation
energy,Es., This activation energy is shown in Figure 3.8 aan be calculated from the

difference between the enthalpy of adsorption amel énthalpy of solution. The
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likelihood of encountering a vacant site is equewalto the quantity (39, with y the
atomic ratio of hydrogen to Pd in the bulk metatjbelow the surface. Since there is
one octahedral interstitial vacancy per Pd atom atiomic ratio is also the fraction of the
total sites which are occupied by hydrogen. Thaepct of the concentration of surface
sites Ns) and the surface coverage gives the concentratidmydrogen atoms on the
surface. The constal is the area concentration (with units of md)rof interstitial

sites, or equivalently Pd atoms, and is calcul&taa Eq. (3.11).

%
N
N.= ¢ 3.11

av

This concentration is valid for the number of sitesany two-dimensional plane within
the metal lattice, whether on the surface or inthkk. The constar\l, is the interstitial
site concentration in the bulk palladium (with sndf mol/nf) and Na, is Avogadro’s
number. The unknown in Eq. (3.10) is the pre-exgmbial factor and the estimate of this

value will be discussed in Section 3.1.6.

3.1.3 Solid-State Atomic Diffusion

Using a simple Fickian diffusion model, the diffus rate is the product of the
diffusion coefficient and the concentration gradietnder steady-state conditions this
can be simplified to Eq. (3.12). The hydrogen em@ation near the surface is the
product of the concentration of interstitial sifatso the concentration of Pd atoms in the
lattice), N, and the atomic ratio of hydrogen to palladiumiffudion is an activated
process with the associated pre-exponential fadgr,and the activation energy for

diffusion, Egis.
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rate,; = DOeXp(_Edi%Tjw (3_12)

The activation energy and pre-exponential factordiéfusion have been measured by

numerous researchers and there is good agreentemtamestudies [64].

3.1.4 Bulk Metal to Surface Transition

Similarly to the surface-to-bulk transition, thellto-surface transition is the
product of the area concentration of hydrogen m lthlk near the surface (in units of
mol/n?), the probability that a given atom will overconte activation energy between
the bulk and surface, and the likelihood of encerng a vacant site on the surface. The
area concentration of hydrogen in the bulk is dated from the produdisy and the
likelihood of encountering a vacant surface sitéli#!) resulting in the expression for

the bulk-to-surface rate:

rate,_. = N5, exp(— Eb—% T) (1-8) (3.13)

It is reasonable to assume that the physical psooégumping from a bulk site to a
surface site is similar to a jump from one bulle 4t another since the starting point is a
bulk site in both cases. Therefore, as can be iseEigure 3.3, the activation energy for
a jump from a bulk site to the surface is the saséhe activation energy for diffusion.
Also, the attempt frequency (pre-exponential factor a bulk-to-surface jump can be
estimated from the diffusion pre-exponential fachsing solid-state diffusion theory.
The diffusion coefficient is a function of the la& parametera), jump frequency &),

and the number of possible jump locations:

a’v,
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For octahedral interstitial sites there are twelearest neighbor sites, hence a factor of
twelve in Eq. (3.14). Approximately one-third dfet successful atomic jumps are into
the next lattice plane (with one-third staying e tcurrent plane and one-third going in

the reverse direction) therefore the bulk to swefeate can also be described by
1
rate,_, = §U N (3.15)

where the producNyy is the area concentration of hydrogen atoms nearsurface.
Solving Eq. (3.14) for the jump frequency, subsitity into Eq. (3.15), and equating the
pre-exponential factors between Eq. (3.13) and(&45) leads to the expression in Eq.
(3.16) for the bulk-surface pre-exponential factofhe Pd lattice parametea)(has a
value of 3.89A at room temperature.

4D
Py = a2° (3.16)

3.1.5 Recombinative Desorption

The desorption rate is the likelihood of overcognithe activation energy for
desorption multiplied by the probability of havilgo adjacent, occupied surface sites
from which two atoms can combine and desorb asdeolggn molecule. At low surface
coverage this results in second order kinetics |¢goais to using the Langmuir

expression as in Eq. (3.7)), represented by Ef7)3.

rate,,, = 2k, exy{— Ed% Tj N6 (3.17)

Once again, a more general expression may be definen the quasi-chemical
approximation for the interactions between adsorbadace atoms to account for the

desorption behavior at high coverage:
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E
rate,. = 2k, ex;{— desm.j NELF@)

o2 (3.18)

{1—40(1—0)[ - exp(—%T)J}oi

In the limit thatd goes to zero or the interaction energy is zero, Eq. (3.18) reduces to

F()=|1-

Eq. (3.17). The activation energy for desorptisrapproximately equal to the heat of
adsorption and has been measured experimentalb; [I20-122]. The pre-exponential

factor can be estimated from thermal desorptioa {t5].

3.1.6 Estimate of Surface-to-Bulk Pre-exponential Factor

Every constant in the model can be estimated fralaes found in the literature
except the pre-exponential factor for the surfacbtilk transition. Due to the additional
freedom for motion of the surface state, the vibratl frequency of the adsorbed atom
cannot be directly linked to an attempt frequermenter the bulk. To overcome this
difficulty, Ward and Dao utilize a thermodynamicigocity relationship to estimate the
rate of this transition. When the hydrogen in ties phase and in the bulk are in
equilibrium the rates of adsorption and desorptmoe equivalent, as are the rates of
transition from surface to bulk and bulk to surfacetting Eg. (3.5) equal to Eq. (3.18)

and Eqg. (3.10) equal to Eq. (3.13) allows derivatb Eq. (3.19).

1 pos AN @O TM,,)° (F(ﬁ)(l-é’fj | exp( B B Ej (3.19)

X VoS> S6)6 OT

Assuming ideal behavior, Sieverts’ Law also de®silihe equilibrium relationship

between pressure and hydrogen concentration andecamitten as Eq. (3.20).
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0.5 [¢]
Ks‘lzp—:expi—ASoj exp(AH J (3.20)
X 0 oT

When Sieverts’ Law is valigy <<1 and therefore the right-hand side of Eq. (3cE®) be

set equal to the right hand side of Eq. (3.20)ingy®nly the pre-exponential factor for

each equation an expression can be found whictesalae value o¥, to the value of3:

6 _ S* S(6)6 O'Sexp _As (3.21)
Vo  (koN))**(27E1TM,, )**\ F(8)(1-6)* 0 .

This expression allows calculation of the pre-exgial factor for the surface-bulk
transition as a function of the surface coverad®y assuming equilibrium and using
Sieverts’ Law to arrive at this equation the membrdehavior has effectively been

forced to follow Sieverts’ Law in the diffusion lited regime.
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Table 3: Summary of variables used in the model calilations.

Variable Class Value Units Reference
Eges constant 85 kJ/mol [115]
Essb constant 59.8 kJ/mol [115, 122]
Eos constant 22.15 kJ/mol [37]
Eaite constant 22.15 kJ/mol [37]

Ko constant 1.34e13 /s [115]
5 constant 7.68e12 1is Eq.(3.16)
Do constant 2.9e-7 M?/s [37]

N constant 1.13e5 mol/m’® [55]

Ns constant 2.8e-5 mol/m? Eq.(3.11)
My constant 0.002 kg/mol H -

7 constant 0.05 - [115]

W constant 2.1 kJ/mol [115]
Py parameter - Pa -

P parameter - Pa -

t parameter - m -

T parameter - K -

Vo unknown - 1/s -

a, unknown - - -

a unknown - - -

X unknown - - -

X unknown - - -

m' unknown - mol H/m?/s -

3.1.7 Model Predictions

Although the complete model is slightly more inxed than the one presented in
Eqg. (3.4), the same approach is still valid. Thiéedence between the forward and
reverse rates at the gas-metal and surface-budtfaces on both the upstream and
downstream surfaces, along with the diffusion equaproduces a system of five
equations. Each of these equations is equal tontass flux across the applicable
interface and at steady-state they must all beleguath the addition of Eq. (3.21) to
calculate the surface-bulk pre-exponential fadttis becomes a system of six equations,
six unknowns, and four parameters (see Table 3)or diven parameter values

(temperature, membrane thickness, upstream hydrqgessure, and downstream
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hydrogen pressure) the solution to the system oétaons will yield the surface coverage
(6) and the near-surface atomic H:Pd rap for both the upstream and downstream
surface along with the overall hydrogen fluxk\'(). If the desired outcome is the
membrane performance under a given set of condititis approach will suffice.
However, additional information can be extractearfrthe model by assuming that each
process is dominantly limiting the overall hydrogegrmeation rate. In this case, each
flux equation can be solved individually by assugnthe others are quasi-equilibrium.
This is done by setting the flux for the quasi-dQuum equations to zero and solving
for the equilibrium values of the unknown variabtégen substituting the equilibrium
values into the remaining equation to calculate tiyerogen flux. This approach
essentially imposes the entire pressure differeone each step to