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Chapter 1: Motivation and Objectives

The complications surroundinthe separation of hydrogen gas from multi
component gas mixturdsavelong presented challenges for engineers. While the
concept of hydrogen separation has been around for several decades, it is not a very
widely used process. Improvements in this méghe are sought in an effort to
increase the amount of hydrogen available as a fuel source for current as well as
future applications.

Every since its discovery as a barrier permeable only by hydrogen in the
18606s, pall adi um has udec materiat fore hydoges t C omr
separation. For the past 150 years, palladium has been tested at various temperatures,
pressures, and compositions. Researchers have tried several palladium alloys in an
effort to find a cheap yet dependable separation bar@eist most often times ends
up being one of the largest limiting factorsindustrial scalenydrogen separation.

Often times the cost of the materials and facilities are not recouped by resulting
hydrogen production. Dependability has been anotherl@rolassociated with
hydrogen separaticas theshort lifespan of membranes also increases cost.

The high cost ighe main problem facing engineers working with hydrogen
separationbut it is only the tip of the iceberg. If a lot of the underlying issaares
resolved, the cost problem whbk drastically diminished This is why the search for
cheaper membrane materials without sacrificing productivity, iforpossible
improving productivity, has been such major goal for reseescheMembrane

durability is another key issue. How well will the membrane stand up to high



pressures? Or high temperatures? What about-gadtimixtures? How do you
makethe membrane stronger without a sacrifidmyglrogen production?

Recognizing the need is first step iteatpting to solve any problem. In the
case of hydrogen separation, the need is a better understanding lofdtiogen
diffusion process across various material compositimaer changing environmental
conditions as the above questions indicaWhile this need is very general, it applies
to the hydrogen separatiqerinciple as a whole. For this project, the needs
focused more precisely on the effects of testing palladium based membranes at
various temperatures and pressures. The problem, therefasgecognizing the
effects and determining their relevance to the overall hydrogen permeation process.

The first objective of this studyasto develop an experimental facility with
which membranesould be tested. The research and design procedhédoiacility
used in this project are contained within tsligdy. The next objective was to test the
facility under the desired operational conditions. All tests were documented and any
problems were identified or corrected. The third objective wasstofor membrane
integrity. That is, make sure that nothing goes through the membrane except
hydrogen. Contained within this thesis are detailed results of the integrity testing and
causes for any detected leakage. The final objective was to iddwifgfiects of
varying temperature and pressure on the hydrogen permeation through the palladium
based membranes. A comprehensive account of the experimental results is contained
within this study, including the parameter variation effects on leaks imémbrane
surface and hydrogen permeation, determination of the pressure exponent, and

calculation of the activation energy and permeability constant. Also included in this



study are all assumptions made and the reasoning behind each assumption. A
thoroudn uncertainty analysis was also conducted and applied to the experimental

data.



Chapter 2: Literature Review

There are three primary categories associated with hydrogen separation
techniques: physical, chemical, and selective diffusion. Chemicatategm uses a
catalytic purification technique and physical separation involves metal hydride
separation, pressure swing adsorption, and cryogenic sepaftajion Selective
diffusion uses various types of membranes, namely noble metal and polymer based
membraneq1l]. The operating conditions as well as output preferences are key
factors in determining the preferred method.

Since thecenter pieceof this thesis is palladium based membranes, this
chaptemwill focus on palladium membrane diffusion. Thevid be a rather thorough
description of the diffusion method and the chemical kinetics involved, including an
overview of both Sievertodos and Fickos | aws
based on previous experimental studies. These resultsexfilirther examined based
on whether the goal was to have the optimum hydrogen quantity, purity, or a balance
of both. The material composition of the membrane will also be examined, including
a direct correlation étween the membrane composititme opeating parameters and
experimental results. Finally, the last section of thapterwill address lingering

concernsand experimental limitations

2.1 The Hydrogen Permeation Process

Permeation can be defined as the transfer of a gas from the highrpreise

of a solid, norporous material to the low pressure side of the matgjalt is also



important to note that permeability strictly refers to the rate of permeation through a
solid material and not through pours or holes in the mat&jial The permeation of
hydrogen through adladium andpalladium alloy membranes is governed by a three
step process. The first step is the surface reaction on the upstream side of the
membrane where hydrogen molecubs$sorband dissociate on the surfag&4].
Second, the hydrogen atoms then dissolve into membrane and diffuse towards the
downstream side of the membrgBe4]. Thirdly, the hydrogen atomrecombine at
the downstream surface and desorb as hydrogen molecules [3,4]. In order for
hydrogen permeatioto be successful, it is important that the separation barrier is free
of holes or voids that may allow other molecules and/or atoms to pass through the
membrane. If such defects are present, then the permeated hydrogen will be
contaminated by the presanof these other atoms and/or molecules.

The tendency of hydrogen molecules to dissociate on the surface of palladium
has been labeled asyan-activated proces$]. This is na surprising considering the
fact thathydrogen permeation through pallagiuoccurs at room temperature and
atmospheric pressureThe term noractivated indicates that activation due to an
increase in temperaturer heat treatmenis not required for the dissociation of
hydrogen molecules during the adsorption process on thedjpath surface.In one
study, nanocrystalline powders were investigated for hydrogen sto8hgeThe
extensive activation procedures required by the nanocrystalline powders were found
to be unnecessary with application of a palladium coatingot only did the
palladiumcoating allow hydrogen dissociation at room temperature, but it also sped

up the reaction kinetics and enhanced resistance to air induced impugjties [



Extensive research in another study revealed that hydrogen dissociation requires a
triangular configuration of three or more active sites for hydrogen atoms on the
palladiumsurface 7]. While these details are very general when it comes to the
physics governing the dissociation of hydrogen molecules, further specifics will not

be addrssed in this study.

2.1.1 Modeling the Process

The permeation process i s most commonl

shown below [3]:

N e 10
bo= Q=5 (2-1)

where § is the flux of hydrogen atoms through the membrang,ithe diffusion
coefficient of the membrane, and, @& the concentration of hydrogen atoms. From
here, it is necessary to relate the hydrogen atom concentration within the membrane
to the hydrogen parti al pressure using the
as shown in Egn. (2) below [38].
6o = 0D, (2-2)
In Egn. (22),the ksi s t he Si evert qsisthepartmltpessiure of and t h
the hydrogen molecules. The partial pressure is raised td"thbewer in order to
illustrate the dissociation of the hydrogen nooles into hydrogen atoms at the
surface of the palladium [, The nvalue is also known as the pressure exponent
and varies between 0.5 and 1.0. In order to rewrite Egh) i{2a more usable form,
the partial pressure of hydrogen must be rewritteteims of the hydrogen activity in

solids. The hydrogen activity is defined by the followjBj
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By rearranging Egn. €3) it is possible to substitute for the partial pressure of
hydrogen in terms of the activity in Eqn.-22. Further substituting Egn. ) into
Eqn (2-1) yields the following relatin:

= O On b fLE0 _

Up = QJUYUQ 5 (2-4)

Now it is necessary to integrate Eqn-4(Rin terms of membrane thicknessy,Xand

the hydrogen activity as shown below:

Ty \ 3 € 5 0 é 3~
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s we £ p0N GOELE
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wp
where @, 0N is the hydrogen activity just belowhe upstreamsurface of the
membrane and, CEU € is the hydrogen activity just below the downstrezurface
of the membrang¢3]. Next, Eqn. (Z/) should be rewritten in terms of the partial
pressure of hydrogen. By substituting Eqnr3]dackinto Eqn. (27 ) Fickos

be rewritten as follows:

0,00 Ok, k0t

l}o = 'Q‘) O"Y & ) (2'8)

where RJ,,up and Rj,,down represent the upstream and downstream hydrogen

partial pressures, resgaely [3].



2.1.2 Variables That Effect Permeation

Egn. @-8) shows howseveral different variables have an effect on the
hydrogen flux namely temperature, pressure, and membrane thickness. From Eqgn.
(2-8) it is evident that the hydrogen flux is imgely proportional to the membrane
thickness, meaning that the flux will decrease as the membrane thickness increases,
and vice versa. The thickness of the membrane only has an effect on the rate of
permeation. It does not have any influence on the mater 6 s abi |l ity to
hydrogen[2]. The goal should therefore be to have the thinnest membrane possible.
However, this comes with several challenges and will be discussed in greatandetail
Section 2.4

While there is no temperature term presienEgn. (28), both the diffusion
coefficient (D) and Siever 9% dthasalsobdemant ( K)
found that the rate of permeation through solid barriers typically increases at an
exponential rate as temperature increase8,1@. In dealing with palladium
membranes, researchers have found that the permeability increases at high
temperatures because the exothermic hydrogen adsorption on the palladium is
dominated by the endothermic activation energy for diffus&hl]. Therefae, the
flux is directly proportional to the product of D and K, and experiments should be
conducted at high temperature.

The pressure difference between the feed and permeate sides of the membrane
has a direct I mpact on t &ater pressond diffareneed s per |
will result in higher permeability [38]. In Egn. (28), the difference in the

hydrogen partial pressures between the upstream and downstream gases is directly



proportional to the hydrogen flux. Assuming a constant concemrafihydrogen in

the feed gas, the partial pressure will increase as the total pressure of the feed gas
increases. Simultaneously keeping the total pressure low on the permeate side will
increase the pressure difference. If there is a sweep gas pesbetpermeate side,

it needs to be adjusted a flow such that the hydrogen partial pressure is kept low to
maximize the overall pressure difference. When using hydrogen lean mixtures, the
best way to increase the pressure difference is by keepingrébsure low on the
permeate side and increasing the pressure on the feed side. It is important to
remember that there are limitations on pressure, such as the material composition of
the membrane, membrane thickness, and the atmosphere within the neembran

chamber. These limitations will be discussed furwgtion 2.4

2.2 Membrane Development

Palladium has a particular advantage over other materials in its ability to
absorb large quantities of hydrogen atoms while still remaining rather maljéable
This is compounded by palladiumés high hyd
structure 8,10]. These properties make palladium a popular material for producing
pure hydrogen as well as separating hydrogen from fgadtimixtures. While this
has been known for several decades, there were many problemdbfacegbarchers
during the development of hydrogen separation techniques.
Duringthe mid1 900 6 s , technigues such as passi.
and electrolysis of agueous solutions &eommon methods of capturing hydrogen.
Other techniques such as decomposition of hydrogen containing compounds,

fractionation of hydrogen containing mixtures, and the use of acids on metals were



popular as well, but many of these processes could notstamity yield high purity
hydrogen[2]. Of the few that did produce hydrogen of a high purity, the high price
of the equipment and lack of material reliability when compared to the relatively low
hydrogen yield made these methods impracticé][2,The® issues accompanied
with the increasing demand for high purity hydrogen lead to more extensive research

into the use of palladium as a hydrogen separation barrier.

2.2.1 Pure Palladium Membranes

Researchers quickly found that the use of pure palladiura ssparation
barrier presented severmalbstacles It was determined that under certain conditions
pall adium experienced an UYb phase trans
temperatures below 300°C and as the hydrogen concentration is increased
[1,8,12,13]. The f or mphase @sndetriméntalttchthe irfbegrity of the
membr ane as it has a significantphase. mor e e X
T h e-phdse has the ability to @x i st w iphake, grolwviag afl more
hydrogenation or dehydregation cycles are conducted with thembrane at these
conditions [112,13] . A hase expands, it can cause severe strains in the
palladium. This can lead to defects in the membrane such as material distortion or
fracture [18,12,13].

Therecommnded technique to overcome the U
hydrogenation or dehydrogenation cycles is to operate the palladium membrane in the
single phase region of the Press@@mpositioaTemperature diagram, which is

shown in Figure-1 below [112]. As can be seen, the best way to preserve the life

of t he membrane i s by k-phaseiusing antopeeatingne mbr an

10



temperature above 300°C. One key ingredient to this formula for success to

remember is that even after hydrogen separatiorrabpes are complete the

membrane could still be in a hydrogen environment. If the membrane is allowed to

cool i n a

hydrogen

environment,

the pall ad

transition [112]. It is best to avoid this by ensuring the hydrodras been flushed

from the system prior to allowing the palladium membrane to [ddol To be on the

safe side, it is also a good idea to heat the membrane to its desired temperature in an

inert environment.

w

S 20

gntmﬁ

w

[+ 4

L

> atm 7 2%0°C

I 2 , _a+p 5B

< atm. N L 5

x / 160°C \

o ’ .
/ .

e 18f .

< mmi /7 30°C "
01 02 03 04 OS5 06 0.7 08

HYDROGEN/PALLADIUM RATIO

FIGURE 2-1. Relationship between hydroge absorption in palladium and
temperature [12].
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where the

transition there is still a risk of fracture. As pointed auttthe beginning of this

chaptey the pressuar difference is the driving force for the flux calculatioffhe

higher the pressure on the feed side of the membrane, the greater the flux. However,

11



a thicker palladium membrane is required in order to withstand higher pressures
[4,14]. It is already kown that the hydrogen flux is inversely proportional to the
membrane thicknessas was shown in Egn2-8). While increasing the pressure
increases the flux, it also calls for a greater membrane thickness which in turn
decreases the flux [#4]. This impsed a constant battle for researchers and led to
the search for better separation barriers. One such method explored was the use of

palladium alloyed with other metals.

2.2.2 PdAqg, PdAu, and PdCu Alloy Membranes

Researchers began looking for differpatladium alloys to enhance hydrogen
permeability while also helping to overcome the shortfalls associated with pure
palladium. This began when Dr. James B. Hunter discovered that using a palladium
silver alloy achieved better permeation results thane ppalladium [2]. His
experiments were conducted at various temperatures and pressures and then
compared to permeation data for pure pall
indicated that using a PAlg alloy comprised of 150% weight silver were preferd
to other PeAg compositions and pure Bd]. Narrowing the range even further, Dr.

Hunter found that even more favorable results were yielded when usiig Pd
membranes with 280% silver compositiofi2].

Foll owing Dr. Hu nt eto s varsousicampasiions obt her s
PdAg membranes. U.S. Patent No. 3,247,648 to McKinley states that high
concentrations of silver i1 n palladium can
structural integrity when exposed to hydrod@&h. McKinley reveds that a high

silver content expands much more than the palladium contained within the membrane

12



upon the introduction of hydrogd®]. With this knowledge, it can be stated that

fractures are more common in membranes containing a high percentagerof isilve

is also important to note that these fractures are a result of hydrogen exposure rather

than temperature changg®. McKinley wished to further test membranes across

similar ranges as Hunter while also testing palladium membranes alloyed wita meta

other than silveii such as P&€u, PdAu, and PeNi. He found that the RA4g

membranes he tested containing over 40% silver performed with similar results as

were stated by Dr. Huntg®]. Table 21bel ow shows the results
various test®f pure palladium and palladium alloy membranes. One thing McKinley
found that di ffered fr omAgHnembraserwitls 10% es ul t s
silver performed better than the -ARd membrane with 27% silver at 300 psig

upstream and 350 degrees CelsiAs 75 psig upstream and 350 degrees Celsius, the

Pd-Ag membrane with 27% silver still yielded the highest permed®pn l'tds al sc
important to note that McKinley found that a-Bd membrane with 40% copper had

the 3% best permeation rate at both fi&éig and 300 psig.
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Permeability
Barrier foil composition (wt. percent) * Barrier foil thickness, .
mils Hydrogen transfer rate at | Hydrogen trinsfer rate at
76 p.s.1.g. upstream pres- 00 p.6.1.g. upstream pres-
sure—0 pslg dowp- | swe—0 psig  downs
- Run No. stream pressure siream pressure
Measured | (S.e.ll)(Mil) | Measured | (S.c.fh.)(Mil)
Nominal Actual Nominal | Aetual | (s.efbh) | ————— | (selb) | ———————
(8q. T't.) (8a. Ft)
1 1.12 0.142 55 0.433 187
1 105 (. 260 94 0.811 204
1 1.08 0,234 XS R [
1 0.92 0. 208 95 0.757 240
1 0. 93 0. 113 36 0.254 82
1 1.24 0. 012 51 0.027 iL.6
- 1 1.05 0. 000 0 0.000 0
| 5% Au-95%; Pd._ 1 1.01 0. 184 64 0. 514 179
-} 20% Au-80% Pd. 1 1.02 0. 159 E6 0. 462 162
40‘?9 Au-80% Pd. i 0.90 0. 082 25. 4 0.229 71
569, Au-dsly P i 1.00 0017 59 0. 045 15.9
0.5% B-69,5% Pd 3 2,87 0. 058 57 0.161 159
10% Cu-90% Pd.. 1 0,97 0.093 31 0, 246 82
e} 40% Cu-80%; Pd. | 98, AT Pd 1 1.03 0. 208 74 0. 508 180
2} 10% Niood; Pd__ 1 0.8 Ni90.6% Pd. | 1 1.05 0, 034 12.3 0.08% 32
TABLE 2-1. The above table shows McKinleyos

permeation data was measured in standard cubic feet per hour (scfff)].

The early success of P& membranes led to significant study of alloying
palladium with other Group-B metals such as gold and copper. McKinley was one
of the first to report increased permeability through use of these other metals. Using
Pd-Au alloys was found to reduce poisoning on the membrane caused by feed gases
containing sulfir [12]. However, PdAu membranes never seemed to become as
widely used as RPAg and PdCu membranes.

Additions of copper to palladium initially reduceermeability at lower
levels, but then increases dramatically around 40% copper cdi@nt Studes
revealed that hydrogen permeation is significantly higher in {oedyered cubic
(BCC) metals than faeeentered cubic (FCC) metdl$0]. Upon alloying palladium
wi t h c opp ehmhase foams Bn@d Gronfotes greater hydrogen transport. It was
found that the addition of copper to palladium yielded a diffusion coefficient two
orders of magnitude greater than pure palladium at room teraperbd2]. However,

PdCu alloys also demonstrate much lower hydrogen solubility. The high diffusion

coefficient is therefore offset by a lower concentration gradient, limitinGdlloys
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to permeation rates barely exceeding those of pure pallddigdm Several attempts

have been made to add other el ements to pa
less than desirable results. Some of these metals include platinum, iron, chromium,

nickel, and rutheniunjl2]. In addition to the aforementioned mistssome of the

rare earth metals have been found to perform well when alloyed with palladium.

2.2.3 RareEarth Palladium Alloys

Rareearth metals offer further possibilities for palladium alloy membranes.
Initial studies by I.R. Harris and M. Norman aaldo by J.R. Thompson yielded rare
earth metal solubility values in palladiyis]. They discovered that cerium, yttrium,
gadolinium and thorium were soluble in palladium while lanthanum and
praseodymium were relatively insolubl&5]. The solubility limt values for these
metals were 12 percent for cerium, 12 percent for yttrium, 11 percent for gadolinium,
and 16 percent for thorium. Figure2dbelow shows the increase in lattice spacing at
room temperature for several palladium alloys. It is evideattttie rare earth metals
create larger spacing than silver. The primary reason for this is the fact that yttrium,
cerium and gadolinium atoms are roughly 30 percent larger than palladium atoms. As
a result, rare earthpalladium alloys can achieve a highgdrogen solubility gradient

within the membrane, thus increasing the hydrogen permeation g [1,
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FIGURE 2-2. Rare earth metals increase the lattice spacing between atoms at
room temperature significantly when alloyed with palladium compared tanoble
metals [15].

While the diffusion coefficients are relatively similar for palladisitver,
palladiumcerium, and palladiungttrium, their concentration gradients vary due to
the difference in hydrogen solubilift]. Figure2-3 below shows Knaptans r esul t s
of testing two compositions of palladivoerium compared to palladiusilver at 300
psig and up to 500 degrees Celsius. The two compositions of paltadiium were
7.7% and 12.7% cerium in palladium. The palladsiimer membrane consisted o
23% silver in palladium. The hydrogen flux of the 7.7% cerium alloy was found to
be roughly 25% lower than that of the 23% silver alloy at higher temperafijres

The hydrogen flux through the 12.7% cerium alloy tended to drop off above roughly

350 dgrees Celsius.
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FIGURE 2-3. This figure relates the permeabilities of two rare eartkpalladium
alloys with Pd-Ag at constant pressure and varying temperaturgl].

2.24 Refractory MetaMembranes

Around the same time McKinley wasidg his studies, Mkrides et alwere
experimenting with palladium alloy membrangst differedfrom what had been
used by both Hunter and McKinl¢®,4,9]. Makrides et alpursued other alloys due
to shortcomings associated with the use of palladium and pallesiiven
membraned such as high cost, relatively short operational lifetime, low rates of
hydrogen production, and in some cases failure to sustain high pressure differentials
[4].

Makrides et al. decided to focus their experiments on the study of using
substiite metals that would favor hydrogen permeation through their lattice
structures. They were able to determine that Group Metalsi vanadium (V),
niobium (Nb), and tantalum (Ta) are capable of absorbing more hydrogen, thus

leading to a higher conceation gradient than palladium with a lower diffusion
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coefficient [4]. At first glance, these new membranes seemed to have many
advantages over Pd and-Rd membraned they cost less, had greater tensile
strength, and displayed better permeability in 408500 degrees Celsius range at
the same pressure gradi¢dft. However, Makrides et abegan to see that the Group
V-B metals were subject to the formation of an oxide surface film that greatly
decreased the permeabiljgj.

It was further found thathis film could be removed by heating the membrane
in avacuum, but it would form again once the membrane was put back in use at lower
temperature$d]. As a result, Makrides et al. determined that the use of GreBp V
met al s al one dmethoddf hydrdgéneseparation.b &.%. Patent No.
3,350,846 to Makrides et al. describes the process by which they prepared a tantalum
membrane with a thin palladium coatipg]. A crosssectional schematic of their
membrane can be seen below in Fig@ré. The thin Pd coating prevented the

formation of any oxides and thus preserved the permeability of the menilifane
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FIGURE 2-4. The above figure depicts a schematic of a Group-B membrane
constructed by Makrides et al.. coated with palladiuni4].

At the time Makrides et al. were conducting their studies, the general rule of
thumb for minimum membrane thickness was 1 mil. It is important to note that, as
time progressed, membrane fabrication techniques evolved to allow for the
development othin membranes on the order of microns. As was stated previously,
the flux is inversely proportional to membrane thickness. Therefore, there was a
strong desire to make a very thin membrane without sacrificing its ability to
withstand the high pressurgsvould encounter in commercial applicatipd]. U.S.
Patent No. #3,350,846 to Makrides et al. describes an experiment using three different
membrane§4]. Each membrane consisted of a different Grotl® Metal of varying
thickness and a Pd coating @iughly 0.1 microns. At the time, Pd thicknesses less
than 0.01 microns were subject to pinhole leaks and thicknesses greate®.than

microns were too costlj4]. The permeation data can be seen below in Talle
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Membrane A consisted of 8 mils of tahtm, membrane B consisted of 5 mils of
niobium, and membrane C consisted of 10 mils of vanaddim Each test was
conducted at relatively low pressure and high temperature.

In the end, Makrides et al. concluded that all three membranes were more
ductie and had higher tensile strengths than Pd aridPaiembrane§4]. They also
stated that their membranes yielded higher permeation rates across the preferred
temperatures of operation than Pd andAgdmembranes that had been tested by
others[4]. However, they encountered a problem with their membranes becoming
brittle after repeated cycles due to hydrogen absorption in the lattice structure of the
metals. It was determined this could be overcome by ensuring the membranes were
cooled in a hydrogen feeenvironmen{4]. It is important to note that Tab2
clearly shows the tests were conducted at relatively low pressures. While Makrides et
al. stated the Group-8 metals displayed greater tensile strength than Pd a#gPd
their results do not sk any tests conducted in the higher pressure ranges that

McKinley used for his experiments.
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i
Pressure Membrana Permeability '
Memilirans Trifferentlal Tempergtare (e fope. o)
(o, ) (" 0.

. R 434 470 . E4
424 &0 10l
265 41 51
| 254 s00 . (6
| 144 4l LT
141 ] 42
L S | 454 44}l i
| 204 00 . 108
144 00 L0T4
L 230 550 . 24
134 85 . g

TABLE 2-2. This table shows permeation data for three different membranes
developed by Makrides et al. Membrane A was made of tantalum, membrane B
of niobium, and membrane C of vanadium. Each membrane had a thin

palladium coating on each sidé4].

Decades later, further studies revealed more information about the GiBup V
metals as hydrogen diffusion barriers. It became apparent that the arrangement of the
crystalline structure within the metals played a significant role in hydrogen transport.
Several reasons influenced further study into the use of refractory metals in the
construction of composite membranes. Greater permeability is expected as @f result
the BCC crystalline structure in refractory metals. While known for their tendency to
become brittle in a hydrogen atmosphere, as was discussed previously, this can be
overcome by adding a thin coat of palladium on both sides. Higher permeation rates
allow for a thicker membrane, which means increased structural stability over FCC
counterparts while still yielding a higher hydrogen flik0]. Another advantage of

using refractory metals in composite membranes is they cost much less than using

pure p#ladium or palladium alloy membranggJ].
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There are some distinct disadvantages to using refractory metals. For one, the
surface oxide layer that forms on the refractory metal must be removed before the
application of the palladium coatif@O]. The auality of the palladium coating is also
of concern. It must be free from contaminants and pinholes in order to be effective
[10]. lon milling using argon was used to cleanse the surface of the tantalum in a
vacuum chamber. By using ieam sputteringotcoat tantalum with a thin lay of
palladium, Peachey et attempted to neutralize the surface layer ox[d€s. They
also prepared a tantalum membrane using just acetone as a cleaning agent prior to
application of the palladium coating. Figuge5 below displays the difference
between the two preparation methods. The squares represent the tantalum membrane
prepared wusing i1on milling. The X0s repr
without the ion milling. It isevidentfrom the plot that surfaceleaning prior to
coating with palladium improves the permeability of the composite membrane. Since
this method runs the risk of introducing impurities between the cleaning and
application processes, Peachey et agated this problem by conducting both

operations in a single sealed vacuum charfi@r
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FIGURE 2-5. The above figure shows the significance of cleaning the refractory
metal prior to application of the palladium coating. The squares represent the
Ta membrane cleaned usingionmilinmnd t he Xb&6s represent the
prepared without the ion milling. The flux is measured in standard cubic
centimeters[10].

2.3 Membrane Housings and Experimental Setups

Design and fabrication of a membrane for usa hgdrogen diffusion barrier
woul dndét be complete without a housing i n \
is an integral part of the process and must be designed carefully to accommodate the
membrane. The membrane is the only barrier between the feed gas and the permeate
gas. The housingmust be able to provide a good seal around the membrane to
prevent leakage. In addition, the casing must be able to withstand elevated pressure
and temperature. Careful consideration must be given to these factors when
designing the membraneising.

Just as the housing is pivotal for membrane operation, the experimental setup

must be designed to accommodate both the membrane and the membrane casing. The
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experimental setup incorporates the membrane and its housing with everything else
that will be needed to construct a hydrogen separation facility. Examples of other
things to consider are temperature and pressure reading instruments, gas sources and
lines, flowmeters and flow controllers, a heat source, and a method to analyze the gas.
Throughout this section, several examples of membrane housings and facilities will

be presented in detail.

2.3.1 Membrane Casing Development

An early example of a membrane housing designed for hydrogen separation is
the one developed by Makrides et al. in th® 6 (4p sThe casingin which they
tested their membranes can be viewed schematically below in Rdurdhe feed
gas inlet is at th&eft side of thefigure (18) whereas thpermeateutlet is at the right
side of the schematic (20)The Group ¥B metal membranél0) used by Makrides
and his colleagues located at the right side of the narrow inner tube (1IE)e
membrane was securely placed in the end of the stainless steel tube using electron
beam welding to create a lepkoof diffusion barrie [4]. The valve (24) on the
bottom of the diagram served as an outlet for-permeated gas as well as a way to
regulate pressure and control the fldgd]. The pressure gradient across the
membrane was maintained through either the use of a pump pertheate side or
the presence of a high pressure gas on the feed side. The casing was designed to be
used at high temperature with an electrical heating unit (26), but it was also possible
to forgo the use of a heating element if the incoming gas wasdglis an elevated

temperature. The gas would then heat the casing via convection heat fignsfer
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FIGURE 2-6. This schematic depicts the membrane housing used by
Makrides and his colleagues to test their Group MB metal composite
membranes. A pessure gradient across the membrane was maintained by
keeping a very high pressure at the inlet (B or by using a pump on the
permeate side to keep the pressure low {{4].
Although the casing in Figuiz6 was designed a half century ago, it provided
a basis on which future casings could be constructed. Others began to construct
similar housings; some of these designs were for tubular membranes and others
incorporated disk membranes. Figut& below shows examples of both. The
addition of a sweepag became more and more common for experimental use. The
use of a sweep gas alleviated the need for a pump on the permeate side or extremely
high pressures on the feed side. The sweep gas prevented thepbaflthydrogen
on the permeate sidb,16]. A hydrogen buildup on the permeate side would lower
the hydrogen partial pressure difference between the two sides. Since pressure is the
driving force, this would decrease the permeation rate. The use of a sweep gas also

enables a large hydrogen pargiaéssure difference while lowering the total pressure

difference. This is especially important for membranes that lack high mechanical
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strength. The inert gases nitrogen and argon are most commonly used as sweep gases
while the use of steam is anothearspibility. Steam is the easiest to separate from
hydrogen through condensation.

Figure 2-7 below displays two schematics of casings used for hydrogen
separation. The casing shown irFigure 2-7(a) houses a tubular Pd membrane
supported by porous glas tube. The feed gas enters from the bottom right side and
flows around the outside of the tube, whereas the sweep gas enters at the top and
flows through the inside of the tub&7. The hydrogen permeates through the
palladium and the glass tube to theer tube where it is carried out of the casing by
the sweep gasThe casing shown iRigure2-7(b) displays a diagram of the housing
used for a P€Cu membranelisk The membrane creates a diffusion barrier between
the feed side at the left and the rpeate side at the right§]. As in (a), the
hydrogen permeates through the membrane and is carried out of the casing by the
argon sweep gas. While both of the schematics in FRjdrshow the inclusion of a
sweep gas, it is still possible to separaydrbgen without its use. In the case of
Figure 2-7(a), the sweep gas was used in order to heat the membrane in an inert

medi um, but it wasndét nedé&ssarily used
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FIGURE 2-7. Schematic diagrams of two membrane housing examples.

The housing in (a) is for a tubular membrane while (b) is for a membrane disk.
Both designs incorporate the use of a sweep gd$[17].

Casing assembly around the membrane is pivotal in attaining drésak
diffusion barrier. If leaks are present ardithe membrane the permeated hydrogen
has the possibility of being contaminated by 4p@mmeated gas. While some leaks
may not be present at standard conditions, they may arise as the temperature and
pressure increase. Careful consideration must theréfertaken to ensure that the
seals are maintained throughout the experimental range. For llias and colleagues, the
use of a stainlessteel housing early in their studies suffered from leakage at high
temperaturefl1]. To overcome this problem they aoegd a casing that would self
seal at high temperatures through the use of graphite and copper seals as can be seen
in Figure2-8 [11]. The outer shell of the casing in Figl® was made of stainless
steel (AISI 310) whereas the inner parts were mdddéamium. The graphite seals
were used against the ceramic edges of their membrane while the copper seals were
placed between the stainless steel tulidf [llias et al. reported that there was no

external detection of hydrogen as a result of usirggassemblyl1].
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FIGURE 2-8. Schematic of a selsealing (at high temperatures) membrane
housing. This cell was designed by the Velterop Ceramic Membrane Company
of the Netherlands, Model LTC Type K-500 [11].

An example of a membrane casing asdgmised by Howard et al. is
illustrated below in Figur@-9 [16]. Their PdCu membrane was placed between a
nickel alloy washer and a porous support. The porous support was mounted on the
permeate side in order to protect the membrane from potentiaeféibm a pressure
gradient at high temperatures6]. The membrane surface was in contact with the
support, but the two were not attached by any means. The asinghembrane
wereheld together using TIG welding and brazing techniques developed hiShe
Department of Energyo6s (DOE) N iThesea l Ener
methods were used in order to assure there was no damage to the membrane as a

result of the extreme heat associated with welding operdti&hs
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The assembly on eithside of the membrane consisted of an inner tube and
an outer tube. The sweep and feed gases flowed between the inner and outer tubes
where they would then contact the membrane and exit through the inner tubes as
illustrated in Figure2-7(b) [16]. The deign features of this particular assembly
allowed for high operating parameters. The casing was capable of functioning at

temperatures up to 1173 K and pressures up to 45Q6)si [

Typical mounted membrane.

Nickel Alloy
Washer

RETENTATE

(Feed side) PERMEATE

Inconel Alloy 600 Holders 1 mm thick x 19 mm Dia.
19.1 mm O.D. x 16.5 mm |.D. Porous Support.

0.1 mm Thick x~ 13 mm Dia.
Pd-Cu Alloy Membrane

FIGURE 2-9. Housing assembly for a PdCu membrane [16].

Gas leakag and membrane distortion are primary concerns when running
hydrogen separation experiments. It is important that the membrane housing used in
the experiments addresses both of these issues. The casing needs to be able to
withstand the desired operatipgrameters. High temperatures and pressures can
increase the chances of experiencing leaks or damaging the membrane. Using

materials that can withstand high temperatures to act as a sealing surface is essential
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in preventing leaks. The presence of aspuee gradient between the permeate and
feed sides of the membrane calls for the use of a porous inediather part of the
membrane or nat to negate the potential for membrane distortion. The placing of
the membrane and the housing assembly needs torpleted in such a way that it

does not damage the membrane from exposure to extreme heat or excessive force.
Access to the membrane may be limited depending on membrane mounting and
casing assembly methods. This must be considered when designaagititeif it is

anticipated that multiple membranes may be used over time.

2.3.2 Experimental Setup

Once the membrane has been fabricated and a casing has been built to house
it, the next step is building a setup to run experiments. The setup, ornespeztli
facility, incorporates everything else that will be needed and includes, but is not
limited to, the following: gas lines to deliver and remove gases from the membrane
housing, pressure gauges, flowmeters or flow controllers, valves, thermocouples, a
heating method, gas sources, a gas sampling/analyzing method, and a gas exhaust
system.Two examples of experimentsétugs are provided below.

The membrane casing designed by llias et al. described in the previous section
was integrated in the fdity illustrated by Figure2-10 below [11]. The feed gas
(yellow) and sweep gas (red) routes can be seen as highlighted. llias and colleagues
used stainless steel tubes for their gas lines with the diffusion cell mounted in a
tubular furnace (Lindberg e 55347) 11]. As can be seen in Figura10,
flowmeters were used at the inlet and rotameters after the diffusion cell in order to

record the mass flow rates for the gas streams. They monitored the system pressure
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with pressure gauges and used valves @ pressure transducer to make adjustments

in the pressure. Samples were taken from various sample ports (green arrows) using
a syringe and were analyzed using a Gas Chromatograph (GC) (Ebrién Sigma

2000) [L1]. This type of setup is relativelymsilar to what other researchers have
used. The use of multiple sample ports is advantageous in allowing the
experimenter(s) to test the gas composition at several stages of the process. One
disadvantage, however, is that there are no direct conneatitims GC for sampling.

The use of direct sampling lines would help speed up the sampling process.

Pressure Gauge

Control Val\;?eed o Sample Port
R O - S — Gas
Gate Valve Exit ?
: e e
Differential
Rotameter Pressure
Indicator

i E5e

FIGURE 2-10. Experimental facility for hydrogen separation [11]. The yellow
lines highlight the feed side, the red lines highlight the sweep side and tieen
arrows indicate sample ports.
The facility depicted by Figure-20is an example of a pretty standard setup
used by researchers. In some cases, the experimental objectives require much more

sophisticated facilities. An example of this is ilkagéd in Figure2-11 below.

Methane steam reforming has long been a technique used to produce hydrogen.
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Gielens et al. focused their studies on using membranes to remove hydrogen during
the steam reforming proceskd]. They designed their setup to syuithe effects of

CO, and steam on the hydrogen flux through pure Pd ar8dPehembranes. Their

main concern was to understand the influence that carbon dioxide and steam would
have on the surface of the membrane, specifically whether or not they wo@demp

the dissociation of hydrogen at the surfatd.[ Figure 211 shows water was added

to the feed gas and heated to form steam, then cooled again after passing over the

membrane.
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FIGURE 2-11. Experimental facility for the study of the effects of CQ and
steam on the hydrogen separation proces&§.

Various designs can be found in the literature with each one having relatively
the same basic design concept. There are apparent similarities between the two

facilities shown in Figure2-10 and2-11. However, they each have their own unique
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characteristics. Understanding the experimental objectives is important in

constructing the facility. As these goals may change over time, the setup may require
alterations to support the new objectives. Retwas must consider this possibility

in the early stages. This will ensure the construction of a flexible setup that can be
easily updated. If the setup is designed with too much emphasis on the initial
experiments, then modification might not be possdomhd a new facility may have to

be assembled if the outlook changes.

2.4 Experimental MembraneLimitations

2.4.1 DesigrConstraints

Certain | imitations result directly frc
others are related to the mechanics ofrtteenbrane. Often times these limitations
are related, whether directly or inversely. Membrane composition and construction is
pivotal in determining the challenges which will be faced by researchers. Of the
types of membranes that have been mentioimethis chapternot one can be
considered ideal. When trying to decide which ones are better than others, it is
important to remember the limitations associated with each. The researcher should
choose the membrane that he or she feels will best meetaiieeraents for his or
her project.

Fi ckos |l aw states t hat t he me mbr ane P
membr ane thickness decreases. As a membr a
likeliness of problems arising. tfie membrane is made too thims more likely that
small pinholes will form during the membrane preparation proc&ss [Another

problem is the structural integrity of the membrane. The thinner the membrane, the
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more susceptible it is to structural degradation, whether it be ésgrasure or high
pressure fek streams 4,9]. The mechanical strength of a membrane is usually
determined experimentally since several factors make it tough to estimate. It is
dependent on material properties, the fabrication method and the thickBlesstie
thickness problem can beartially alleviated by use of membranes with greater
mechanical strength, such as palladium alloyed with other metals. However, there
will always be a thickness limitatiorPure palladium membranes, for example, have
primarily fallen within the 10 to 1000 micron thickness range [Byen the use of a
porous support will not prevent failure of a thin membraaéhough the use of
supported Pd and Pd composite membrane layers with thicknesses less than 10
microns have beereported 20,21,22] The membrane suppocen be assumed to
have much greater strength than that of ¢t
still remains the limiting factor.

Temperature and pressure pose just as many challenges as membrane
thicknessand are in fact closely related. An expression has been derived by Van Rijn
et al. R3] to estimate the maximum pressure that can be applied to a thin ductile

membrane.

(.Q:x J— 3 2
4 » Q0N

Q. 2 (2-9)

O gz = 6.

In Eq. @-9), Xm is the membrane thicknes§;eq is the yield stresd, is the length of

membr aneds s lEpirst eYsotu nsgi 6dsd. Hasndell knaws that the

yield stress and Youngds modulus are tempe
the greaterthe hydrogen partial pressure difference between two sides of the

membrane, the greater the permeation rate. Z9) (akes three factoiisthickness,
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temperature, and pressureinto consideration. It allows for predictions of the
maximum pressure begd on material selection, thickness, and operating temperature
and can be a useful tool during the design process. Knowing the desired operating
conditions ahead of time will allow for appropriate selection of material and thickness

to maximize hydrogengymeation.

2.4.2 Hydrogen Separation Facility

Most of the challenges with the system design are a result of the membrane as
was stated in the previous section. However, the overall system can present
limitations as well. Rassure buileup on the pernae side of the membrane will
decrease the hydrogen partial pressure gradient across the membrane and
consequently lower the permeation rate. Allowing for free flow, venting or
continuous sampling on the permeate side will help prevent this. Using p gage
will prevent the hydrogen concentration from building up on the permeate side, and it
also has the benefit of protecting the membrane from mechanical failure. There have
been some instances of membrane deformation due to a large pressufg].drop
There are several factors that determine when a membrane will fail due to pressure, as
was highlighted by Eq2(9).

The use of a sweep gas can help prevent membrane distortion, but it will be at
the expense of the permeation rate. A drawback to ussmgeap gas, such as argon
or helium, is that it is purely for experimental use. It provides an economical way to
study the permeation rate and the factors that influence it through the use of various
membranes. Steam is another possible sweep gas dandhdiais not as common in

experiments. This is most likely due to the added complications and expense that
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result from incorporating steam into the hydrogen separation system. Control devices
within the system can also have an effect on the permesadten The use of
flowmeters, flow controllers, or rotameters can restrict flow either before or after the
membrane.lt is important to choose all measuring and controltlegices such that

the desired flow can be attained accurately.

2.5 Feed Stream finpurities

Several studies have been conducted over the years to determine the extent of
the effects impurities in the feed gas have on hydrogen permeation. It is of great
concern that impurities in the feed gas can lead to memhtacempositionor
decreaed permeation fluxes. These impurities tend to consist mostly of other gases
such as M CO, CQ, CH; and HO. It is no coincidence that the aforementioned
gases are of interest considering many of them will be found in practical hydrogen
separation fek gases. Understanding how these gases will influence both hydrogen
permeation and membrane sustainability could lead to building more dependable
membranes and effecting better permeation techniques. To do so, engineers have
conducted experiments ovenade range of parameters on membranes of varying

composition. Their results will be discussed in this section.

2.5.1 Nitrogen

A study conducted by Wang and colleagues employed the use of a thin Pd
membr ane mount e-@.M)mandsubjected td ierfeed sireams:N
H,, and an H/N, mixture[24]. The H/N, mixturewaskept at a 1:1 molar ratio and a

sweep gas was not used in an effort to attain pure hydrogen. Their membrane was
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sealed in a selinade housing and tested at pressure differencés 29 psi at room
temperature and in the 38®0 degrees Celsius rang&y]. During pressure testing,
it was found that there was some flux of present on the permeate side, but this
value was minuscule compared to the hydrogen flux. Initially itaggasimed that the
N, flux was a result of Knudsen diffusion through cracks in the Pd |34r [
However, this was ruled out when the fux remained constant as temperature
increased. If the Npresence was due to Knudsen diffusion, the flux would have
decreased with increasing temperatu2d].[ Further inspection of the membrane
through an SEM image determined that the membrane layer was intact and thus it was
concluded the leaks were a result of faulty seals.

Initial experiments on a newly preparatembrane were conducted with the
use of pure gas feed streams. The membranes were exposedNg End H,
sequentially, for varying time periods. The results of the experiments by &aal.
can be seen in Figurel2 below[24]. The membranes weselbjected to a hydrogen
atmosphere for the first 1000 (1) minutes, with the first permeation measurement at
the 128' minute. The membranes were then subjected to a nitrogen feed stream for
the 10001230 (2) minute time frame. In the last time intertiaé membranes were
exposed to a hydrogen atmosphere again for the-2@30 (3) minute period.
During period (1), the membranes showed an increasing flux over time until it
steadied out around the 100Minute. At this point they switched to stage \{@)ere
they applied a pure nitrogen stream to the membrane for 230 minutes. The nitrogen

levels remained constant during this time period and were similar to the original test
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values[24]. This led Wang and colleagues to believe that there was no membrane
deterioration as a result of hydrogen exposure during stag24{1) [
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FIGURE 2-12. Permeation differences vs. time resulting from a varying feed
stream of hydrogen (01000 min), nitrogen (10001230 min) and hydrogen (1230
2640 min) at 550 degrees Cals [24].

The hydrogen permeance levels at the start of stage (3) of the experiments
yielded much lower values than at the end of stage (1). In addition, it took much
longer, roughly 800 minutes, for the hydrogen permeation values in (3) to reach those
achieved in (1)24]. Wang and colleagues found that when they switched from
nitrogen back to hydrogen it took less than a minute for hydrogen to permeate
through the membran@4]. These observations led Wang et al. to conclude that the
increasing permance trend under a hydrogen atmosphere was a result of the clearing
of impurities from the active sites rather than a result of the unsteady state process
[24].

In order to understand the full effect nitrogen has on hydrogen permeation,

Wang et al. repated their experiments on a fresh Pd composite membrane using
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argon instead of nitrogef24]. The membrane was heated in an argon atmosphere,
subjected to hydrogen feed gas, exposed to argon, and then switched back to a
hydrogen atmosphere again. Thelfogen permeation results can be seen in Figure
2-13below. The hydrogen permeation data shown in Figuk8(a) reached a steady

flux value after only roughly 200 minutes. The membrane was then subjected to an
argon flow for several thousand minutesdsefthe hydrogen flow was restoreétfl].

In Figure 213(b), it took only about 10 minutes for the hydrogen permeation values
to reach those shown in Figuzel3(a). When these results are compared with those
shown in Figure2-12, it is evident that nitrgen has a much greater effect on
occupying the active sites than arg@4][ Now that similar experiments had been
conducted using two separate pure inert gahegdecidednextto explore the effect

of using a hydrogen and nitrogen feed gas mixture.

25

— 24r —
= ]
E 22_ ﬁ 20_ /--I—-—l—l n
ﬁ_:_*;_ 20t ._..-.-—ll—l.l—l"".‘.‘. ':E n
" e 151
E 1a} l"/ E
g 16) 5 104 H
= [ ] =
5 14, < I
=% [ g gl 1|
=
= 12t -3
10 I i L L A L I i 0 I 1 I 1 L I Il 1
0 100 200 300 400 500 600 700 800 <10 0 10 20 30 40 50 &0 TO 80
(a) Time [min| (b) Time [min]

FIGURE 2-13. Hydrogen permeation results after (a) being heated in an argon
atmosphere and (b) after being exposed to argon for several 1000 minutes at 550
degrees C 24].

Using a 1:1 molar KN ratio and a fresh membrane each time, Wang et al.

measurd the hydrogen permeance at various feed flow rates at 400 deglsasC
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[24]. Each time it was found that the hydrogen flux remained steady for a period of
time before gradually decreasingd]. Wang and colleagues tested the membranes
for leakage andetermined that they were still intact after exposure to g Hlow
[24]. Next they subjected the membranes to a pure hydrogen feed stream and found
that the flux values decreased from the original mixture values. A further drop in
permeation valuewias measured when the membranes were once again exposed to
the H/N, mixture [24]. This led them to believe that the membranes had suffered
from serious deactivation as a result of their inability to attain the original values after
reactivation attemptasing pure hydroger2fl]. Similar results were obtained when
running the experiments at 450 degrees C. A trend was discovered at both
temperatures that the higher the mixture flow rate, the more severe the drops in
hydrogen flux through the membrang®l]] When the experiments weran once
again at an even higher temperature of 500 degre@&smM@s noticed thathe H/N,
mixture did not cause a drop in hydrogen permeance over a long time period. They
therefore concluded that using thin-Beramic corposite membranes with axl,
required operation at temperatures above 550 degrees C to prevent deag@vhtion
When operating below 550 degrees C, the membranes shouldabtveged from
time to time using a pure hydrogen feed @&, [

Some stugks have suggested the possibility of nitrogen reacting with
hydrogen to form Nklspecies. One study detected 8pectra by XPS on the surface
of a Pd alloy after exposure to an 10%/H¥ mixture gas, but it was unclear if any
chemical species, such asipl NHz, NO or NQ, were present on the surfacs|

Wang et al. believed the decrease in hydrogen permeance they experienced was a
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result of the formation of NH(x=0-2) specie®n the surface of the membrar&]|

While there was no evidence that slealnany permeation of these species through the
membrane, they did act as an inhibitor to hydrogen permeation by occupying active
sites R4]. Techniques have been presented to regenerate membranes believed to

have been subjected to the formation ofyNMkt will not be discussed her24].

2.5.2 Water, Carbon Dioxide, and Carbon Monoxide

While much emphasis was placed on the negative effects of nitrogen in the
previous section, there are several other gases that can be found in feed mixture gases
that canlessen the hydrogen permeation rate. Carbon monoxide was found to have
an even worse effect on hydrogen flux than nitrog8). [ Gallucci et al. compared
several studies of #N, and H/CO mixtures and found that the negative effects of
both CO and Bdecreased with increasing temperature, but that carbon monoxide had
an overall greater impact on hydrogen permeance than nitr@ggn Gallucci and
colleagues further pointed out the theory that CO molecules could be interfering with
the hydrogen flux though the Pd membrane by occupying active sites, increasing the
hydrogen dissociation activation barrier, or a combination of bW28h [However,
they were unable to develop a conclusion that supported the theory and instead only
drew a partial conclusion.

Another study, conducted by Unemoto et al., displayed the effect of several
hydrogen gas mixtures on the permeability val3¢s The experiments in this study
showed that the following gases mixed in the feed had negative effects on hydrogen
permeain values through a PAlg membrane, from least to greatest: water vapor,

carbon dioxide, and carbon monoxid@}. [ However, a study by Guazzone, Engwall
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and Ma found that steam only has a negative effect initially before gradually
increasing hydrogen fluxalues to levels higher than those prior to steam application

at temperatures in the 6223 K range 27]. It is believed this is a result of,8
molecules initially occupying active sites and blocking hydrogen. The flux starts to
increase once the,B reacts with deposited carbon to form CO and2¥]. After

the steam application was ceased, the hydrogen flux increased even more before
steadying, therefore reinforcing the idea that steam works to free the membrane
surface of impurities 47]. However, there was an inhibiting effect due to the
dehydrogenation of carbon monoxide and carbon dioxide that left carbon deposits on
the surface of the membrane. Gradual carbon build up caused a decrease in the

hydrogen flux through the membrane as a resultawiriy CO and C®in the feed

[27.

2.5.3 Section Closing

The composition of the feed gas has a direct impact on the hydrogen
permeation. The effect varies greatly and can sometimes be immediate or it can
occur over time. Variables such as temperatpressure and feed gas partial
pressure values will also play a role in determining the outcome. Generally gases
such as carbon monoxide, carbon dioxide and nitrogen have a negative effect. Argon
has been shown to act inert and had a very limited effieibé steam actually helped
clear the membrane surface of impurities and increased the hydrogen flux. While
many of the results in the literature showed similar effects across all membrane
compositions, they sometimes varied from case to case. The-upa&é the

membrane is another important variable to consider in studying gas mixture
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influences. Much of the focus in this section was on nitrogen due to its use in the
experiments on which this thesis is based. It is important to note that some of these
effects can be explained further by a more detailed study of the chemical kinetics at

the membrane surface, but that will not be explored here.
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Chapter 3: Experimental Setup

3.1 Membrane Characteristics

This project used palladium membranes modime@ porous stainless steel
disks for all experiments. The membranes were prepared by Dr. Shamsuddin llias, a
Research Professor in the Department of Mechanical and Chemical Engineering at
North Carolina A&T State University (NC A&T), and the members isf iesearch
team. Four palladium based membranes were prepared at NC A&T for use in the
Combustion Laboratory at the University of Maryland. The palladium was annealed
after being mounted on the stainless steel supports and all characteristics were
repoted by the NC A&T research team. The palladium layer on Membranes | and II
was reported to have a thickness of 10 microns while the layer on Membranes IIl and
IV was 12 microns. The palladium covered the entire surface of one side of the
stainless stedlisk. The disks each had a one inch diameter, a thickness of 0.0625
inches and a 0.2 micron pore size. Fig8+e below shows Membranes | and Il

shortly after they were received.
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FIGURE 3-1. Photograph of Membrane | (left) and Membrane Il (right) before
pressure testing.

Members of Dr . I 1 i a gdladiuninmembransisimdld c at e d
not be operated below 300 degrees Celsius as there is a risk of hydrogen
embrittlement. This is concurrent with the findings in the literature regardirey pur
palladium membranes [11,13]. It was also suggested that the best operating
temperature for these membranes is 350 degrees Celsius. It is important to note that
the research team at NC A&T did not have experience running hydrogen separation

experimats above 600 degrees Celsius or 30 psig.

3.2 Membrane Housing Design and Construction

The membrane characteristics were delivered prior to Membranes | and Il and
thus allowed for the design of the facility months before the first two membranes
arrived. The first task was to design the membrane housing. From the literature, it

was evident that the casing needed to be able to create a seal around the membrane
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while also being able to withstand high temperatures and pressures. The casing
would consist otwo sidesi the permeate side and the feed side. Each side was to
have a gas inlet and outlet. The inlet on the feed side would be for the feed gas
mixture while the outlet would be for feed gas output ¢hasdid not go through the
membrane). The paeate side would have an inlet for the sweep gas and the outlet
would be for the permeated hydrogen and sweep gas mixture.

The preliminary design consisted of three separate pieces that would be held
together with machine screws. Initial drawings weoempleted by hand and in
SolidWorks, the latter of which can be seen in FigB#2 and Figure3-3 below.

These components are shown in greater detail in the three view drawigsaendix

A. A key challenge to the design was determining how to makeasiag easy to
assemble and disassemble in order to have the ability to switch membranes while also
maintaining a pressure seal during use. It was for this reason that the flange design
was chosen in order to make it easy to seal with screws while algdipg a way to

tighten the casing uniformly.

(a) (b) (c)

FIGURE 3-2. SolidWorks images of the three components that make up the
Membrane Housing: the sweep side (a), the feed side (b) and the feed insert (c).
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A gasket capable of handling high temperature aedure was needed in
order to provide the seal in the flange between the two pieces shown by 3-Rfa)e
and Figure3-2(b). The gasket chosen for this task was a Novatec Premium Il
provided by All Custom Gasket. It is comprised of graphite and Keautar is
capable of withstanding temperatures of 538 degrees Celsius (1000°F) and pressures
up to 2500 psj28]. Experiments were not planned to exceed 500 degrees Celsius or
100 psi making this gasket a good choice. The washers chosen to hold the mmembran
in place on both the feed side and permeate side were made of copper. The copper
washers were sanded down using light machine oil in conjunction with both 600 and
1000 grit sand paper. This was done in order to remove the surface layer on the

copper wahers and eliminate any miesized grooves that could allow gas to escape.

(b)

FIGURE 3-3. Horizontal crosssectional view of Pd Membrane Housing design
(a) and schematic of constructed Pd Membrane Housing (b).
One of the primary objectives when designthe feed side of the casing was
maximizing the surface area to volume ratio. By decreasing the volume inside the
feed chamber the amount of gas exposed to the membrane increases. If the feed

chamber is too large, only a small percent of feed gasasafillally come in contact
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with the surface of the membrane, thus allowing a significant amount of hydrogen to
exit the feed chamber without permeating. The copper washers chosen for use have a
one inch OD and a 5/8 inch ID, therefore allowing a 0.306&requnch surface area
of the membrane to be available for hydrogen permeation. The feed inlet was
designed with a 1/4 inch diameter and would direct the feed gas directly at the center
of the membrane, flowing outward and around the feed insert pieke fedd outlet,
as shown in Figur8-4 below.

The feed inlet piece was designed with a length that would allow it to be just a
1/16 inch away from the copper washer sealing the feed side of the membrane. This
1/16 inch gap plus the 1/16 inch thick coppasher meant that the mouth of the feed
inlet would be 1/8 inches away from the membrane surface. Extruding the exposed
membrane surface area out against the mouth of the feed inlet yielded a membrane
feed exposure volume of 0.0384 cubic inches andrfacgiarea to volume ratio of
eight. Making this ratio any smaller would cause less feed gas to pass directly over
the surface of the membrane. On the contrary, making it larger would allow more
feed gas to be exposed to the membrane, but could leddwacdnstriction and
pressure buildip inside the casing (assuming the ratio would be made larger by

making the feed insert longer).
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FIGURE 3-4. Schematic crossection of Pd Membrane Housing.

It was determined due to the high temperatures andypessso which the
housing would be exposed that stainless steel should be used as the casing material.
Type 303 stainless was selected due to its machinability. The feed and sweep
components were made from arod with-42 206 di amet er rwas | e t he
made fromaf / 20 di ameter rod, both of type 303
on the components was complete, the feed insert was welded to the feed side and
Swagelok® fittings were welded in place for the gas inlets and outlets as well as the
inlet for the thermocouple. It was suggested that the Swagelok® fittings would be
less likely to leak if they were welded in place in the holes rather than tapped. The
completed feed side and sweep side components can be seen irBfEcqnd Figure
3-6 below, respectively. A more detailed depiction of the individual components on
the feed and sweep sides can be seen in Figufeand Figure3-8 below,

respectively.
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FIGURE 3-6. Membrane housing sweep side.
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The six holes drilled in the outer edge in Fig8+& and Figure3-6 are 0.1285
inch diameter clearance holes for thd® machine screws used to hold the casing
together. Five Swagelok® fittings were welded in place on both casing pieces. All
fivefit t i ngs are connecters for 1/40 male NPT
are 90 degree elbows and the fifth one is a straight. The purpose of each fitting and
the other features on the casing is labeled in Figufeand Figure3-8 below. The

coppe washers and Novatec gasket can be seem with Pd Membrane Il inF@ure

FEED OUTLET

FEED INLET

FEED INLET

FEED -
ExXiTGap  FEED OUTLET

FIGURE 3-7. Membrane housing feed side components.

THERMOCOUPLE
OUTLET

SWEEP SWEEP
INLET OUTLET

SWEEP SWEEP THERMOCOUPLE
OUTLET INLET INLET

FIGURE 3-8. Membrane housing sweep side components.
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FIGURE 3-9. The copper washers, Novatec gasket and Pd Memime lIl.

The two copper washers are used to hold the membrane in place inside the
casing, while the gasket provides the seal between the feed and sweep surfaces.
Putting the casing together is a task that requires a degree of precision to ensure that
ead of the six machine screws are tightened uniformly. Otherwise there is the risk
that leaks may form as a result of a loose screw or asceetvihns been over
on oneside. The order in which the screws were tightened can be ségpemdix
B. The screws were tightened using a torque screwdriver so that the same amount of
torque was applied to each screw during the tightening process. The screws were
tightenedusing up to20 inlb of torque. Figure3-10 below shows the casing
completely assendd with washers, membrane, and Novatec gasket in place. The

casing as displayed is ready for use in the hydrogen separation facility.
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FIGURE 3-10. Membrane casing assembled with washers, membrane and
Novatec gasket in place.

3.3 Hydrogen Separation Facility Design

The hydrogen separation setup usadthese experimentsirrors in a lot of
ways what is found in the literature. It contains the basic control mechanisms and
devices to incorporate both a feed mixture and a sweep gas. The system was
designed to have a two mixture feed gas, but additional gases could be added after
making minor modifications to the facility. The sweep gas was designed with a
crossconnect valve such that it could be used on the feed side, the sweep side, or
both. It 5 used on both sides during heating and cooling operations and on the sweep
side during hydrogen separation experiments. The feed stream exiting the feed side
of the membrane casing goes directly to vent. However, the system could be
modified such thathe feed outlet gas is recirculated and passed over the membrane

additional times. The gas mixture leaving the permeate side of the membrane
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housing is directed towards a Gas Chromatograph for analysis. A schematic diagram

of the facility can be seen indtire 311 below.

FIGURE 3-11. Line drawing of Hydrogen Separation Facility and components.

The system has five flowmeters in place in order to monitor as well as
regulate gas flow. Each flowmeter has a valve in place at the base that is used to
make flow adjustments. The flowmeters are placed in key positions throughout the
setup. Each gas line has a flow meter after the gas bottle regulator. A flowmeter was
put in place after the permeate side outlet in order to maintain the proper pressure
differential on the membrane. One was also placed immediately after the feed side
outlet for the same reason. Pressure gauges are placed throughout the system in order
to monitor the pressure. The flowmeter and pressure gauge locations can be viewed

in Figure 311.
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