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ABSTRACT

Waste streams of hydrogen and helium mixtures are produced at the Kennedy
Space Center during purging of the hydrogen systems and supply lines. This process is
done prior to and after hydrogen servicing. The purged waste gases are lost to the
atmosphere, resulting in an annual loss of 2 million and 0.1 million standard cubic meters
of helium and hydrogen, respectively. Recovery of these gases will have an economic
benefit. Metals, alloys, and intermetallics are known to react with hydrogen in favorable
conditions; therefore, they have the possibility of serving as separating and recovery
agents.
In this study, Mg2Ni, VTiNi and LaNi5 were studied for the separation of H2 from
He, using differential scanning calorimetry and thermal volumetric analysis. The ability
of LaNi5 to react with hydrogen reversibly at room temperature was verified, and further
analysis focused on this compound. Size reduction and activation of LaNi5 by mechanical
milling was investigated using different milling parameters for the purpose of activating
the material for hydrogen absorption.
Because it has been shown that addition of aluminum to LaNi5 resulted in
improved hydriding and dehydriding properties, that system was studied further here. In
this study, aluminum was added to LaNi5 by mechanical milling. Hydriding properties
and elemental compositions of the samples were determined afterwards. The hydrogen
absorption rate and capacity were compared to that of LaNi5.
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Both LaNi5 and its Al doped derivatives exhibited a reduced rate of hydrogen
uptake and a reduced hydrogen capacity in the presence of helium. The effects of coating
the samples with either gold-palladium or platinum were investigated. It was observed
that coating the samples with Pt reduced the negative effect of He, whereas AuPd coating
did not have any effect.
Larger scale studies were done using a continuous U-tube hydride reactor, built
and tested for separation of H2 from a 20:80 H2:He mixture. The amount of hydrogen
retained in the bed was determined and found to be less than that for the batch systems.
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1. INTRODUCTION

The focus of this study is the separation of hydrogen helium mixtures formed at
the Kennedy Space Center (KSC), where hydrogen is used as fuel for the space shuttle
main engines, as well as in the fuel cells, and helium is used as the purge gas. The waste
purge gas is one of the two different kinds of hydrogen loss at the center. The other is the
loss of hydrogen from boil off from the liquid.
A major loss of hydrogen from boil off occurs when liquid hydrogen brought by
trucks and rail cars is transferred to storage dewars via insulated pipelines and from
storage to the necessary units such as fuel tanks. In this process, loss of hydrogen occurs
through
•

Cooldown of the vacuum-jacketed lines

•

Flash evaporation as high pressure liquid enters the low pressure dewar

•

Cooling of the inner skin of the dewar with the rising liquid

•

Displacement of the gas above the liquid in the ullage space.

The waste gas is vented to the atmosphere or burned. This boiled off gas is pure hydrogen
and its recovery has been studied previously[1].
The flash evaporation of hydrogen as pressure decreases from a tanker transfer
pressure of approximately 0.26 MPa (2.57 atm) to a dewar storage pressure of 0.12 MPa
(1.18 atm) is the step in the hydrogen transfer that incurs the greatest amount of loss. It is
also identified as the most cost effective and readily recoverable loss [2]. It was estimated
that 1.5 million gallons (5.68 x 103 m3) of liquid hydrogen can be recovered. A total of
1

more than $2 million is projected to be saved annually given that the unit cost of liquid
hydrogen is $1.5 gal-1 [1].
Apart from pure hydrogen loss, a waste stream containing hydrogen plus helium
is also produced. The hydrogen systems and lines are filled with helium when not in
service and are purged with hydrogen during loading. Similarly, after usage, the
remaining hydrogen is purged out with helium. A total of 2 million standard cubic meters
of liquid helium are lost per year [2]. The hydrogen lines and systems are purged with
helium because the boiling point of helium is low enough to avoid condensation in the
lines. Reliquefaction of hydrogen for reuse is not possible because of the unavailability of
economically sized equipment to match the high rate of loss. Furthermore, since the
losses are intermittent, the efficiency of the reliquefaction equipment would be low due to
down-time. Therefore, a recovery system has to be considered that can effectively
separate hydrogen from the mixture, store and redeliver it for reliquefaction.

1.1. Hydrogen Separation And Recovery

Industrial separation of gaseous mixtures has been performed by various
approaches depending on the differences in physical or chemical properties of the
components. The basis of separation for gas mixtures is generally preferential solubility
or difference in sorption potentials in a dense phase. In membrane separation, which is a
very common gas separation method, the separating agent is a dense phase membrane. It
preferentially dissolves and facilitates the transport of one or more of the components
2

because of the difference in partial pressure of gas components on the two sides of the
membrane [3]. Similarly, in absorption processes the difference in solubility is the basis
of successful separation where a solvent preferentially dissolves one of the components
[4].
The recovery of H2 or He from their mixtures is not a common task and has not
been investigated in detail. Existing studies that most commonly employ membrane
technologies, involve mixtures of hydrogen with gases other than helium. Successful
systems for separating hydrogen from methane or carbon dioxide at high temperatures
(450-900 ºC) in La2NiO4-zeolite membrane reactors are reported [5, 6]. Metals, alloys
and intermetallics are also used as H2 selective membranes due to the high solubility of
H2 in these materials that arises from the smaller size of H2. However, because H2 and He
are so similar in size, most membranes have very close permeances for this gas pair [7].
For H2 and He mixtures, the reported separation factor using a polymeric membrane is
4.4 at 308 K, where the separation factor is the ratio of the compositions in the enriched
stream relative to the ratio in the depleted stream [8]. A separation factor of 4.4 is a
relatively low ratio compared to other gas pairs of hydrogen. Therefore, membrane
separation of H2-He mixtures is not an efficient solution.
Materials such as graphite nanofibers, fullerenes, nanotubes, and hydrides that are
utilized for hydrogen storage and reversible sorption of hydrogen have potential for
application to the H/He separation processes. Nanofibers are reported to absorb hydrogen
to 0.6% w/w at most. Fullerenes have high reversible sorption capacities of 7.7% but
their use requires large engineering difficulties. These difficulties include high pressure
of activation (500-800 atm) and high operation temperatures of around 500 ºC [9].
3

Hydrides, on the other hand, provide alternatives with less rigorous operational
requirements and with enhanced safety and cost efficiency. They have previously been
the subject of investigation for the recovery of pure hydrogen boil-off [2].

1.2.

Metal Hydrides

1.2.1. Formation of Hydrides

The unique electronic structure of hydrogen with one electron in the 1s orbital
allows it to interact and form compounds with most of the elements in the periodic table.
The chemical combination of hydrogen with most metals and metalloids leads to the class
of compounds known as metal hydrides [10]. The small size of hydrogen versus other
atoms results in relatively faster diffusion in the metal matrix especially below 300 ºC,
yielding perceptible concentration changes within short times. Room temperature
hydriding occurring at practical rates opened the way to low temperature hydride studies
that started in the early 1960s and accelerated along with the advent of the hydrogen
economy concept during the following decade [11].
A metal-hydrogen system can be exothermal or endothermal depending on the
direction of heat flow during reaction. Endothermal systems show very limited hydrogen
solubility and they form no hydrides. On the other hand, the hydrogen systems of the
alkali and alkaline earth metals and the transition metals of group 7 to group 8 of the
periodic table including palladium systems are exothermal. These are capable of forming
4

hydrides by dissolving large amounts of hydrogen. All phases of metal-hydrogen systems
other than random interstitial solid solutions are designated as hydrides [12]. Depending
on the nature of the metal-hydrogen bond, hydrides are classified into three types:
covalent, ionic or metallic hydrides. Covalent and ionic hydrides have non-metallic
character whereas metallic hydrides preserve the metallic properties of the original metal
or alloy.
The solution reaction predecessor to hydride formation is described by five partial
steps:
1.

H2 (g, bulk) R H2 (g, gas-solid interface)

2.

H2 (g, interface) R H2 (physisorbed on metal M)

3.

H2 (phys) R 2 H (chemisorbed on M)

4.

H (chem.) R H (dissolved in M, solid solution α-phase)

5.

diffusion of H in M

In the case of adherent hydride layer formation at the metal-gas interface, additional
reaction steps are involved [13];
6. diffusion of H through the MHx layer
7. M + x H (in MHx) R MHx (β-phase)
When the concentration of hydrogen atoms in the α-phase (solid solution phase)
exceeds the solubility limit at the given temperature, β-phase (hydride) is formed.
Hydrogen dissolution and hydride formation are physical and chemical processes,
respectively.
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Any of the surface processes or bulk diffusion in the hydride phase can be the rate
determining step in hydriding. Since the hydrogen uptake experiments will depend on too
many non-intrinsic parameters, such as the morphological characterization, heat transfer
or system configuration; meaningful basic information on the microscopic mechanisms
controlling the reaction can not be deductible in this study [14].

1.2.2. Characterization of Metal Hydrides

Virgin metal surfaces are almost never free of a thin oxide layer. That layer limits
the interaction of H2 with the metal under that layer. However, in the initial stages of
interaction with H2, the parent metal or alloy surface cracks from the internal stress
caused by the expansion of the crystal lattice from hydrogen insertion. This exposes clean
metal surfaces to hydrogen [15]. This makes the initial formation of a metal hydride a
kinetically auto-catalytic reaction [16]. After decomposition and release of H2, the metal
is left with a higher surface area relative to its original state. Consequently, with at least
one hydriding/dehydriding cycle, the metal is now considered activated and can absorb
hydrogen at lower temperatures and pressures and at a faster rate.
The composition of a hydride, c can be expressed as the ratio of the number of
hydrogen atoms to the number of atoms of hydride forming metal or alloy atoms (H/M).
The relationship of x with pressure, p, and temperature, T, is obtained from pressurecomposition isotherms. These isotherms give information about the equilibrium pressure
of hydrogen over a metal sample at a given temperature. At a given temperature, a
6

hydrogen storage alloy has a specific equilibrium pressure of hydrogen (Peq). At low
concentrations all isotherms have a common slope showing the relation

c∝

p

The hydrogen solubility shows a thermal-activation type of behavior, and the
overall expression of solubility takes the form [12]

c=

p ∆Ss / k −∆H s / kT
e
e
p0

where ∆Ss is the entropy and ∆Hs is the enthalpy of solution at temperature T referring to
the H2 gas pressure p0. The relationship is often written in the form

p = Ksc, where Ks

is called the Sievert’s constant. The values of Ks have been experimentally determined
and reported for most hydrides. The p-c diagram of LaNi5 is given in Figure 1 as an

P (atm)

example.

H/M
Figure 1. Pressure-composition diagram for LaNi5 [17].
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The existing phases and their compositions for different pressures and temperatures are
represented in the diagram. With the initial introduction of hydrogen to the metal, the
solid solution phase (α) is formed. As pressure is increased, the α-phase becomes
saturated with H, after which the hydride phase (β) starts to form. In the plateau region,
both phases co-exist. At H/M ratios high enough to correspond to the completion of α to
β conversion, only β-phase exists.
Hysteresis is a phenomenon that is commonly observed in metal-hydrogen
systems. It is the observation of lower decomposition plateau pressure compared to
formation plateau pressure. Hysteresis is not a desired property for practical applications
and should be considered when designing an application. Despite the many publications
about the degree of hysteresis in specific systems, it is risky to use these data for hydride
device design because hysteresis is not a unique materials property and is dependent on
history of the sample and the test method used [18].
Other problems, such as heat transfer, may arise when scaling up a hydride
system. In that case, heat must be provided to decompose these compounds and release
the hydrogen, while heat is liberated when the compounds are formed and must be
removed to allow the hydriding reactions to proceed to completion [19].
The desired characteristics of hydrides for practical applications are [18]
•

High hydrogen capacity

•

Moderate hydriding temperature and pressure

•

Moderate dehydriding temperature

•

High rate of hydriding

•

Low susceptibility to capacity loss by cycling
8

•

Insensitivity to poisoning by impurities

•

Low manufacturing costs

Hydride formers usually do not possess the above characteristics in their pure
form. Nevertheless, hydride formers can be improved by various methods, such as the
addition of one or more new elements to form alloys or intermetallic compounds,
changing the sample preparation method, applying activation procedures, or employing
protective/catalytic surface treatment. For example, alloying is a common method to
decrease the stability of hydrides of pure metals so that hydrogen is recoverable at
moderate temperatures [20].
Combining different metals can form either alloys or intermetallic compounds.
Alloys are physical mixtures; however, intermetallics (ABx) are compounds.
Intermetallics are composed of an intermediate phase between A and B with different
structure from both the parent elements and the terminal solid solutions. Within the
domain of homogeneity of an intermetallic, various structural defects and antiphase
boundaries might exist. In an intermetallic system, experimental reproducibility is harder
to attain and impurities may play a greater role in effecting the stability of the phase,
compared to elemental materials, since they are not well defined materials. Impurities
may play an important role in the degree of shift of composition between the surface
layers and the bulk [21]. Generally the properties of intermetallic compound hydrides
have little or no resemblance to those of the constituent metal hydrides [22].

9

1.2.3. Examples of Hydrides

The formation of Mg2NiH4, a covalent hydride of the typical Mg-based
intermetallic compound Mg2Ni, was first published in 1968. The reported initial
hydrogen capacity was 3.6% at 598 K and 20 atm of pressure. However activation of the
samples after several hydriding/dehydriding cycles, the reaction onset temperature and
pressure dropped to 473 K and 13.6 atm [23]. Subsequently, the activation temperature
was reduced to 413 K and 404 K by treating the surface with water [24] and water vapor
[25], respectively. Other than surface treatment, attempts to control the reaction
temperature by

simultaneous

substitution did

not

succeed in

lowering

the

dehydrogenation temperature significantly [26].
In the early 1970’s, the intermetallic compound LaNi5 was reported to react with
H2 at room temperature to form LaNi5H6.7 which contains 1.53% hydrogen [16].
Processes of both absorption and desorption of hydrogen in this alloy were reported to be
rapid at and above room temperature [27] and adsorption or desorption rates were
reported to have no dependence on pressure below 5 atm [28].
Vanadium-titanium based alloys, V-Ti-X (X=Fe, Mn, Co, Ni, etc.) were prepared
and tested starting from the early 1980’s [11]. Out of the 26 alloys tested [29]
Ti43.2V49.0Fe7.5 was reported to absorb hydrogen up to 3.9% at 253 K. However, the
recoverable capacity was 2.4% for absorption at 253 K and desorption at 573 K at 1 atm
H2 pressure. The difference in the absorbed amount and capacity occurs because not all
of the hydrogen is desorbed at this temperature. Another Ti-Mg-Ni alloy prepared by ball
milling has been shown to absorb 11% hydrogen at 365 K [30]. However, the 11%
10

hydrogen capacity was not reproducible due to commercial unavailability of
manufacturing equipment supplies.
Zirconium based alloy ZrCo was reported to absorb less than 0.1% hydrogen at
473 K [31]. ZrNi was reported to absorb approximately 3% hydrogen at room
temperature, with a considerable hysteresis during desorption, and the reaction between
ZrNi and H2 was completed in more than 55 hours [32]. Zr3Al2, ZrV2 and ZrNi particle
beds were reported to rapidly and selectively remove hydrogen from a hydrogen/argon
stream, eventually reducing the hydrogen content from 10% to 1 ppm by low temperature
H2 adsorption [19].

1.3. LaNi5

After a review of several the candidate materials, Mg2Ni, VTiNi and LaNi5 were
selected for study. Emphasis was placed on LaNi5, as will be discussed in this thesis. It
was selected because it exhibits excellent properties for use in a successful hydrogen
recovery-storage-delivery system [2]. LaNi5 rapidly reaches equilibrium with hydrogen,
even at low pressures and temperatures. Also, the hydriding and dehydriding processes
are reversible at H2 partial pressures close to atmospheric [28]. LaNi5 exhibits low
hysteresis and is not strongly affected by gaseous impurities or by oxidation. On
compounds such as Nb, V, Ta, FeTi, oxidation creates a barrier for the interaction and
dissociation of H2 molecules. On the surface of LaNi5, the highly reactive La reacts with
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oxygen, keeping Ni metallic and, thus, available for the dissociation of H2 molecules
[33].
Methods to improve the hydrogenation properties of LaNi5 included substitution
of other elements for either La or Ni, surface treatments, or changing the sample
preparation methods. LaNi5, and its substituted derivatives, have found technical
applications

for

hydrogen

purification,

heat

pumps

and,

most

successfully,

electrochemical energy storage that replaced Ni-Cd batteries. LaNi5 and derivatives are
investigated for electric vehicles because of their higher capacity and lower toxicity.
Substitution of La by other rare earth elements or transition metals has been
reported to deteriorate the hydrogen absorption properties [34]. Partial replacement of La
by cerium (Ce), praseodymium (Pr), and neodymium (Nd) has been studied to overcome
the effect of oxidation in LaNi5 based alloy electrodes; however, H2 uptake from the
gaseous state has not been studied [35].
Partial replacement of Ni with Al, Sn, Ge, Zn, Zr, etc. has been reported to have
positive effects on plateau pressure due to larger atomic radii of the substituting elements.
Generally, such substitution decreases the hydrogen equilibrium pressure and slightly
decreases hydrogen capacity. This is due to an increased heat of reaction (∆Hrxn) and
increased unit cell volume, even with small amounts of Sn [36]. Substitution of Ni with
germanium (Ge) [37] or zinc (Zn) showed similar results [38].
Substitution of La by Zr and partial substation of Ni with Co resulted in a
decrease in hydrogen capacity. However, the lack of a plateau region in the p-c-T
diagram indicated the absence of a hydride phase, which means the hydride formed was
an interstitial solid solution [34]. Aluminum (Al) partially substituted for Ni in LaNi5
12

showed the lowest plateau pressure and the highest cell volume among LaCo5, LaNi5,
LaCo2Ni3 and several other compounds. As the extent of substitution increases, the cell
volume expansion was greater [39]. Al was found to increase the cycle lifetime without
significantly decreasing in hydrogen capacity. For LaNi4.5Al0.5 and LaNi4Al, the heat of
formation of the hydride (∆H) was found to be more exothermic by -38 and -46 kJ per
mole, respectively [40]. In another study, increasing Al content was reported to have an
adverse effect on the hydrogen capacity of LaNi5-xAlx (x=0 to 0.5) prepared by arc
melting, followed by crushing [41].
One of the problems associated with the use of LaNi5 for hydrogen storage is
disproportionation upon cycling. The desired reversible reaction
LaNi5 + 3 H2 R LaNi5H6
is

actually

thermodynamically

unfavorable

relative

to

the

less

reversible

disproportionation reaction
LaNi5 + H2 → LaH2 + 5Ni
The disproportionation reaction requires the diffusion of metal atoms, which is a
slow process at low temperature, and thus, the hydrogen desorption reaction
predominates near room temperature [18, 42]. Despite the detectable disproportionation
with extended cycling, good engineering lives were achieved for LaNi4.7Al0.3, which
showed less than 5% H capacity loss after 1500 cycles at 85 ºC. The hydrogen capacity
loss was 25% for LaNi5. It was found that the structural disintegration is reversible by
heating the sample to 300 ºC for about 4 hours under vacuum to remove all bound
hydrogen and reform LaNi5. The hydrogen capacity was completely restored to its
original value by this process [43].
13

1.4. Mechanical Alloying

Preparation of intermetallics and alloys on the laboratory scale is possible by
melting, annealing or mechanical alloying, or a combination of several techniques [21].
The alloys studied in the literature were prepared by arc melting of the stoichiometric
amounts of pure elements. Those samples were reported to be analyzed without
significant size reduction, i.e. as large pieces, except where indicated.
An alternative to the fabrication of alloys and intermetallics by arc melting is
mechanical alloying. This solid state powder processing technique involves repeated
welding, fracture, re-welding, and mixing of a blend of elemental or pre-alloyed powders
in a ball mill [44]. Ball milling can result in both equilibrium and non-equilibrium states,
size reduction, chemical reactions, and possible phase changes. The metastable nonequilibrium state formed by “energizing and quenching” is a phase between equilibrium
crystalline and an energized state in solid, liquid or vapor form (Figure 2). Energizing the
material is bringing it to a highly non-equilibrium state by an external force such as
melting, evaporation, irradiation, pressure application, or storing of mechanical energy by
plastic deformation. Mechanical alloying/milling introduces energy into the milled
material and this energy is stored as atomic disorder and/or grain boundaries which can
be represented as
∆G milling = ∆G disorder + ∆G grain boundaries
Mechanical alloying is reported to introduce a significant amount of stress,
chemical disorder, and defects to the material [45]. Since hydride formation occurs at the
incoherent sites such as dislocations [46] and internal interfaces [47], the formation of
14

grain boundaries increases the total hydrogen affinity of the material. Another effect of
milling is the removal of the oxidized surface layers that create a barrier for hydrogen
absorption. During milling in an inert atmosphere, active fresh metal surfaces are created,
which will readily dissociate H2 upon exposure. Thus, after activation by mechanical
milling, a material can readily react with hydrogen [46]. One important feature of ball
milling is that it allows the production of alloys from elements with high vapor pressure
or poor miscibility [48].

Figure 2. Energy diagram for metastable phase formation by mechanical alloying.

The phase and/or microstructure of a material after milling depend on several
variables. These are listed below along with their influences on the final product.
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•

Type of mill is chosen according to the needed quantity of product, speed of
milling, and final constitution.

•

Milling container shape is generally dictated by the type of mill; however flat
or round ended vials might be available.

•

Milling speed has direct effect on the energy input to the powder.

•

Milling time is chosen so to achieve a steady state between fracturing and cold
welding of the particles.

•

Type, size and distribution of the grinding medium are determined by the type
of mill and influences the time of milling.

•

Ball-to-powder weight ratio is effective on the successful impacts on the
powder by the balls and is decisive in time of milling.

•

Extent of filling the vial is critical as small quantities of balls and powder will
not have good production rates. On the other hand, filling the vial too much
will not leave enough space for the balls to move around, thus, reducing the
energy of impact.

•

Milling atmosphere highly effects contamination of the powder and the
product. Therefore, vials are either evacuated or filled with an inert gas such
as argon or helium. If an interaction is desired with a gaseous reactant, then
the vial is filled with that gas.

•

Process control agents, usually organic surfactants, can be used to reduce the
effect of cold welding.

•

Temperature of milling is effective on diffusion processes during alloying and
may also influence the brittleness of the powder.
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These parameters are generally interdependent. For example, the optimum milling
time is affected by the type of mill, temperature, etc. Ball to powder ratio (BPR) and time
of milling for a desired product are dependent on the capacity of the mill. For small
capacity mills, BPR of 10:1 is reported to be the commonly used [47].
Ball milling has been reported to activate FeTi, Mg2Ni and LaNi5, which are inert
to hydrogen prior to milling. For FeTi, milling is believed to give rise to Fe rich clusters
on the surface and the generation of new surfaces by cracking [49]. LaNi5 has been
synthesized from elemental La and Ni via milling at room temperature and, using a
similar method, the partially substituted La0.5Zr0.5Ni5 has been synthesized from an
equimolar mixture of LaNi5 and ZrNi5 [48].

1.5. Crystallography Of Hydrides

The understanding of the crystallographic aspect of hydrides and their precursors
is important in terms of materials characterization. The positions of the host metal before,
during and after hydride formation have been reported. The orientation of hydrogen
within the material and the physical and chemical changes experienced by it has been
investigated to justify the limits of hydriding reactions from a structural point of view.
These parameters affect phase changes and physical properties, and change with
composition or outside conditions. Therefore material characterization is a necessity for
each different sample under study.
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Atoms in crystalline solids are at the points of intersection of a network of lines in
three dimensions that is called a space lattice. Each point in the lattice has identical
surroundings so each lattice can be described by specifying the atom positions in a
repeating unit cell. The unit cell is described by three lattice vectors originating from one
corner of the cell. The axial lengths a, b and c and the interaxial angles α, β and γ are the
lattice constants of the unit cell. The space lattice of an ideal crystalline solid and the unit
cell showing lattice constants, is given in Figure 3.
Seven different types of unit cells are required to create all point lattices and 14
standard unit cells can describe all possible lattice networks. For example, LaNi5 has a
hexagonal unit cell with CaCu5 type structure given in Figure 4. For a hexagonal unit
cell, two of the axes are at 120º and the third axis is at a right angle to the first two where
a = b ≠ c, α = β = 90º, γ = 120 º.

Figure 3. Cubic space lattice of an ideal crystalline (left) solid and the unit cell (right)
[50].
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Figure 4. CaCu5-type P6/mmm structure of LaNi5 [51]. Gray spheres indicate La atoms.
Pure metals and alloys usually have simple crystal structures like body centered
cubic, face centered cubic or hexagonal close packed structures. Hydrogen atoms usually
occupy either tetrahedral or octahedral interstices in those structures [52]. Interstitial sites
occupied by hydrogen in the host lattice result in expansion of the crystal lattice. Each
hydrogen interstitial causes displacements of the metal atoms from their regular sites and
the resulting crystal lattice distortions cause physical property changes. Volume
expansions of 20% are typical for the solution of one hydrogen atom per metal atom [52].
This phenomenon is responsible for the lower terminal H solubility in block samples of
LaNi5, compared to powder samples, because of the limited expansibility of block
samples with larger crystal grains as opposed to the ready stress relaxation of smaller
particles [53].
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One of the limiting factors for hydrogen storage capacity and uptake rate is the
reluctance of hydrogen to occupy all available interstices in the metal atom network; thus,
detailed structural data are needed, if possible, to understand this phenomenon [54].
Mostly, the determination of hydrogen positions has been accomplished by neutron
vibrational spectroscopy [54-56], which is not considered in this study.
The addition of different elements also affects the crystal structure. There are
different types of imperfections in crystalline structures. A vacancy is a point defect,
which is the absence of an atom from an atomic site. Dislocations are line defects that
cause lattice distortion centered around a line [57].
In the case of LaNi5, lattice constants are reported to increase with the addition of
Al [40] and crystalline imperfections occur. With the substitution of Ni with Al, the
dislocation density and vacancy concentration induced by hydrogenation are reported to
decrease [58].
In another study, mechanically alloyed LaNi4.2Al0.8 (from its corresponding pure
elements milled for 30 hours in a Spex 8000 Mixer Mill using a round bottom stainless
steel vial) was reported to form an amorphous phase directly from the starting mixture
without formation of another phase. The La(Ni,Al)5 alloy with a hexagonal CaCu5 phase
was formed only after annealing at 750 ºC for 0.5 hour [59]. For the samples prepared
with that sequence, the surface segregation of La was more pronounced than that of
polycrystalline powders from arc-melted ingots. Thus, an increment in solid state
solubility was observed [60]. This was explained by the increased area of Ni clusters,
which play an important role in the adsorption of H2 to the surface.
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In this study, the addition of Al to the LaNi5 system was performed by
mechanically alloying the LaNi5 with Al using a flat bottom tungsten carbide vial in a
Spex 8000 Mixer Mill. The mole percent of Al in LaNi5 was varied from 0.87% to
48.57% corresponding to LaNi5Al0.05 → 5.67.
LaNi5 itself has been previously verified to be potentially used at the Kennedy
Space Center for recovery of boil-off hydrogen [61]. The main objective of the study
described in this thesis was the evaluation of LaNi5 and LaNi5Alx for the separation of H2
from its mixtures with He. First, hydrogen uptake capacity and rates of the materials from
pure H2 were determined and compared to the published results. Then behavior of the
materials when exposed to a mixture of H2 and He at different pressures was determined
using the same experimental setup and presented. The amount and state of Al in the
samples were correlated to the H2 uptake capacity and rates, for both pure H2 and H2-He
mixtures.
To improve the behavior of LaNi5 and LaNi5Alx with H2-He mixtures, the
samples were coated with AuPd, which is known to be very permeable to hydrogen.
These sampes were analyzed with the same procedure and the results are described in
section 3.2.2.4.
The materials were characterized using X-ray diffractometry, which gave
information about crystal structure and formation of new compounds by ball milling. Due
to the possibility of segregation of elements during ball milling and sticking permanently
on the milling media, the elemental composition of the samples was not expected to be
the same before and after ball milling. Therefore, it was crucial to determine the exact
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composition that was responsible for the results obtained in the H2 uptake analysis. The
compositional analysis was done by flame emission spectrophotometry.
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2. EXPERIMENTAL

2.1.Chemicals and Reagents

Lanthanum nickel, LaNi5, was purchased from two different sources, -35 mesh
Hy-Stor 205 Alloy was purchased from Ergenics Inc. and Reacton (99.9%) was
purchased from Alfa Aesar. Aluminum (99.5%, -325 mesh), vanadium (99.5%, -325
mesh), titanium (99.5%, -200 mesh), and nickel (99.9%, -100+200 mesh) were acquired
from Alfa Aesar. Magnesium nickel alloy, HY-STOR 301, was obtained from Aldrich.
Lanthanum(III)oxide (99.99%) was obtained from Acros Organics. High purity grade
hydrogen, high purity grade helium and ultra high purity grade argon were purchased
from Air Products. Hydrogen-helium mixtures of 50% and 20% (v/v) hydrogen in helium
were obtained from Air Liquide.

2.2. Equipment and Instrumentation

All materials to be ball milled, analyzed in a SETARAM DSC 111, or analyzed in
the U-tube reactor were loaded into a vial, sample boat, or reactor in the argon
atmosphere of a Labconco Protector Controlled Atmosphere glove box with an
Atmospure gas purifier.
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For the ball milling of lanthanum nickel, vanadium titanium nickel, magnesium
nickel, and lanthanum nickel aluminum alloys, a high energy Spex 8000M Mixer/Mill
was used, Figure 5. Small samples were prepared using a 50-mL tungsten carbide
grinding vial obtained from Spex Certi Prep Inc., Metuchen, NJ, was used with two 11.11
mm tungsten carbide balls as the high energy ball milling medium. Other samples were
prepared using a 50-mL stainless steel grinding vial with 12.70 mm stainless steel balls
obtained from the same company. These samples were previously prepared by other
researchers in our group to be used in the U-tube and Parr reactors.
In addition to the Spex 8000 Mixer Mill, a Fritsch Pulverisette 6 Planetary Mono
Mill was also used for the ball milling of numerous lanthanum nickel samples for DSC
analysis, Figure 5. A 250-mL stainless steel grinding vial with 9.7 mm diameter stainless
steel balls obtained from Gilson Co., OH was used as the grinding medium.
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Figure 5. The high energy Spex 8000M Mixer/Mill (left) and the Fritsch Planetary Mill
(right).

2.2.1.

Differential Scanning Calorimetry (DSC)

Hydriding and dehydriding characteristics of sample materials were determined
using a SETARAM DSC 111 differential scanning calorimeter (DSC). The DSC furnace
was fitted with sample and reference cells made from 1/4” Hastelloy C-22 seamless
tubing. The cells were connected to inlet and exit valves with quick disconnects for easy
access. The inlet and exit valves were needle and globe valves, respectively. The inlet
valves were connected to hydrogen and helium cylinders and the exit valves opened to
the atmosphere. All components and fittings were made of 316 stainless steel. Pressure
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was monitored with two Omega type px602 pressure transducers with a range up to 13.6
atm. The schematic of the complete setup is given in Figure 6. Pressure data were
acquired with a Dell 4200 PC using LabView software using a National Instruments
board. Thermal data were directly transferred to the PC from the DSC and analyzed using
Setsoft 2000 software. The amount of hydrogen absorbed or released was calculated and
graphed using SigmaPlot software. This DSC allowed thermal and pressure
measurements to be made under static or flowing conditions at pressures as high as 136
atm and temperatures up to 773 K. Sample boats for the DSC were made from 316
stainless steel. The samples loaded into the boat were placed into a hollow glass tube that
was sealed at both ends with plastic caps and then transferred from the glove box to the
DSC to prevent exposure of the samples to air. Sample cell volume was determined by a
water displacement method. Lateral heat loss compensation curves were previously
determined.

Reference
Cell

P
Feed
Gas

Inlet
Valves

DSC
Furnace

Quick
Disconnects

Quick
Disconnects

Exit
Valves

P
Sample
Cell

Figure 6. Schematic representation of the DSC setup. P denotes pressure transducer.
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2.2.1.1.

Hydriding and Dehydriding Procedures

Samples for hydriding trials were prepared by loading 100 to 300 milligrams of
sample into sample boats under an argon atmosphere in the glove box. The boats were
transferred to the DSC after the furnace temperature had been adjusted to between 10 to
25 °C. The boat was loaded into the cell under a minimal hydrogen flow, which avoided
blowing the samples out of the boat and limited air exposure of the samples. After
inserting the boat, the exit valves were closed, the system was adjusted to the desired
pressure and then the upstream valves and the hydrogen source cylinder valve were
closed. The hydriding of the sample was performed either isothermally or with increasing
temperature.
Constant temperature hydriding was used for samples that took up hydrogen at
ambient or sub-ambient temperatures. In this procedure, pressure and thermal data
recording started immediately after the system was closed. The furnace temperature was
held constant for the entire experiment period.
Samples that would only hydride at higher temperatures were subjected to the
increasing temperature hydriding procedure. After the sample was inserted and the
desired pressure over it had been established, the furnace was held at the initial
temperature (T1) for 180 seconds. Then the temperature was increased at a rate of either 5
°C/min or 3 °C/min, up to the previously set final temperature (T2). The furnace was held
at the final temperature for 180 seconds and then cooled at a rate of 10 °C/min, down to
ambient temperature. Pressure data acquisition started at the beginning of the heating
phase.
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The dehydriding procedure was initiated immediately after the system reached
ambient temperature at the end of hydriding process. For this procedure, the exit valves
were opened to release hydrogen and a minimal argon flow was established using the
needle valves. The system was purged with argon for 15 minutes after which the inlet
valves were closed followed very quickly by closing the exit valves to maintain
atmospheric pressure argon within the system. Dehydriding was accomplished by holding
the furnace at the initial temperature for 180 seconds and then heating to T2 with a ramp
rate of 5 °C/min. The furnace was held at T2 for 180 seconds and then cooled at a rate of
10 °C/min. Dehydriding in a closed system allowed quantization of the H2 given off by
the sample. Hydriding and dehydriding cycles were repeated without removing the
sample from the DSC.
Because LaNi5 and LaNi5Alx will absorb and release H2 at ambient temperatures,
their dehydriding characteristics were determined using a slightly modified procedure.
For these samples, excess H2 pressure after the hydriding experiment was reduced to 1
atm. Then pressure and thermal data acquisition were started immediately. The system
was heated to 150 ºC with no delay period.

2.2.1.2.

Thermal Activation Procedure

Some samples were not sufficiently activated by ball milling alone. The activation
of these samples was accomplished by a thermal cycle in the DSC following milling.
This was done by placing the sample in the DSC in a hydrogen atmosphere at
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approximately 5 atm, and heating the furnace to 150 °C, followed by cooling to ambient
temperature. During this activation step, samples were hydrided to some extent, if not
completely. Therefore, these samples were heated up to 150 °C under a minimal flow of
argon to ensure no hydrogen was left in the sample.

2.2.2. U-Tube Reactor

A 1 foot long, 1 inch O.D. seamless stainless steel pipe was bent into a U shape to
hold up to 300 grams of sample. The reactor was fitted with 0.5 micron pore size inline
filters and needle valves on each end, Figure 7. The compositional analysis of the effluent
gas was done by a Buck Scientific type 910 gas chromatograph fitted with a Hayesep DB
100/120, 30 ft, 1/8 inch O.D. stainless steel column obtained from Alltech. The GC
utilized a TCD detector and the carrier gas was argon. Samples were taken from a three
neck flask connected to the downstream. Sample injection was done with a gas tight 100
µL syringe. The GC was connected to a Dell GX110 PC and the data was recorded using
PeakSimple chromatography software.
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Figure 7. The U-tube reactor.

2.2.2.1.

Hydriding and Dehydriding Procedures

The U-tube reactor was used to determine hydriding characteristics via continuous
operation. For continuous hydriding, the U-tube was disconnected from the rest of the
structure by the quick disconnects and filled with approximately 200 g of sample under
argon atmosphere in the glove box. The rest of the structure was then assembled on both
ends and the reactor was removed from the glove box. After purging the reactor with
argon, a hydrogen/helium mixture was allowed to flow through the reactor. At the same
time, samples were injected into the GC continuously with appropriate 1 minute intervals
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determined by the start and end of a hydrogen-helium peak pair. The flow rate through
the reactor was monitored with a Fisher Scientific digital flowmeter.
Dehydriding of the hydrided samples was accomplished by heating the reactor
with heating tape up to 150 ºC under argon flow and analyzing the exit stream for
hydrogen using the GC. As soon as no hydrogen was detected in the stream, the heating
system was turned off to allow cool down to room temperature for the subsequent
experiments.

2.2.2.2.

Activation procedure

Samples ball milled in stainless steel vials with lower ball to powder ratios and longer
milling times were activated in a high pressure reactor. Approximately 200 grams of
milled alloy were placed in a Pyrex Petri dish that was then transferred into a 2000 mL
capacity Parr Pressure Reactor. Pressure was monitored with one Omega type px303
pressure transducer with a range up to 34 atm. Temperature in the reactor was regulated
by a Love Controls Series 2600 type controller. Pressure and thermal data were acquired
with a Dell GX240 PC using Lab View software through a National Instruments board.
Samples were heated up to 250 ºC under a hydrogen pressure of approximately 20 atm.
After the system reached equilibrium, the heating system was turned off and the system
was allowed to cool under hydrogen pressure. After cooling, the system was vented and
a heating cycle was run to remove absorbed hydrogen.
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2.3. Sample Preparation

LaNi5 and Mg2Ni samples were prepared by ball milling the alloys. LaNi5Alx
samples were prepared by milling Al with LaNi5. VTiNi samples were prepared by
milling the stoichiometric amounts of V, Ti and Ni. Ball milling was done in either of the
mills for LaNi5. For the other materials, the Spex8000 Mixer Mill was used. The milling
time was 10, 30 or 90 minutes and the ball to powder ratio was 10 to 1 or 1 to 1. For
milling periods greater than 30 minutes, the milling was done in 30 minute periods,
followed by 15 minute cool-down periods. Milling was done with 100-300 rpm and 1725
rpm in Fritsch and Spex 8000M mills, respectively. After milling, the vials were opened
in the glove box and the samples were first transferred to glass vials for storage, and then
portions were loaded in a DSC sample boat.
Some samples were AuPd or Pt coated prior to testing. They were first prepared
by ball milling. Coating was done by an Emitech K550 type sputter coater at 20 mA. The
thickness of coating was controlled by setting the duration of coating. The dependence of
coating thickness on duration of coating had been determined by previous users of the
coater, and is given in Figure 8.
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Figure 8. Coating thickness dependence on coating duration.

2.4. Sample characterization and Analysis

A Rigaku Multiflex X-ray diffractometer using Cu Kα radiation, was employed to
characterize LaNi5+Al samples. Analysis was done over a 2θ range of 20º to 80º. The slit
width and scanning speed were 0.020 mm and 2.400 degrees per minute, respectively.
The X-ray generator voltage and current were set to 40 kV and 30 mA, respectively.
Samples were supported on a metal sample holder whose bottom was closed by scotch
tape and the sample was filled above it. Data were analyzed by Jade analysis software.
Elemental analysis of LaNi5 and Al doped LaNi5 was done by flame emission
spectroscopy using a Varian Inc. SpectrAA10 spectrometer. Lanthanum, nickel, and
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aluminum were analyzed at 441.7, 341.5 and 396.1 nanometers, respectively. An
acetylene/nitrous oxide flame was used with a slit width of 0.2 nm for all elements.
Lanthanum standards were prepared by making dilutions from a stock solution of La2O3
dissolved in HNO3. Nickel and aluminum stock solutions were prepared by dissolving
pure elements in 1:1 HNO3 and then standards were prepared by making appropriate
dilutions. The interferences of Ni on Al and Al on La were counter balanced by matching
the concentrations of the interferences in the standards to that of samples. The
interference concentrations were calculated by using the mass and composition of the
sample dissolved.
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3. RESULTS AND DISCUSSIONS

3.1. Hydride Formers

The small scale testing of hydride forming materials was done in the differential
scanning calorimeter (DSC). Hydrogen uptake capacity and onset temperature were
determined quantitatively. Qualitative data about the rate of reactions were obtained by
observation of the rate of pressure change. The materials selection was based on the
literature review, which emphasized factors such as hydrogen capacity, hydriding
conditions, as well as safety and availability. The materials subjected to initial
experiments were Mg2Ni, VTiNi, LaNi5 and LaNi5Alx where 0.05 < x < 5.67.
During the course of the experiments, heat flow, in milliwatts, into or out of the
DSC sample cell and sample temperature, in ºC, were recorded. The output of the
instrument, a thermogram, is a plot of differential heat flow and sample temperature
versus time. In this plot, an upward peak represented an exothermic event and named an
exotherm; a downward peak represented an endothermic event and is named an
endotherm. The design of the pressure cells utilized with the DSC incorporated pressure
transducers, and thus, allowed for simultaneous thermal and pressure measurements. The
pressure transducer mV output was collected at a sampling rate of one point per second.
Then, using the appropriate transform in the SigmaPlot software, the output was
converted to pressure in atmospheres and then to percent hydrogen by weight using the
number of moles, calculated from the ideal gas law
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V ∆P
. AWt
∆n. AWt
mH
RT
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%H =
ms
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where

mH

= mass of hydrogen

ms

= mass of sample

∆n

= change in number of moles of hydrogen

AWt

= atomic weight of hydrogen atom

V

= volume of sample cell

∆P

= change in pressure

R

= gas constant

T

= temperature

3.1.1. Mg2Ni

The Mg2Ni alloy was ball milled and a sample weighing approximately 110 mg
was loaded in the DSC and heated up to 250 ºC under 3.7 atm of H2. The thermogram
and the percent hydrogen and pressure curves for the initial hydriding step are given in
Figures 9 and 10, respectively. In the thermogram, two exothermic events were observed,
of which only the first one is accompanied by a pressure drop. The first peak indicated
uptake of hydrogen by the alloy at an onset temperature of 148 ºC. The amount of
hydrogen absorbed was slightly less than 3%. The smaller peak observed during cool
down was due to some phase change that did not involve absorption or release of gas.
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Figure:

Experiment:Tonguc Mg2Ni 20040520_1

Crucible:Steel
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20/05/2004 Procedure: hydriding (Zone 1)
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Figure 9: Thermogram for initial hydriding of Mg2Ni.
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Figure 10: Composition and pressure plots for initial hydriding of Mg2Ni.
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The thermogram associated with the subsequent dehydriding of the alloy
exhibited an endothermic event, ascribed to the loss of hydrogen from the alloy, at an
onset temperature of approximately 230 ºC. The amount of hydrogen released was
limited to 0.15% at 250 ºC, which was not sufficiently hot for complete dehydriding. The
sample was dehydrided again and 3% H was released at about 350 ºC. The thermogram
and the percent hydrogen desorbed plots are given in Figures 11 and 12. In the
thermogram, the endothermic peak is followed by two smaller exotherms. The exotherms
are due to the re-absorption of the released hydrogen. This re-absorption occurs as the
temperature decreases during the cooldown cycle.

Figure:

Experiment:Tonguc Mg2Ni 2nd dehydriding 20040520_3

Crucible:Steel
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20/05/2004 Procedure: hydriding (Zone 1)
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Figure 11: Thermogram for dehydriding of Mg2Ni.
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Figure 12: Percent hydrogen desorbed for dehydriding of Mg2Ni.

Ball milled Mg2Ni reacted at lower temperatures and H2 pressures to react than
previously reported values [23]. The amount of H absorbed, 3.04 %, (Mg2NiH3.23) was
lower than the reported value of 3.60 % (Mg2NiH4). The uptake reaction was complete in
about 15 minutes.

3.1.2. VTiNi

V, Ti and Ni were alloyed using the Spex8000 Mixer Mill. Since the starting
materials were pure elements, a relatively long milling time, 90 minutes, was used. The
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total time was broken into three 30 minute intervals separated by two 15 minute cool
down periods. The thermogram and composition curve for hydriding of the sample are
given in Figures 13 and 14, respectively.
Figure:

Experiment:MTO VTiNi 1st hydriding 20050319_4

Crucible:Steel

20/03/2005 Procedure: hydriding (Zone 1)
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Figure 13: Thermogram for initial hydriding of VTiNi.

After 500 seconds, a drop in pressure started and the accompanying exotherm had
an onset temperature of 80 ºC.

The terminal H percentage was about 1.1%,

corresponding to VTiNiH1.7.
Another sample of VTiNi was milled for 10 minutes, a much shorter period. This
sample took up approximately 0.6% H at about 90 ºC. This suggested that longer milling
times are better for this mixture of metals.
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Figure 14: Composition and pressure curves for the initial hydriding of VTiNi.
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The VTiNi sample was subjected to dehydriding to observe the amount of
reversible hydrogen in the sample. The thermogram (Figure 15) and the percent hydrogen
desorbed (Figure 16) indicate the release of hydrogen started at approximately room
temperature and continued up to 350 ºC, the maximum temperature used in the
experiment. At this point only about 0.4% of the absorbed hydrogen was given off. Then
as the cooling started, the sample appeared to reabsorb the hydrogen that was previously
released.
Figure:

Experiment:MTO VTiNi 1st dehydriding 20050319_5
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Figure 15: Thermogram for dehydriding of VTiNi.

43

4000

4500

5000

5500

Time/s

0.4

Wt. % H desorbed

0.3

0.2

0.1

0.0
0

2000

4000

6000

8000

corrected time (s)

Figure 16: Percent hydrogen desorbed for dehydriding of VTiNi.

Even though the hydrogen uptake onset temperature of the VTiNi alloy was less
than that of Mg2Ni, it had a lower hydrogen capacity at about 5 atm of initial H2 pressure.
Hydriding of the sample was complete in about 15 minutes, similar to Mg2Ni.

3.1.3. LaNi5

The hydrogen uptake properties of LaNi5 samples were determined under
isothermal conditions at room temperature. This was possible because LaNi5 forms a
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solid solution of hydrogen rather than a covalent or metallic hydride as in the case of
Mg2Ni, which required a considerable energy input to initiate the reaction with hydrogen.
The LaNi5 used in the first part of this study was obtained from Ergenics Inc.
Unfortunately, Ergenics, Inc. stopped supplying the material and so the remainder of the
work was done with alloy obtained from Alfa Aesar. The LaNi5 obtained from Ergenics
Inc. was shown to have a higher hydrogen capacity than the alloy obtained from Alfa
Aesar but was otherwise a comparable material.
Samples were activated for hydrogen uptake by ball milling and subsequent
thermal treatment in a hydrogen atmosphere. The effects of ball to powder ratio and the
type of mill on the activation of the alloy were studied.

3.1.3.1.

Effect of Ball Milling

Approximately 200 mg of LaNi5 were directly transferred to the DSC sample boat
without any treatment. The sample was subjected to thermal activation then was
pressurized again with 5 atm H2 and pressure was monitored at constant temperature. As
no change in pressure, it is assumed that the sample did not react with hydrogen
significantly. A second activation cycle was performed followed by the second constant
temperature hydriding; however, the sample still did not react with hydrogen. In both of
the constant temperature experiments, the non-milled sample took up only 0.05% H.
The next LaNi5 sample was prepared by ball milling in Spex8000 Mixer Mill for
10 minutes with a ball to powder ratio (BPR) of 10:1. Approximately 200 mg of sample
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were placed in the DSC. The cell was pressurized with about 4 atm H2 and pressure was
monitored at constant temperature to determine if ball milling alone activated the sample
for hydrogen uptake. Pressure remained constant during the experiment, implying that
the sample was not active.

3.1.3.2.

Effect of Thermal Activation

The sample described above (section 3.1.3.1) was then subjected to a thermal
activation cycle, followed by constant temperature hydriding at 5 atm H2. Pressure and
thermal monitoring started immediately after the system was sealed. Pressure dropped
instantly along and corresponded to the exotherm shown in the thermogram in Figure 17.
The sample took up 1.02% H rapidly, Figure 18.
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Figure:

Experiment:NewMTO LaNi5 3rd hydriding 20040817_3
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Figure 17: Thermogram of ball milled and thermally activated LaNi5.
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Figure 18: Composition curve of ball milled and thermally activated LaNi5.
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The average value of percent hydrogen for the sample described was calculated as
1.04% (LaNi5H4.5). Mechanical milling, followed by a single hydriding/dehydriding cycle
resulted in the activation of LaNi5. This was explained by the generation of new surfaces
by cracking due to cell volume expansion upon hydriding [62]. The percent hydrogen
obtained, as opposed to the theoretical value of 1.57% (LaNi5H6.7), was most likely due
to the application of different activation procedures and experimental parameters, such as
low H2 pressure. It was reported previously that at high H/M ratios corresponding to the
full hydride LaNi5H6.7, reproducibility is reported to be markedly affected by extrinsic
experimental conditions and intrinsic properties, such as compositional variances, of
LaNi5 [53].
The results of DSC analyses were dependent on several uncontrolled experimental
parameters. For instance, from the milled samples, only a portion was taken for hydrogen
uptake analysis, and the analyzed portion may not have been representative of the whole.
The size of the sample taken to the DSC was another variable, at low pressures the
amount of H2 was not enough to fully hydride the sample. Smaller samples had higher
hydrogen capacities due to the more H2 per unit mass of sample.

3.1.3.3.

Effects of Type of Mill, Milling Speed and Milling Atmosphere

Additional LaNi5 was milled using a Fritsch Pulverisette Planetary Mill. Milling
was done for 10 minutes, with a ball to powder ratio of 10:1. Milling speeds of 100 rpm
and 300 rpm were chosen to observe the effect of those parameters on activation. In the
48

100 rpm setting, the milling vial was filled with 20 balls and 8.01 grams of sample. After
milling, it was observed that the sample still contained the coarse particles. After thermal
activation in the DSC, the sample did not absorb hydrogen in the subsequent constant
temperature hydriding. Then, the milling speed was changed to 300 rpm for the next
sample. After the activation cycle, 0.60% H was absorbed by the alloy, corresponding to
LaNi5H2.6 (Figure 19). The use of higher milling speed resulted in activation of the
sample. Even though the reaction reached equilibrium within the first 500 seconds,
similar to the sample prepared using the Spex8000 Mixer Mill, hydrogen capacity was
lower. The reason for this difference in hydrogen capacity was possibly due to the
different milling speeds which were 1725 rpm in Spex8000 and 300 rpm in the Fritsch.
At higher milling speeds, the impact on the particles were stronger and the stress induced
was more pronounced.

49

0.7
0.6

Wt. % H absorbed

0.5
0.4
0.3
0.2
0.1
0.0

0

500

1000

1500

2000

2500

3000

3500

time (s)

Figure 19: Composition curve for hydriding of LaNi5 prepared in Fritsch Pulverisette
Mill at 300 rpm.

In an attempt to enhance activation by milling, the vial containing the sample was
filled with 3.7 atm H2 prior to milling. Milling in a reactive atmosphere is referred to as
reactive milling. This was accomplished by using a vial cap equipped with inlet and
outlet valves to change the milling atmosphere. This type of vial was only available for
the Fritsch Pulverisette mill. By reactive milling, it was projected to increase the
brittleness of the alloy by the dissolution of hydrogen in the metal, inducing lattice
expansion in the crystal structure and causing internal stress. The sample took up 0.56%
H after thermal activation, which was less than, but close to, the value determined for the
sample prepared in an argon atmosphere. It was reported previously that reactive milling
under approximately 10 atm of H2, using similar milling parameters (Fritsch mill, 30:1
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BPR, 400 rpm, 5 minutes) did not result in any improvement in terminal hydrogen
capacity [63]. As milling time was increased (60 to 600 minutes), H2 capacity decreased
for samples that were milled under both Ar and H2 atmospheres. Samples milled in
hydrogen showed a greater decrease in hydrogen capacity due to formation of elemental
La and, consequently, its thermodynamically stable hydride LaH2. On the other hand, the
kinetics for both systems were enhanced as the plateau region in the p-c-T diagram
diminished (Figure 20) indicating the disappearance of the LaNi5 hydride phase [63].

Figure 20. Effect of milling time on pressure-composition isotherms of LaNi5 under
argon (left) and hydrogen (right) atmospheres.
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3.1.3.4.

Effect of Milling Time and Ball to Powder Ratio

Two samples of LaNi5 were milled in the Spex8000 Mixer Mill with a BPR of 1:1
for 10 and 30 minutes, respectively. Each sample was analyzed for hydriding at constant
temperature after a single activation cycle. The% H absorbed by the samples, along with
the results presented in the previous sections, are given in Table 1. The data indicate that
LaNi5 was best activated with the Spex8000 Mixer Mill with a BPR of 10:1 for 10
minutes.
During ball milling, some of the material was stuck on the milling media. In the
Spex8000M mill with 10:1 ball to powder ratio, the amount of LaNi5 lost was 30% of the
initial amount. To avoid material loss, samples for larger scale experimentation were
prepared with a lower BPR. BPR and milling time were 1.7:1 and 30 minutes,
respectively. Those samples were also analyzed using the DSC. The DSC analyses
included the activation cycle, followed by the constant temperature hydriding and were
repeated five times. The average percent hydrogen capacity at about 5 atm of H2 was
calculated to be 0.76%.
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Table 1: Effects of various milling parameters on hydrogen capacity.
Mill type
Milling variables

Fritsch Pulverisette

Spex8000

Milling vial

SSa

SS

SS

WCb

WC

WC

SS

Atmosphere

Ar

Ar

H2

Ar

Ar

Ar

Ar

Speed, rpm

100

300

300

1725

1725

1725

1725

BPR

10:1

10:1

10:1

10:1

1:1

1:1

1.7:1

10

10

10

10

10

30

30

None

0.60

0.56

1.06

0.54

0.66

0.76

Milling time, min
%H
a
b

Stainless steel
Tungsten carbide

3.1.3.5.

Dehydriding of LaNi5

The thermogram representing the dehydriding of LaNi5 is shown in Figure 21. Of
the two endotherms; one was observed during the delay of heat transfer to the sample,
and the other after heating started. This indicated that some hydrogen was released at
room temperature (Figure 22), and then after heating starts the rest was given off.
Dehydriding was complete when the sample temperature reaches about 340 K.
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Figure:

Experiment:MTO LaNi5l 2nd dehydriding 20050318_5
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Figure 21: Thermogram for dehydriding of LaNi5 starting with 1 atm. H2.
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Figure 22: Percent hydrogen desorbed plot for dehydriding of LaNi5.
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Due to the fast kinetics observed at ambient temperatures, LaNi5 was subjected to
further analysis as a candidate material for hydrogen recovery from H2:He mixtures. The
effects of the addition of aluminum by ball milling, as well as varying the preparation
parameters, have been investigated and the results are presented in the following sections.

3.2. Aluminum in LaNi5

3.2.1. Interaction With Pure Hydrogen

The effect of partial substitution of nickel by aluminum in LaNi5 for the purpose
of altering the hydriding properties has been subject of many previous studies. From the
macro perspective, lower H2 pressure was needed to achieve the same H/M ratio as LaNi5
alone. This observation is explained from the effect of Al on the crystal lattice expansion
upon hydriding, which is a limiting factor to the process. Aluminum addition is reported
to decrease the extent of expansion by decreasing the dislocation density and vacancy
concentration upon hydriding. It also increases the lattice constants, resulting in more
hydrogen being absorbed [58].
In the previous studies, LaNi5-xAlx samples were reported to be prepared by arc
melting the stoichiometric amounts of the components followed by size reduction by ball
milling. In this study, aluminum was added to LaNi5 via ball milling. Therefore, the Al
content is presented as mole percentages, varying between approximately 0.9 and 33.3 %
of the total number of atoms in LaNi5Alx.
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In this section, results of the DSC analyses are presented. The results of the scaled
up analyses which were done using the Parr reactor and the U-tube reactor are given in
the subsequent sections. Experimentally determined aluminum content for all the samples
are presented in this section.
The theoretical mole percentages of Al in LaNi5Alx in DSC analyses were 0.87,
5.26, 14.29 and 33.33 mole %. Percentages for samples used in Parr and U-tube reactors
were 0.79, 1.56, 3.88 and 14.21 mole %. The actual percent Al values were determined
after the samples had been ball milled and used for hydrogen uptake. Some of the
samples were analyzed before they were reacted with hydrogen. The results for all
samples, converted to mole % Al, are given in Table 2.
Table 2. Aluminum content before and after ball milling.

Mole % Al
Sample

Initial mixture

After Milling

1. Milled (SS), reacted, Parr

0.79

0.74

2. Milled (WC), reacted, DSC

0.87

0.77

3. Milled (SS), reacted, Parr

1.56

1.35

4. Milled (SS), Parr

1.56

1.22

5. Milled (SS), loose powder, Parr

3.88

3.38

6. Milled (SS), residue in the vial, Parr

3.88

3.94

7. Milled (WC), reacted, DSC

5.26

4.74

8. Milled (SS), Parr

14.21

14.00

9. Milled (WC), reacted, DSC

14.29

12.00

10. Milled (WC), reacted, DSC

33.33

47.31
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The mole % Al after milling was less than that was originally loaded except for
samples 6 and 10. Sample 6 was the material that was stuck on the milling media. The
stuck material was recovered by milling the remaining powder in the presence of ethanol
and then filtering the metal-ethanol suspension and drying. Al was the more malleable
component, therefore, during milling it coated the milling media and depleted in the bulk.
The increase of Al content in sample 10 may be because of the non-homogeneity of the
milled product, therefore, the sample taken for analysis may not have been representative
of the whole.
Weight percent of H absorbed by LaNi5+Al samples are listed in Table 3 and the
H2 uptake curves for the samples containing different amounts of Al are given in Figure
23. The closeness of percent hydrogen for smaller percent Al was due to the poor
reproducibility of this heterogeneous reaction.
Table 3: Percent hydrogen uptake values for different amounts of Al in LaNi5.
Mole % Al
Wt. % H

0

0.77

4.74

12.00

47.31

Avg. (n=3)

1.04

1.05

0.95

0.87

0.68

Max. observed

1.09

1.13

0.98

0.92

0.69
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Figure 23: Percent hydrogen uptake curves for different amounts of Al in LaNi5

Dependence of percent hydrogen absorbed on Al content in LaNi5 is given in
Figure 24. The observed amount of H2 absorbed remained constant at low Al contents,
and then decreases as Al content increased.
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3000

Figure 24: Percent hydrogen capacity as a function of mole % Al in LaNi5.

3.2.2. Hydrogen Uptake From Hydrogen – Helium Mixtures

VTiNi, LaNi5 and LaNi5 with 0.77, 4.74 and 12.00 mole % Al were subjected to
hydriding tests using a mixture of 50% (v/v) hydrogen and helium. Mg2Ni was excluded
from analyses with H2:He mixtures due to its high hydriding onset temperature.
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3.2.2.1.

VTiNi

VTiNi was first hydrided with H2 only. Then VTiNi was analyzed with He at 150
ºC at 40 psig pressure as the control reaction. The pressure data proves (Figure 25) VTiNi
does not interact with pure He.
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Figure 25: Pressure transducer output curve for VTiNi heated under He atmosphere.

Then, the DSC cells were filled with a 50% H2:He (v/v) mixture and the sample
was subjected to hydriding with heating up to 150 ºC. The associated thermogram (Figure
26) shows two exotherms. The first is due to an undetermined experimental parameter at
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the start of the heating period, which is observed in every other experiment. The second
exotherm starting at approximately the 800th second is accompanied by a pressure drop.
The percent hydrogen versus corrected time plot given in Figure 27 (b) and that of
hydriding with pure H2 (a) indicates approximately 0.2 % H is absorbed. In the presence
of helium, hydriding occurs in one step similar to the case of pure hydrogen however,
both the rate of uptake and terminal capacity of hydrogen in VTiNi are reduced.

Figure:

Experiment:MTO VTiNi 2nd hydr 50 % H2 He 20050320_3

Crucible:Steel

20/03/2005 Procedure: 50 % H2-He (hydriding) (Zone 1)
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Figure 26: Thermogram of VTiNi hydrided with 50% (v/v) H2-He mixture.
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(a) Under H2, partial pressure of H2 = 5.07 atm.
(b) Under 50% H2-He (v/v), partial pressure of H2 = 3.31 atm.

Figure 27: Percent hydrogen curves of VTiNi hydrided with 50% (v/v) H2-He mixture
and pure H2.

3.2.2.2.

LaNi5

The percent hydrogen release profile with time is given in Figure 28, including
that of LaNi5 hydrided with pure H2. After initial uptake of hydrogen of about 0.08%,
about 0.38% terminal hydrogen capacity was reached in the following several hours. The
presence of helium was shown to slow down the reaction and reduce hydrogen capacity.
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However, it was noted that the partial pressures of H2 in the two cases were different,
which will be addressed in the following sections where H2 pressure is constant.
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(a) Under H2, partial pressure of H2 = 5.11 atm.
(b) Under 50% (v/v) H2-He, partial pressure of H2 = 3.33 atm.

Figure 28: Percent hydrogen curves of LaNi5 hydrided with 50% (v/v) H2-He mixture and
pure H2.
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3.2.2.3.

LaNi5 with Al

The sample containing 12% Al was pressurized with pure He to verify inertness.
There was no pressure drop observed (Figure 29); therefore, all samples of LaNi5 and

Pressure transducer output (mV)

LaNi5Alx were accepted to be non-interacting with He.
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Figure 29: Pressure transducer output of DSC for 50 mole % Al in LaNi5 under pure He
atmosphere.

LaNi5 samples containing 0.77, 4.74 and 12.00 mole % Al were hydrided using
50% (v/v) H2-He mixture, as described for pure LaNi5 in section 3.2.2.2, using two
different pressures, 6.6 and 10 atm. The amounts of hydrogen absorbed at different H2
partial pressures are given in Table 4. For all the samples, percent hydrogen absorbed was
similar, provided that the partial pressures of H2 were equal. For lower partial pressures,
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percent hydrogen was decreased. The amount of H absorbed was found to be dependent
on the initial pressure of H2.
Table 4. Dependence of percent hydrogen absorbed on partial pressure of H2.

LaNi5

0.77 mol % Al in LaNi5

4.74 mol % Al in LaNi5

12.00 mol % Al in LaNi5

Atmosphere

PH2, atm.

Wt. % H

H2

5.11

1.02

50% (v/v) H2-He

3.33

0.36

H2

5.60

1.05

50% (v/v) H2-He

3.30

0.33

50% (v/v) H2-He

5.10

0.90

H2

5.07

0.97

50% (v/v) H2-He

3.35

0.35

50% H2-He

-

-

H2

5.27

0.80

50% (v/v) H2-He

3.37

0.15

50%(v/v) H2-He

5.10

0.59

The percent hydrogen curve for the sample with 0.77% Al (Figure 30) at 5 atm of
H2 indicated a decreased reaction rate with the presence of helium. The completion time
for the reaction dropped from about 10 minutes to 120 minutes.
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Figure 30: Percent hydrogen curves for LaNi5 with 0.77% Al, hydriding under pure H2
(a) and 50% (v/v) H2-He (b).

The decreased reaction rate of hydrogen uptake of LaNi5 due to the presence of
helium was previously reported and the rate limiting step was announced to be the
transport of H2 to the surface of the LaNi5 [64]. This result was verified in this work.
Supported with the inertness of LaNi5 with He, the rate limiting step was verified to be
the transport of H2 from the bulk of the gas phase to the metal gas interface.
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3.2.2.4.

AuPd and Pt Coating on LaNi5

The reduced reaction rate for the H2-LaNi5 system was determined to be the
inhibition of transport of H2 to the LaNi5 surface. The dominance of He on the surface
eventually left less surface for H2 absorption. On the other hand, the capacity was not
highly affected due to the fact that interaction of the metal with H2 was inhibited only at
the surface.
Gold-palladium (AuPd) and Platinum (Pt) are known to be used as catalysts
facilitating hydrogen dissociation in hydrogenation reactions. The dissociation and
transport of H2 is expected to be high on these catalysts. Therefore to overcome the
inhibition of rate when He is present (i.e. enhance H2 dissociation on the surface), the
samples were coated with AuPd and Pt.
The percent hydrogen values for LaNi5 with 12 and 0.77% Al at different
hydriding pressures are given in Table 5. The types of coating and percent hydrogen
values for non-coated samples as reference are also listed.
The amount of hydrogen absorbed from 50% (v/v) H2-He mixtures increased as
AuPd coating times increased. The percent hydrogen was still less than the value
obtained from pure H2 at the same pressure. However, the capacity loss in the presence of
He was restored for Pt coated samples.
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Table 5. Percent hydrogen uptake with AuPd and Pt coating on LaNi5.
Weight % H
Mole

Coating type and time,

% Al

min

12

No coating

12

5 atm H2 in

3.3 atm H2 in

50% (v/v) H2-He

50% (v/v) H2-He

0.81

0.59

-

AuPd, 4

0.91

0.64

0.33

12

AuPd, 8

0.84

0.79

0.43

12

Pt, 2

0.83

-

0.33

0.77

No coating

1.03

0.83

-

0.77

Pt, 2

1.00

1.01

0.55

5 atm H2

Figure 31 shows percent hydrogen curves for samples with AuPd coating on
12.00% Al where the coating is shown to fail to increase the hydrogen absorption rate
and capacity.
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Figure 31. Percent hydrogen curves for rate comparison of AuPd coated and non-coated
samples.

The effect of Pt coating on the rate of reaction is presented in the percent
hydrogen plots given in Figure 32. The time to completion of the reaction of the Pt coated
sample with H2 was about 1 hour which was lower than the 3 hour reaction time for the
non-coated sample. Pt coating increased the reaction rate and capacity of LaNi5 samples,
which suggested the surface affinity of H2 was enhanced. This could be due to the high
solubility of H2 in Pt.
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Figure 32. Percent hydrogen curves for rate comparison of Pt coated and non-coated
samples.

3.3. Parr Reactor

Samples of LaNi5 with 0.74, 1.35 and 3.38% Al were tested in the Parr reactor.
After the activation procedure, the reactor was pressurized with H2 sealed. Pressure drop
was monitored and the percent hydrogen absorbed was calculated using the ideal gas law.
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After dehydriding by the sample, the same procedure was repeated by using 50% (v/v)
H2:He.
For the reaction of the samples with H2, the pressure profiles were plotted (Figure
33). The reactions were complete within 10 minutes; much like the reaction of LaNi5
with H2 analyzed using the DSC. The hydrogen capacities of the samples given in Table
6 indicate the percent hydrogen absorbed by the LaNi5 was also in accordance with the
results obtained from DSC analysis, which were given in Table 1.
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Figure 33. Pressure profiles under H2 atmosphere.
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Table 6. Percent hydrogen values for pure H2 in the Parr reactor.

Mole % Al

PH2, atm.

Weight % H

0.74
1.35
3.38

7.65
7.70
7.34

0.89
0.72
0.72

The pressure profiles for the samples that were pressurized with 50% (v/v) H2:He
(Figure 34) indicated that the reactions were complete also in 10 minutes. The percent
hydrogen values are presented in Table 7. In the batch reactor, the rate of reaction was
not affected from the presence of He. This observation suggests that, at high enough H2
pressures (7 atm in 50:50 H2:He mixture), the surface occupation of LaNi5Alx by He was
not significant, compared to low H2 pressures (5 atm). It could also be possible that the
interaction of the LaNi5Alx with hydrogen in the presence of helium was dependent on
the scale of the system. The volume of the Parr reactor was 2000 mL, as opposed to the
15.37 mL of volume of the DSC cell. Also, in the Parr reactor, the sample amount was
higher. Only the top layer was exposed to the He; therefore, the surface interaction of He
was limited, and a reduction in reaction rate was not observed.
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Figure 34. Pressure profiles under 50% (v/v) H2:He atmosphere.
Table 7. Percent hydrogen values for 50% (v/v) H2:He in the Parr reactor.

Mole % Al

PH2, atm.

Weight % H

0.74
1.35
3.38

6.82
8.33
8.88

0.84
1.11
1.04

Hydrogen capacity was higher in all samples when they were hydrided using the 50%
(v/v) H2:He. Since the samples were analyzed using H2 first, the increased percent
hydrogen

may

indicate

the

samples

were

hydriding/dehydriding cycle.
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further

activated

by

the

first

3.4. U-Tube Hydriding Reactor

The U-tube that was used for scaled up experiments was filled with approximately
190 grams of LaNi5 and then the flow of 2% (v/v) H2:He at about 9 atm was fed into it.
The flow out of the reactor was restricted to about 200 mL.min-1 by a pressure relief
valve. The valve maintained the pressure within the reactor, while allowing a slow flow.
The gas chromatogram of multiple injections is given in Figure 35. The single peaks over
the first 20 minutes were helium peaks, represented by empty circles. Hydrogen was not
observed in the effluent because it reacted with LaNi5. When LaNi5 could not absorb any
more H2, hydrogen peaks started to show (filled circles). The percent hydrogen values in
the effluent were calculated using peak area ratios of H2 and He. The breakthrough curve
was plotted as a function of time (Figure 36).
The U-tube reactor successfully removed the hydrogen from the H2-He stream
and allowed the passage of He only. The amount of hydrogen retained in the reactor at
the time of saturation was calculated from material balance. The amount of helium
leaving the system was calculated using flowrate and time
VHe (mL) = flowrate (mL.min-1) x time (min)
which was equal to the amount of He that entered the system. Since the composition of
the entering gas mixture was known, the amount of H2 entered was calculated using
VHydrogen = VHe x (20/80)
and converted to the amount and then weight percent hydrogen in the LaNi5.
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Figure 35. Chromatogram for hydrogen absorption in the U-tube reactor.

For this particular example, the percent hydrogen in the LaNi5 was calculated as 0.043%.
The average percent hydrogen absorbed of four trials with the same feed pressure was
calculated as 0.041%. The low percent hydrogen of LaNi5 was possibly due to the low
pressure of H2. The H/M ratio was 0.03, which corresponded to the α-phase as shown in
the p-c-T diagram of LaNi5 given in Chapter 1. This may indicate that the H2 was
absorbed to some extent, and the hydrogen atom concentration did not increase enough to
yield the β-phase. To increase the rate of hydrogen absorption in the continuous system,
and subsequently establish conditions for the formation of the hydride LaNi5H6, the
partial pressure of H2 was found necessary to be increased.
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Figure 36. Effluent gas composition as percent hydrogen (v/v).

3.5. X-Ray Diffraction

3.5.1. LaNi5

The LaNi5 obtained from Alfa Aesar was directly transferred to the sample holder
of the X-ray diffractometer without any treatment. A sample of LaNi5 was loaded in the
XRD and four consecutive X-ray spectra of the same sample were obtained, and given in
Figure 37 along with the expected spectrum for LaNi5. Inconsistencies within the peak
intensities were observed, yet the elemental analysis proved that the composition of the
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sample was LaNi5. This may indicate that the LaNi5 was not in its normal crystalline
form and the energy from the X-ray beam was inducing changes in the crystal phase.
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Figure 37. XRD spectra of LaNi5.

LaNi5 was ground with mortar and pestle in the glove box. The three consecutive
scans in the XRD (Figure 38) resulted in spectra that involved peaks that matched with
the reported peak positions of LaNi5. However, the relative intensity of the observed
peaks did not match with the reported ratios, and, inconsistencies within the spectra were
observed.
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Figure 38. XRD spectra of LaNi5 ground with mortar and pestle.

Five more LaNi5 samples were prepared by ball milling in the Spex8000M for
3, 6, 10, 15 and 30 minutes respectively. The XRD spectra of the samples are given in
Figure 39. As the reference, the XRD spectrum of non-milled LaNi5 that most closely
matches the expected spectrum is included. The relative intensities of the peaks were
observed to approach the reported ratios for LaNi5 as milling duration was increased.
This suggests that the normal phase of LaNi5, a CaCu5 phase was formed as the milling
proceeded. In contrast, the peaks were observed to lose intensity and broaden, which
suggested the formation of an amorphous phase, but, the broadening effect could be
because of particle size reduction.
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Figure 39. XRD spectra of LaNi5 milled for varying durations.

3.5.2. LaNi5+Al

The XRD spectrum of Al is shown in Figure 40. Samples of LaNi5 mixed with
5.26, 14.29 and 33.33 mole % Al were examined by XRD analysis. The spectrum of
LaNi5 with 33 mole % Al is given in Figure 41. In the spectra, aluminum peaks were
identified. The Bragg peak for LaNi5 at 42.5º was identified; however, the intensities of
other LaNi5 reflection lines were not strong enough to be identified.
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Figure 40. XRD spectrum of aluminum.
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Figure 41. XRD spectrum of non-milled LaNi5 with 33 mole % Al.
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After milling the percentages of Al were determined to be 4.74, 12.00 and 47.31
mole %. The XRD spectra of the milled samples are plotted, Figure 42. The intensity of
the Al Bragg peak at 38.5º increased with the increased Al content; however, its intensity
was less than the Bragg peak of LaNi5. The angle of the Bragg peaks also changed from
42.5º to 42.0º. This suggests the formation of LaNi4Al for which the angle of the Bragg
peak is at 42.0º.
This formation would lead to free Ni through
LaNi5 + Al → LaNi4Al + Ni
The Bragg peak for Ni was expected to be at 45.5º, coinciding with one of the lines of
LaNi5; therefore, the formation Ni could not be verified. However, for LaNi4Al, a
reflection line expected at 44.5º became observable for LaNi5 milled with Al, which also
suggests the formation of LaNi4Al by ball milling. The peak at 44.5º is indicated with a
red arrow in the figure.
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Figure 42. XRD spectra of milled LaNi5 containing Al.
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4. CONCLUSIONS

This study has been a contribution to the unexplored field of separation of
hydrogen and helium mixtures. The study has concentrated on LaNi5 as the separating
agent. In the small scale DSC, it exhibited fast kinetics with H2 at ambient temperatures
and at about 5 atm of pressure. The presence of He negatively influenced these
parameters in the small scale. The effect was reduced to a large extent by applying a thin
platinum coating on LaNi5; however, this approach would be costly due to the use of Pt
in the large scale.
The scaled up analyses of LaNi5 and its derivatives were done with batch and
continuous systems. The LaNi5 in the batch system reacted rapidly with H2 even in the
presence of He, provided that the partial pressure of H2 was high enough.
The continuous U-tube reactor system was successful in producing pure He.
However the full capacity of the LaNi5 was not achieved therefore the efficiency was
low. The low capacity was due to short residence time of the gaseous reactant in the
reactor, with the used equipment. With the addition of flow control equipment, the
residence time in the reactor can be increased and the continuous system can be a
stronger candidate to be used at the Kennedy Space Center for the recovery of hydrogen
and helium.
The XRD analysis of LaNi5 and LaNi5Alx suggested that, by ball milling, LaNi4Al
could be produced. However, the extent of conversion was not quantified in this thesis.
LaNi4Al, if it had formed, was shown by DSC analysis that, absorbed less H2 than LaNi5.
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