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Chapter 1: Motivation and Objectives

Billions of cubic meters of hydrogen are consumed in various industrial fields
every day, and the demand for it continues to grow [1]. With increased concern over
energy security, sustained supply of fossil fuels and their effect on climate change and
global warming, hydrogen based energy systems are more attractive than ever before.
Wider availability and utilization of hydrogen based energy can help address
concerns about energy security, global climate change, and air quality. Currently,
hydrogen is produced in several different ways, such as electrolysis of water, steam
reforming of methane, gasification of coal and partial oxidation of oil or natural gas.
These production methods are both energy intensive and expensive yet the total
annual production continues to increase rapidly. One novel method of hydrogen
production uses thermal conversion, such as pyrolysis and gasification to breakdown
coal, biomass, wastes and low grade fuels. This reaction produces synthetic gas
(syngas) comprised of primarily carbon monoxide, carbon dioxide, and hydrogen gas
[2]. Nevertheless, a reliable and cost effective method of separating the hydrogen
from the syngas remains elusive.

Separation by selective diffusion uses noble metal and polymer based
membranes to extract the hydrogen [3]. Operating conditions as well as output
preferences are key factors in determining the preferred method. Palladium and
palladium alloys are ideal candidates for membrane materials, as their catalytic
properties allow hydrogen to diffuse through them even at room temperature. In

addition, as the hydrogen is passing through the actual metal lattice structure, these



metals are theoretically infinitely hydrogen selective. This permits levels of hydrogen
purity that are not attainable by many other methods.

In this study, selective diffusion of hydrogen through palladium based
membranes is examined. The effect of syngas and membrane composition are
investigated under different operating conditions, such as temperature and pressure.
This is a favorable separation method when the hydrogen is produced via gasification
and pyrolysis. By examining membrane behavior, a greater understanding of the
governing processes can be attained. With this expertise, practical solutions may be

fostered for obtaining high purity hydrogen at high efficiency and low coast.



Chapter 2: Literature Review

2.1 Hydrogen Permeation

Hydrogen separation techniques can be divided into three primary categories:
chemical, physical, and selective diffusion. Chemical separation consists primarily of
a catalytic purification, the removal of oxygen by catalytic reaction from electrolytic
hydrogen. Physical separation includes metal hydride separation, pressure swing
adsorption, and cryogenic separation [3]. Selective diffusion uses noble metal and
polymer based membranes [3]. The preferred method is determined through factors
like feed stream, operating conditions, and desired output. The focus of this thesis is
selective diffusion using palladium based membranes; as the following chapter will

focus on the history, theory and current technology for that separation technique.

2.1.1 Hydrogen Permeation Process

French scientists, H. Deville and L. Troost first observed the diffusion of
hydrogen through homogeneous plates of iron and platinum in 1863 [4, 5]. Most
notably, Thomas Graham demonstrated the diffusion of hydrogen heated palladium
and went on to work extensively with palladium foil and palladium tubes in 1866 [6].
These discoverers of palladium’s ability to permeate hydrogen can be seen in figure

2-1.



Figure 2-1 Pioneers of permeation: (Left) Henri Sainte-Claire Deville, (Center) Louis
Joseph Troost, (Right) Thomas Graham [7-9].

Permeation is defined as the transfer of a gas from the high pressure side to
low pressure side of a solid, non-porous material [10]. The mechanism describing
hydrogen permeation through a palladium based membrane consists of seven distinct

steps [11], as shown in Figure 2-2:

1) Molecular diffusion of hydrogen from the feed gas to the membrane
surface

2) Dissociative adsorption on the membrane surface

3) Transition of surface adsorbed H-atoms into the metal

4) Diffusion of H-atoms through the membrane

5) Transition from the membrane to the surface on the permeate side

6) Associative desorption from the membrane surface on the permeate
side

7) Molecular diffusion away from the surface into the permeate gas.

The tendency of hydrogen molecules to adsorb on the surface of palladium and

dissociate is considered a non-activated process [10]. A non-activated process is

4



defined as a process that does not require energy to occur (no activation energy is
required, i.e. an increase in temperature or heat treatment is not required). This is
supported by the observation that hydrogen will permeate through palladium at room

temperature and atmospheric pressure.

H, molecule —>.

Dissociative adsorption
Pd/Pd alloy

\ : . Surface-bulk transition
O
o eo®
@

Hatom\. . Bulk diffusion
o
® 0
®. 0

Associative desorption

Figure 2-2 Hydrogen transport across a Palladium-alloy membrane [13].

Bulk-surface transition



2.2 Modeling Methods

2.2.3 Macro-scale Theory
The most common means of modeling the permeation of hydrogen through palladium
membranes is to take a macro-scale approach. This high level method models the
permeation process via Fick’s first law, where diffusive flux is related to the
concentration under the assumption of steady state. It shows how the flux goes from
high concentration to low concentration and is proportional to the concentration

gradient; see the equation below [14,15]:

ac,,

o =D 2-1)

where, Jy is the flux of hydrogen atoms through the membrane, Dy is the diffusion
coefficient of the membrane, and Cy is the concentration of hydrogen atoms.
Sievert’s Law then relates the hydrogen atom concentration within the membrane to
the hydrogen partial pressure, as shown in Eqn. (2-2) below [14,15].

Cy = Kspy, (2-2)
where, Ks is the Sieverts’ Constant, and the ’p;fi is the partial pressure of the hydrogen

molecules. The partial pressure is raised to the n™ power in order to illustrate the
dissociation of the hydrogen molecules into hydrogen atoms at the surface of the

palladium [14,15]. The hydrogen activity in solids, ag, is defined as:

PH:)
Gy = 1 —
H, (2-3)

where, p;}i is the standard pressure of hydrogen. Expressing partial pressure in terms

of activity and substituting Sieverts’ relation into Fick’s law, provides:

6
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Integrating over the membrane thickness provides:

n ﬂ’H,:.-.*psrr'a am Iﬂ’H,r:L' DWHSETEE M

Ju = DK (ps,) I

(2-5)
If both the upstream and downstream surfaces of the membrane maintain equilibrium

with their respective gas phase, then partial pressure can be substituted to give:

_DMKS[ n

JIrH - I Hﬂ_np.stream - pﬁnz_duu‘n.stream]. (2-6)

In general, the rate of hydrogen diffusion is proportional to the difference of the n"
power of the upstream and downstream partial pressures. The hydrogen diffusion is
also inversely proportional to the membrane thickness. The n-value is known as the
pressure exponent. When n = 0.5, hydrogen atom diffusion through the membrane
dominates the hydrogen transport process. However, the condition of n > 0.5 implies
other processes play a role in affecting hydrogen transport. Often, an empirical 0.5 <

n < 1 is used to tune the model, nevertheless, doing so masks the underlying physics.

2.2.2 Micro-Scale Theory

Micro-scale approach attempts to model each distinct stage in the permeation
process and relate each effect on the other stages and the palladium-hydrogen system
as a whole. In the first step, diffusion of the hydrogen from the feed gas to the
surface has been modeled as the Brownian motion of hydrogen gas through a
boundary layer adjacent to the membrane surface [13]. This is given by the governing

equation:

Ja=22(c-c) @)



where Jy is the atomic hydrogen flux, Dy, is the diffusion coefficient of the hydrogen
gas, 0 is the thickness of the boundary layer. While C and C; are the gas phase
molecular hydrogen concentration in the feed gas and at the membrane surface
respectively. The diffusion coefficient will be proportional to the temperature raised
to the two-thirds and inversely proportional to the pressure. The boundary layer
thickness is difficult to predict as it will vary widely whether the flow is laminar or
turbulent.

The surface reaction processes can be addressed as a balance between the
adsorption and desorption of the hydrogen molecules on the membrane’s surface. In
Ward and Dao’s model [11], adsorption rate, K,ps, of hydrogen on to the membrane
surface is calculated as:

Kaps = 25k oy (2-8)
where S is a sticking coefficient and ko is the collision rate of hydrogen molecules
on the surface. The sticking coefficient is a function of the probability of a hydrogen

molecule finding two adjacent adsorption sites on the membrane’s surface, given as:

268(1—8)
By =1 -6 — » e
[1-46(1-) (l—exp(—mn] +1 09)
where w is the pairwise interaction energy, and kg is Boltzmann’s constant.
Reviewing the work of Bhargav et al. the ks can be simplified to the equation:
Bads
Kaas = (ir e ) (2-10)
Tpgcury & ZTW

Where Tpa,sury is the volumetric concentration of interstitial sites, Sads is the

temperature exponent for the reaction rate of adsorption on the surface, and Wy is the



molecular weight of species k. As can be seen in equation (2-10), there seems to be a
potential for a power-law temperature dependence.
Desorption on the other hand can be modeled as an Arrhenius rate constant

given by:

- Eﬂ,das (ij
kﬂd_‘? = (‘qﬁ'as?gaes cxp (_T)

(2-11)
where E is dependent on the interaction potential of surface species.
Next, the transition of hydrogen between the surface and bulk of the

membrane can be modeled as [6]:

Erz,sb)
RT (2-12)

ko =k .exp (—

where Ea are the activation energies for adsorption, absorption, and diffusion. In
Ward and Dao’s work, the surface-to-bulk activation energy was found to be 13.3
kcal/mol [11].

Similar to the macro-model, the atomic diffusion flux, Jy through the
membrane bulk is concentration driven and may be modeled by the linear one-
dimensional Fickian diffusion:

Xfﬂad —X

pETM

= —-0n_T g ——————
.IH H* Pd.bulk ﬂ.z (2_13)

Where Xfeeq and Xperm are the bulk hydrogen-palladium ratios adjacent to the feed and
permeate surfaces, respectively and Az is the membrane thickness. Dy is the
concentration independent proportionality constant calculated from an Arrhenius-type

diffusion coefficient:

Eriiff)
RT (2-14)

D, =D exp (—



where Eg;sr 1s the activation energy for hydrogen atom diffusion and Dy is a pre-
exponential factor for Dy.

The bulk metal-to-surface transition rate, ki, modeled as:

E . o v oD or
Ea_b.s) exp HENTXH puik ) exp Apco (T =Apg, (Trar)
RT RT RT

Kys = kpsmexp (- ) (2-15)

where uf; accounts for the excess free energy that arises from the dissolution of
hydrogen in the membrane bulk [11].

Finally, the associative desorption of hydrogen molecules are modeled as they
were in the first step; however, on the permeate side of the membrane there exists a
low partial pressure on hydrogen. Thus, desorption plays a dominant role. In the case
of composite membranes, thin palladium based membranes (<20um) are often
supported on porous substrates. This reduces the diffusion dependence on the
membrane system while providing mechanical support needed for elevated
temperatures and pressures. Substrates are often considered to have a negligible effect
on hydrogen permeation; however, many studies point to a non-negligible effect on
permeation in composite membranes with a palladium layer below 10 um. There is
also evidence that interactions between the palladium and the porous support material
at the boundary layer my affect permeation and membrane performance [13]. The
resistance associated with a porous support was modeled by Bhargav et al. with the

isothermal species conservation equation for a porous media [13]:

d(@,pYy) df,
ar Tar (2-16)

where jx is the mass flux of hydrogen and sweep gas through the porous media and Yy

are the species mass fractions.
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2.2.3 Atomistic

Atomistic modeling to predict hydrogen diffusion using quantum chemistry
and statistical mechanics with density functional theory (DFT) use first principles
calculations to quantify the fundamental interactions between the membrane system
components [16-34]. The models explore preferred surface phases and energetics of
hydrogen diffusion into the bulk of the metal alloy. The advantage of this method is
that the model theoretically captures all the physics involved in the permeation
process. Currently, the complexity of a composite membrane system and present-day
computational restrictions limit the usefulness of this method; nevertheless, as

computer power continues to grow, atomistic modeling will play a greater role.

2.3 Permeation Membranes

Since it was discovered in the late 1800’s, palladium’s properties of high
hydrogen diffusion, theoretically infinite hydrogen selectivity, and the ability to retain
malleability have popularized this material for the production of pure hydrogen
[1535,36]. Despite the obvious benefits, palladium based hydrogen separation had
also been plagued with many issues including high material cost and rate-limiting
minimum membrane thickness. Yet, the relative inefficiency of historic hydrogen
refinement coupled with the increasing demand for high purity hydrogen have led to

renewed interest in palladium based hydrogen separation.

2.2.1 Solid Palladium Membranes

Similar to other metal systems involving hydrogen, the palladium-hydrogen

(Pd-H) system exhibits distinct phases depending on its temperature and composition:

11



the dilute a-phase, the disordered a- phase and the mixed o+f phase seen in figure 2-
3 [3, 37]. The transition between these phases involves a discontinuous change in
miscibility and stress on the palladium’s lattice structure. In the Pd-H system, the a—
o+ transition occurs in the presence of Hy, below temperatures of 300°C. This effect
is known as embrittlement. As such, minimum operating temperature above 300°C
should be maintained at all times and any heating or cooling phases should be
conducted in an inert environment. Nevertheless, this property allows the use of
palladium naturally in gasification applications, where feed streams are typically high

(300-500 °C) [2].

]
g 20
“ﬂltm'
i
x
¥
Lid 1 .
= atm " 2%0°C \
; 2 r' ﬂ'+ﬁ “ ﬁ
x atm /' 160*C s

# '_.
8 14 ;
. 18| \
{ m .‘:': Jﬂlc .l.

01 02 03 O4 OS5 06 0.7 0.8
HYDROGEN/PALLADIUM RATIO

FIGURE 2-3. Correlation between hydrogen absorption in palladium versus
temperature [3].

The second major challenge concerns membrane thickness. According to
Fick’s law, hydrogen flux is inversely proportional to the membrane thickness, while

according to Sievert’s law, hydrogen diffusion goes as the difference in up-stream

12



and down-stream hydrogen partial pressures to the half power. Thus, minimizing
membrane thickness while maximizing feed-stream hydrogen partial pressure is both
desired and fraught with structural problems [38,39]. Membrane poisoning was also
found to be an issue in feed gases containing sulfur [36]. Embrittlement and strength
issues are two primary reasons for alloying palladium with other metals such as

silver, copper, gold and aluminum for hydrogen purification applications [40-45].

2.2.2 Palladium Alloy Membranes
The search for palladium alloys began when Dr. James B. Hunter discovered that
using a palladium-silver alloy achieved better permeation results than pure palladium
[10]. Conducted at various temperatures and pressures, his experiments concluded
palladium-silver alloy composed of 20-40% silver outperformed membranes of pure
palladium. The early success of Pd-Ag membranes led to considerable study of Group
I-B palladium-alloys. McKinley’s experiments found that high concentrations of
silver in palladium can greatly expand the lattice structure in the presence of
hydrogen and cause severe degradation in the membrane’s structural integrity [46].

Palladium-copper alloys above 40% copper content were found to transform
pure palladium’s face-centered cubic (FCC) structure to body-centered cubic (BCC).
The alloy’s BCC B-phase was found to promote greater hydrogen transport and
yielded a diffusion coefficient two orders of magnitude greater than pure palladium at
room temperature [35,36]. However, this is almost equally offset by a lower hydrogen
solubility that lowers the concentration gradient, limiting Pd-Cu alloys to permeation
rates barely exceeding those of pure palladium [36]. Performance of several

palladium alloys can be found in table 2-1, below.

13



P -alboy Witk of alloy metal  Averape bond Permeance ratio

destanoe=E{nm rd-alloy rd

I L] 0275 1.0
Pl &6 D281 15
rd- 10 254 iE
Pi-Ag 23 D278 1.7
rd-ce 17 DZB0 1.6
Fd-Cu 10 nzrz 048
Pil-Au 5 XTS5 1.1
Fid-Ru-In 05, 6 DXTE P4
Pd-Ag-Ku 30,2 oxrm F
Pd-Ag-Fu 19,1 DZTE P

2 Bomd distance of each metal: Pd (0275) ¥ (0.355), Ag (0.285), Ce (.365), Cu
[0.256), Au(028E). R {0265]), m (03251
b Average bond distance: }"._Eu:-rbd distanre of M, 8, metal, X;- mole fraction.

Table 2-1. Hydrogen permeace of various palladium-alloys compared with
pure palladium [47].

LLR. Harris, M. Norman and J.R. Thompson studied the solubility of rare earth
metals. There work found cerium, yttrium, gadolinium and thorium to be soluble in
palladium. These rare earth metals are roughly 30 percent larger than palladium, on
an atomic basis. When alloyed with palladium, these metals acted to increase the
lattice structure, surpassing that of silver, resulting in a higher hydrogen solubility

gradient within the membrane and an increased hydrogen permeation rate [3,39].

14
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FIGURE 2-4. Rare earth metals increase the lattice spacing between atoms at

room temperature significantly when alloyed with palladium compared to noble
metals [39].

The difference in hydrogen solubility for the palladium-silver, palladium-

cerium, and palladium-yttrium alloys creates significant differences in hydrogen

concentration gradients despite similar diffusion coefficients [3].

2.2.3 Composite Palladium Membranes

Regardless of the palladium alloy composition, membrane thickness will
continue to play a dominate role in the system’s performance. The second factor is
the inherent material cost. In an effort to reduce membrane thickness, many
researchers have turned to porous supports, including Vycor glass, ceramics, or
stainless steel [47]. One of the first support materials used to create composite

palladium membranes was porous Vycor glass [48,49]. Vycor glass is created by

15



leaching the boron out of borosilicate glass (63% Si02, 27% B203, 7% Na203, and
3.5% Al203) with a hot dilute acid leaving behind a network of pores from 4 to
300nm [50]. The final composition of the Vycor glass is 75-80% Si02, 4-6% Al203
and 10-12% B203 [51]. Vycor glass boasts high temperature and thermal shock
resistance, and a porosity of 28%; however, it is mechanically fragile. A summary of

the properties of Pd membranes using Vycor glass supports is given in Table 2-2.

Layers on support Method L {pm) T(K) AP(kPa) n H; permeance H; permeability iy g Ref.
10-"molm—2s-' Pa-' Barrer
Pd ELP 15 473 10 1 220 985,000 7 [86]
Pd ELP 12 773 154 0.5 9.64 37,400 High? [104]
Pd ELP 27 673 154 05 444 35,200 High [104]
Pday Cug ELP 19 673 154 05 204 11,600 High [104]
PdmAgs ELP 22 673 154 0.5 357 23,000 High [104]
Pdf glass layer with ELP 723 100 1 049 520 [106]
pore-filled Pd

4 Reported as a high value in the literature.

Table 2-2. Properties of palladium or palladium-alloy membranes supported
on Vycor for hydrogen separation [47].

Porous ceramic supports represent a wide-ranging category of non-metallic
substrates. Several of their most notable characteristics include controllable pore size
(5 — 200 nm) and the ease at which it can be shaped. One of the most common
ceramic materials used in composite membrane manufacture is alumina. This ceramic
is able to withstand high temperature and mechanical stresses. It is widely available in
different compositions and it can be modified with the addition of intermediate layers.
Ceramic supports lend themselves to tubular geometry is popular, as they are
especially suited for compressive stresses. Disks shaped membranes have also been
fabricated. In their simplest form, ceramic membranes have a symmetric structure
with uniformly sized nano-scale pores. Though these membranes are easier to
manufacture, the small pore size needed to support the palladium layer coupled with

the material thickness needed to balance the feed pressure inhibit hydrogen
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permeation. To address this issue, alumina supports where designed with a varied
pore size, small at the Pd layer and large where mechanical support was necessary
[52]. The smooth outer surface and low gas flow resistance has made the asymmetric
design an optimal substrate for palladium membranes. Nevertheless, the multistep
fabricating process makes this substrate comparatively costly [53]. It is important to
note that care should be taken in the manufacturing of ceramic supports, as defects
and roughness in the surface may yield defects or pinholes in the membrane layer
[52]. Homogeneous surface characteristics, a narrow pore size distribution, and a
particle size range smaller than the top layer thickness are critical to a reliable
membrane. An example of using multiple thin graded layers of alumina was
suggested by Oyama et al. to prevent pinholes and ensure a narrow pore size
distribution while maintaining permeation rate [54]. A schematic of this can be seen
in figure 2-5. Other researchers maintain that significant surface roughness of the
underlying alumina support is required to anchor the membrane to the surface and

prevent peeling or cracking during use [54].

a) Large sol particles b) Small sol particles ¢) Graded sol particles

Incomplete coverage Cracking Infiltration Uniform coverage

i T

Figure 2-5. Demonstration of the effect of graded layers [47,54].
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The third type substrate is the porous metal support. Porous metal has an
average pore size of 0.2—100 microns, is highly shapeable, and has a thermal
expansion coefficient similar to that of palladium compared to other support
materials. It is also conductive, so it can be used in electroplating processes. Porous
metal supports are typically formed by powder sintering or electrochemical

deposition 2-3 [55,56].

Material Linear thermal expansion
coefficient (10-5K-1)

Alumina 54-6.7
Borosilicate glass 3.3
Steel 11-13
Stainless steel 11-16
Palladium 11.8

Table 2-3. Thermal expansion of support materials and palladium at 293K [47].

Metallic supports are easier to seal than more fragile ceramic supports
[57,58]. Among the porous metals, stainless steel is the most frequently used material
due to its ease of fabrication, chemical resistance, and low cost [47]. Smallest pore
size of 0.2 um is commercially available, and it can come in disks or tubes [53].
Unfortunately, porous metal supports are more prone to rough surfaces from large
pore sizes or non-uniform pore size distribution. This often causes defects or
pinholes on the surface of thin palladium or palladium alloy membranes [59]. As a
result, porous metal supports necessitate much thicker palladium films compared to
ceramic supports. When using electroless plating, Shu et al. [59] found that a dense

and defect-free palladium film under 15 um could not be achieved on a 0.2 um
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porous stainless substrate. In another study, Mardilovich et al. [61] reported that the
palladium layer needed to be approximately three times as thick as the diameter of the
largest pore to obtain a He-tight membrane. By shrinking the pore size, many of the
defects from the macroporous metal supports could be minimized. Several methods
researchers have used to shrink the pore size include mechanically altering the
surface, abrading the surface, sintering at high temperature or depositing inexpensive

metals such as Ni or Cu instead of Pd [62-65].

Currently, there are several methods for attaching the membrane to the porous
structure. Layers of palladium and palladium alloys have been attached via chemical
vapor deposition, electroless plating, electroplating deposition, and physical vapor
deposition.

First reported by research teams Kikuchi et al. and Uemiya et al, electroless
plating (ELP) this is presently the most common technique for preparing palladium
membranes [66-68]. ELP plates metallic films on a substrate by the reduction of
metal complex ions in solution without the application of an external electric field,

see figure 2-6.
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Pd seeding
by sensitization and activation

Pd plating

Figure 2-6. Conventional electroless plating procedure [47].

The reduction of metallic salt complexes on the surface of the support material
requires activation step to initiate the reaction. This is because the plated metal on the
surface acts as the catalyst for further reaction [69]. As a result, the support surface
must be seeded with palladium precursor particles. This is accomplished by
sensitization and activation. Sensitization is usually accomplished by dipping the
smoothed support into acidic tin (SnCl, or SnCly) solutions. Once that is complete,
the process of plating of the palladium layer on the activated surface may begin. With
this method, rough surfaces can be smoothed via deposition of intermediate layers.

The advantages of ELP include ease of coating on shaped materials, minimal
cost, and simple equipment [70]. However, the activation and sensitization pre-

treatment steps make the ELP process complicated and time-consuming. One
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challenge of ELP is the formation of Pd alloys in the presence of an unequal
reduction potential of the metallic ions. As observed for the case of Pd—Ag, the
resulting uneven deposition caused dendritic growth of the membrane layer [71].
Samhun Yun et al, reported that an adjustment in metal/hydrazine concentrations
would narrow the gap between metallic ions reduction potential and solve this issue
[45].

Chemical vapor deposition (CVD) uses thermal decomposition of volatile
precursors to deposit thin films of palladium on the surface of a porous support. CVD
is most often used when a precise palladium layer thickness is required [69]. In one
study, PdCI, was used by Ye et al. to manufacture a composite palladium membrane
on an a-Al20; disk [72]. In addition, a schematic of a forced-flow CVD facility used
by Itoh et al. to create tubular composite palladium membranes of only 2-4 pm thick

may be seen in figure 2-7 [73].

Heater o Falladium Vacuum
deposited F’ugp £ Dense alumina tubing

Vacuum AR TSR R R ETE AR R ET S TREN N ST Vacuum
Pump 1 Pump 1

el = —— ; i 1

1 4"}.
Ar oy pom=ee=rl] \Zzmmmmen —1 Ar
A A R A S R S S R G P

Heater 1 Palladium precursor

Figure 2-7. Apparatus for preparing tubular Pd composite membranes by means of
forced-flow chemical vapor deposition [47,73].
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The advantages of CVD include better quality control, and palladium layers of
thicknesses less than two micrometers. On the other hand, CVD’s costly constituents,
high-vacuum, process conditions, and possibility of residual carbon contamination
limit the general use of this technique [72,74,75]. It is also interesting to note that
membranes manufactured by CVD have palladium so thin that diffusion is no longer
rate limiting. In fact, surface effects, hydrogen dissociation, and resistance due to the
porous support play a dominant role [13,69,75].

Physical vapor deposition (PVD) works by bombarding a solid precursor with
the aid of a high energy source such as a beam of electrons or ions in a vacuum [76].
Material is jettisoned off the precursor’s surface, landing on the surface of the porous
support. One example of PVD, Sputtering deposition, uses excited Ar ions to dislodge
individual palladium atoms from a target. The palladium atoms diffuse to the

substrate, where they deposit on the surface, as seen in figure 2-8 [77].

= - _]—Sputtering gun
Ar*_ s S
= —Target
> ] | ——Target atom
JHP A Substrate — . | ——Stage heater
: - Heat controller
i iE;

Vacuum pump

Figure 2-8. Schematic diagram of magnetron sputtering deposition apparatus adapted
from [47,77].
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PVD allows better control of the film composition, phase and thickness than
electroless plating; however, high vacuum and power requirements make the
equipment quite expensive [78]. In addition, PVD can only be used on flat substrates.

Electroplating deposition (EPD) employs electrical current to reduce dissolved
metal cations. The electric potential transports the cations through the liquid-phase
electrochemical and deposits them on a substrate acting as a cathode [79,80]. A
diagram can be seen in figure 2-9.

Battery

— Il

il o
]
Plating solution . : =
,=. Vacuum

Pt anode 0 % —

£ ° % h

0 ¢ :

Positive metallic ion Conductive substrate

cathode

Figure 2-9. Schematic diagram of vacuum electrodeposition system [47,81]

EPD uses simple, cost effective equipment. Film thickness can also be
controlled by varying electroplating time and current density [81]. Nevertheless, this

method can only be used to generate coherent metal coatings.
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2.4 Prior Experimentation

2.4.1 Hydrogen Separation Facilities

Arguably the most important piece of a hydrogen separation facility, besides
the membrane, is the membrane housing. The membrane housing must be able to
withstand extreme temperature and pressure. It must also endure possibly corrosive
feed gas. All this must be accomplished with maintaining a secure barrier between the
feed and permeate gases. In addition, the geometry of the housing can also be
designed to maximize the desired interaction between the membrane and both feed
and permeate gases.

Finally, the experimental setup must use components chosen for the specific
pressure, gas sources, flow controllers, a temperature level, and anticipated permeate
stream. Gauges must also be put in place to measure the necessary and desired
parameters. The following is a brief review of the membrane housings and
experimental facilities that guided the design of the housing used in this study.

Designed over a half century ago, Makrides et al. membrane housing laid
down the foundation for many future housing designs, including the one in this study
[38]. The casing in which they tested their membranes can be viewed schematically
below in Figure 2-10. This housing incarcerated all the basic functionality of current
membranes. The membrane was secured to the end of the stainless steel tube using
electron beam welding [38]. Makrides et al. pressurized the system with a pump on
the permeate side or by the presence of a high pressure gas on the feed side, while

pressure was regulated via the valve (24) on the bottom of the diagram [38]. In case
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of cold feed steam temperature, electric heating elements (26) maintained an elevated

housing temperature [38].

L T, T I |
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Figure 2-10. This schematic of the membrane housing used by Makrides et al. The
Group V-B metal membrane (10); The feed gas inlet (18); permeate outlet (20);
system pressure regulation and non-permeated gas outlet (24); Heating elements (26)
[38].

Later, sweep gas was added to alleviate the need for a vacuum pump on the
permeate side or extremely high pressures on the feed side. Sweep gas prevented the
hydrogen build-up on the permeate side of the membrane, effectively increasing
partial pressure difference without increasing the total system pressure [12,82]. As the
hydrogen pressure gradient drives permeation, hydrogen build-up on the permeate
side would decrease the permeation rate. This is especially important for thin

membranes lacking mechanical support. Commonly used as sweep gases for

experimentation include, nitrogen and argon. However steam would be a practical

25



choice for industrial use due to the ease of separation from hydrogen through
condensation.

As mentioned before, it is pivotal to attain a leak-free diffusion around the
membrane. Palladium based membranes are greatly useful due to their nearly infinite
hydrogen selectivity and ability to produce ultra-pure hydrogen, the presence of leaks
and errant feed stream gasses undermine these benefits. Dissimilar thermal expansion
coefficients in the membrane and housing materials may lead to leaks at operating
conditions that were not present at room temperature and atmospheric pressure.
Careful consideration must therefore be taken to ensure all seals are designed with
final operation conditions in mind. Early in their studies, Ilias et al. found that their
stainless-steel housing suffered from leakage at high temperatures [83]. Through the
use of graphite and copper seals, they produced a casing that would self-seal at high
temperatures. A schematic of Ilias et al.’s design can be seen in Figure 2-11 [83]. The
outer shell of the casing in Figure 2-11 was made of stainless steel (AISI 310)
whereas the inner parts were made of titanium. The graphite seals were used against
the ceramic edges of their membrane while the copper seals were placed between the
stainless steel tubes [83]. Ilias et al. reported that there was no external detection of

hydrogen in experiments conducted with the updated assembly [83].
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Figure 2-11. Schematic of a self-sealing (at high temperatures) membrane
housing. This cell was designed by the Velterop Ceramic Membrane Company of the
Netherlands, Model LTC Type K-500 [83].

A membrane casing assembly used by Howard et al. was held together using
novel TIG welding and brazing techniques developed by the U.S. Department of
Energy’s (DOE) National Energy Technology Laboratory [82]. These methods were
necessary to ensure no damage to the membrane due to extreme heat normally
associated with welding operations [82].

Once the membrane is secured in an adequate housing, the rest of the
experimental system must be put in place. The housing designed by Ilias et al. was
incorporated into the experimental facility seen in Figure 2-12 [83]. Ilias et al.
mounted the membrane housing in a tubular furnace and used stainless steel tubes for

their gas lines with the [83]. Feed gas and sweep gasses are shown in yellow and red
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respectively. Mass flow rates for the gas streams were collected by flowmeters at the
feed and sweep inlet and rotameters at the outlet. System pressure was monitored
with pressure gauges and maintained with valves and a pressure transducer. Using a
syringe, Ilias et al. took samples from the sample ports indicated by green arrows. A
Gas Chromatograph (GC) was then used to analyze sample [83]. The use of multiple
sample ports is allows gas composition to be tested at different stages of the
permeation process. An improvement on this facility would be the addition of a direct
connection of the sampling ports to the GC. Installed sampling lines would increase
make data gathering easier and less labor intensive. The facility depicted below
represents a relatively common setup for hydrogen permeation experiments, and it

influenced the design of the facility employed in this study.
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Figure 2-12. Experimental facility for hydrogen separation [83]. The yellow lines
highlight the feed side, the red lines highlight the sweep side and the green arrows
indicate sample ports.

The facility depicted by Figure 2-13, however, is much more sophisticated. Gielens et

al.’s facility was designed to study membrane use in the production of hydrogen
through methane steam reforming [84]. Their setup was optimized to study the effects
of carbon dioxide and steam on hydrogen flux through palladium and palladium-
silver membranes. Their goal was to determine if the presence of the two gasses
would impede the dissociation of hydrogen at the surface [84]. Figure 2-13 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 2-13. Experimental facility for the study of the effects of CO2 and steam on
the hydrogen separation process [84].

The similar design concepts can be found throughout literature. The two
facilities shown in Figures 2-12 and 2-13 have many similarities; nevertheless, each is
uniquely suited to accomplish the different objectives of each research team.
Identifying the experimental goals and objectives beforehand is the most important
element of constructing an effective facility. As experimental goals tend to change
over time, a design that is modular and easily adaptable can be of great advantage.
Likewise, In addition to meeting the minimum experimental requirements, an
emphasis should be placed on ergonomics. A researcher will likely spend many hours
working on an experimental facility. Convenient access to displays, knobs, and dials
as well as automatic data collection, transfer, processing, and back up will almost

always prove to be design time well spent. Finally, researchers should take pride in
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their facilities design and construction. A quality facility will usually produce quality

results.

2.5 Gassification and Syngas

As mentioned before, leveraging renewable energy sources are critical to
breaking the dependence on the world’s dwindling fossil fuel reserves. Until then,
current fossil fuel energy conversion practices must be made environmental benign. A
solution to help solve both of the issues lies in gasification. Gasification holds a key
to realty reduce the polluting byproducts of fossil fuel use. Gasification also allows
clean conversion of municipal, industrial, and agricultural wastes, including plastics
and rubber, biomass and other low grade fuels into energy. The end-product of
gasification, hydrogen containing synthetic gas or syngas, was most importantly in

this study.

2.5.1 Synthetic Gas Production
Gasification uses a gasifying agent to heat carbonaceous material without
combustion, producing gaseous fuel, or syngas. The heating value of th